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Translational research in neuroendocrine tumors: pitfalls and
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Interest in research on neuroendocrine tumors (NETs) has grown in the past 10 years, coinciding with improvements in our
understanding of the molecular pathogenesis of NETs. In addition, NETs have become one of the most exciting settings for drug
development. Two targeted agents for the management of advanced pancreatic NETs have been approved, but the development
of targeted agents for NETs is limited by problems with both patient selection and demonstration of activity. In this review, we
analyze these limitations and discuss ways to increase the predictive value of preclinical models for target discovery and drug
development. The role of translational research and ‘omics’ methodologies is emphasized, with the final aim of developing
personalized medicine. Because NETs usually grow slowly and metastatic tumors are found at easily accessible locations, and owing
to improvements in techniques for liquid biopsies, NETs provide a unique opportunity to obtain tumor samples at all stages of the
evolution of the disease and to adapt treatment to changes in tumor biology. Combining clinical and translational research is
essential to achieve progress in the NET field. Slow growth and genetic stability limit and challenge both the availability and further
development of preclinical models of NETs, one of the most crucial unmet research needs in the field. Finally, we suggest some
useful approaches for improving clinical drug development for NETs: moving from classical RECIST-based response end points to
survival parameters; searching for different criteria to define response rates (for example, antiangiogenic effects and metabolic
responses); implementing randomized phase II studies to avoid single-arm phase II studies that produce limited data on drug
efficacy; and using predictive biomarkers for patient selection.
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INTRODUCTION
Although the incidence of neuroendocrine tumors (NETs) has
been increasing over the past few decades, such neoplasms are
still considered rare tumors with an age-adjusted incidence of
fewer than six cases per 100 000 individuals per year.1 Further-
more, as NETs are likely to represent a variety of tumor types
depending on site of the primary tumor, the incidence rate for
each type is even lower. However, the incidence rate of these
tumors does not match their prevalence rate because the natural
history of NETs is usually less aggressive than that of other solid
tumors and they are the second most prevalent advanced tumors
of the gastrointestinal tract after advanced colorectal cancer.2

Interest in research on NETs has grown in the past 10 years,
coinciding with improvements in knowledge about the molecular
aberrations that characterize NET pathogenesis. Therefore, NETs
are no longer considered to be orphan tumors and instead have
emerged as one of the most exciting settings for drug
development, with more than 100 active clinical trials registered
at www.clinicaltrials.gov and currently ongoing worldwide.

This increasing interest in NET research has facilitated the
discovery of two targeted agents (sunitinib and everolimus) for
the management of advanced pancreatic NETs (pNETs) after
decades with no substantial advances in the field. However, their
small incidence and large tumor heterogeneity along with other
preclinical research limitations compromise the specific develop-
ment of targeted agents.3

The limited availability of preclinical models of NETs and the
performance of non-selective translational and clinical research
have not allowed the optimal development of targeted agents in
this setting. Furthermore, new approved drugs have not produced
marked responses or have a demonstrated effect on overall
survival, although they can control tumor growth in some patients
for long periods of time.
We aim to review these limitations in all aspects of NET

research, determine how we can increase the predictive value of
preclinical models in target discovery and drug development, and
propose methods to help to avoid recurrent mistakes and
optimize resource investment in future clinical research.
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NEW AVENUES IN TRANSLATIONAL RESEARCH
Many of the impressive advances witnessed over the past two
decades in the field of oncology have arisen from the synergic
emergence of three approaches: translational research, ‘omics’
methodologies and the determined pursuit of personalized
medicine. Indeed, the basic knowledge gained regarding the
cellular and molecular mechanisms underlying tumor biology has
inspired novel perspectives and strategies in clinical oncology.
These strategies, in turn, constantly raise novel questions and
reveal unexpected failures, further providing us with new and
increasingly challenging questions whereas requiring more
refined answers for the development of successful therapies for
patients. A global network for translational research in oncology
has enabled new targets, drugs and biomarkers to be developed
on the basis of clinical–biological correlative studies and
preclinical models, including both specific cell lines and appro-
priate animal models. These advances have led to changes in the
design of phase II trials to include new end points and novel
biomarker-driven programs for improved patient selection
(Figure 1).
Prominent examples of the fruitful progress of this emerging

translational research network can be traced to the development
of affordable ‘omics’ technologies: genomics, transcriptomics,
proteomics, metabolomics and so on. High-throughput sequen-
cing methodologies have enabled the identification of specific
gene mutations and variations, and alterations in gene products,
that are involved in cancer, and these discoveries have been
combined with pharmacodynamic strategies to develop new
therapies in preclinical models and, subsequently, in clinical
settings.4 A widely recognized and paradigmatic effort that
pioneered this combined strategy was the development of
trastuzumab for the treatment of patients with breast cancer
overexpressing HER2, which involved the parallel development
and approval of both the drug and the identification of patients
who would be likely to benefit from the treatment.5 The
application of similar strategies to hypothesis-driven translational
research in NETs has lagged behind other most prevalent cancers

(breast, lung, prostate and colon cancer), partly owing to the rarity
and remarkable heterogeneity of NETs. However, as in other
cancers, a thorough knowledge of the basic molecular mechan-
isms underlying tumor initiation and progression is expected to
precede and facilitate advances in the development of novel
clinical strategies to improve the diagnosis and treatment of NETs.
Fortunately, the molecular research landscape of NETs is increas-
ingly better known and better used for clinical and translational
research.

FROM GENETICS TO GENOMICS, PROTEOMICS AND
EPIGENETICS OF NETS
An overview of recent efforts to gain deeper knowledge of the
molecular basis of NETs reveals that, although key pieces of
knowledge already available for other cancers are still lacking,
major advances have been achieved in identifying relevant
mechanisms involved in the pathogenesis of NETs. Early efforts
to identify the genetic basis of this complex family of tumors
revealed a number of chromosomal alterations related to tumor
development, and, subsequently, molecular cytogenetics pro-
vided large databases with more precise information concerning
these chromosomal changes.6,7 These findings support the notion
that chromosomal instability is a source of tumor progression; for
example, in pancreatic pNETs, loss of genetic material is more
frequent than gain and genomic alterations seem to accumulate
during tumor growth and progression.6,8 More recent studies have
confirmed that these altered regions contain a handful of genes
that are potentially involved in NET oncogenesis; however, we are
still far from identifying all the oncogenes and tumor suppressor
genes that presumably reside in these regions that are likely to
underlie NET initiation and progression.
A landmark in this quest to discover ‘driver genes’ for NETs was

recently achieved through the application of high-throughput
unbiased genetic methodologies, (exome sequencing) to analyze
10 non-familial pNETs, and subsequent screening for the most
commonly mutated genes in an additional set of 58 pNETs.9 This
work led to the identification of somatic inactivating mutations in

International network

Cell lines:
- Develop new cell
lines derived from
human NETs

- Linked to medical 
center with high
patient volume

- Non-profit
environment

Appropriate 
animal models

Preclinical
models

- New targets

- New drugs

- Biomarkers
of response 
or resistance

Clinical trials

Redesign phase
II trials with
targeted agents:
-New primary
endopints (e.g., 
mPFS, clinical benefit
rate) 

-New response 
criteria

-Avoid tumoral 
heterogeneity
(primary site, grade)

Biomarker-driven
program in parallel
with drug
development

Translational
research

Individualized 
treatment

Figure 1. Translational research in NETs.
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multiple endocrine neoplasia type 1 (MEN1), the gene encoding
menin, a component of the histone methyltransferase complex, in
44% of tumors and of two subunits of a transcription/chromatin
remodeling complex comprising DAXX (death-domain-associated
protein) and ATRX (alpha thalassemia/mental retardation syn-
drome X-linked) in 43% of pNETs. Although the finding of MEN1
mutations was not totally unexpected, given the known role of
this gene in the NET-causing hereditary MEN type 1 syndrome, the
identification of DAXX and ATRX mutations was unprecedented
and has attracted much attention. Further detailed analyses of
these genes and their related regulatory partners indicate that
they work together to stabilize chromatin and, particularly, to
contribute to alternative lengthening of telomeres, a telomerase-
independent mechanism for maintaining telomere growth
through homologous recombination.6,10,11 Notably, these three
genes (MEN1, DAXX and ATRX), which were found to be the most
frequently mutated genes in pNETs, are closely linked to
epigenetic regulation. As epigenetic regulation is a reversible
mechanism, it might be an attractive target for therapeutic
intervention.12,13

Interestingly, the study by Jiao et al.9 also revealed that 14% of
the tumors had mutations in genes directly involved in the PI3K/
Akt/mTOR pathway, a signaling cascade that regulates multiple,
critically important cellular functions—such as cell growth and
proliferation, metabolism, motility and apoptosis—and is the
target of everolimus, an mTOR inhibitor currently used to treat
patients with advanced pNETs.14,15 Some of the genes identified in
these sporadic tumors were already known to be associated with
familial cancer syndromes causing NETs, such as tuberous sclerosis
(TSC2). These and other results, such as the finding that PTEN and
TSC2 are downregulated in 75% of pNETs,16 emphasize the pivotal
role of this complex pathway in NET tumorigenesis and its
potential as a therapeutic target.
Recently, exome sequencing was used to define the genomic

landscape of small intestinal NETs (SI-NETs).17 Analysis of 48
tumors (mostly G1 (70%) and G2 (30%) ileal and small bowel
carcinoids) revealed 197 non-synonymous mutations and/or
disruptions in protein-encoding gene regions and 14 mutations
in splice sites. These mutations affected many genes, including
MEN1, VHL,18 FGF receptor 2 (FGFR2) and BRAF. Notably, an
integrated analysis that combined mutational and copy-number
data indicated that the PI3K/Akt/mTOR pathway is by far the most
frequently altered pathway in SI-NETs (33%). In addition to the
genes known to be related to NET development in hereditary
syndromes (MEN1, TSC2 and VHL), the study identified a number
of additional candidate genes residing on chromosomal regions
found to be altered in NETs (CDKN2A, CDKN2C, RASSF1, MET,
PTEN, WT1, CDH1, TP53 and ERBB2). Specific analysis of some of
these candidates has already provided evidence regarding their
precise actions and potential contributions to NET biology.19 For
instance, work on CDKN2A (p16) and RASSF1 has demonstrated
that they are relevant to the carcinogenesis of gastroenteropan-
creatic neuroendocrine tumors (GEP-NETs) by showing that these
known tumor suppressor genes are often subject to gene
silencing by promoter DNA hypermethylation in these tumors.6

Similarly, another recent exome-sequence and genome-sequence
analysis of SI-NETs identified recurrent somatic mutations and
deletions in the cyclin-dependent kinase inhibitor gene CDKN1B,
which encodes p27.20 Results showing that SI-NETs frequently
contain CDKN1B frameshift mutations (14 of 180 SI-NETs) and
hemizygous deletions encompassing CDKN1B (7 of 50 SI-NETs)
suggest that p27 acts as a cell cycle-related tumor suppressor in
SI-NETs.20

To date, few studies have attempted to apply high-throughput
molecular ‘omics’ approaches to NETs. Two recent studies have
used proteomics to analyze protein expression in NETs.21,22 One
used an orthotopic xenograft model of NETs to identify proteins
differentially expressed in NETs and subsequently tested and

confirmed that these proteins were differentially expressed in
human SI-NETs compared with non-tumor tissue. These differen-
tially expressed proteins were mostly cytoskeleton-associated
proteins, and they were either downregulated (CRMP2, TCP1ε,
TPM2, vimentin, desmin) or upregulated (14-3-3γ, CK8).21 A
second study compared the proteomics of microdissected cells
from six metastatic (malignant) and six non-metastatic (benign)
insulinomas and identified 16 differentially expressed proteins;
this differential expression was then confirmed in 62 insulinomas.
Of these 16 proteins, two were present at higher levels in
malignant than in benign insulinomas (aldehyde dehydrogenase
1A1 and voltage-dependent anion-selective channel protein 1),
whereas the poorly known tumor protein D52 (TPD52) binding
protein was present at lower levels in malignant insulinomas and
the level of this protein correlated with recurrence-free and overall
disease-related survival.22 The fact that these studies led to the
identification of proteins that had not been previously implicated
in NETs with other methodologies underscores the informative
potential of proteomics and the power of using complementary
approaches to discover novel NET biomarkers (Figure 2). Similarly,
one of the few transcriptome-related approaches to studying SI-
NETs reported to date used a re-analysis of two publically available
SI-NET transcriptomes to identify and validate a series of
candidate genes related to neuroendocrine secretion, the nervous
system and neuroendocrine development, and hypoxia and
cyclin/CDK4 regulation,23 which deserve future detailed studies.
Epigenetic regulatory mechanisms are emerging as important

and powerful drivers of tumorigenesis and are thus receiving
increasing attention from researchers interested in NETs.6,13,24 As
noted earlier, genes that are frequently mutated in NETs, such as
MEN1, DAXX and ATRX, are tightly related to chromatin
remodeling, which reinforces the idea that NETs are tightly
regulated by epigenetic mechanisms. Indeed, as nicely reviewed
by Karpathakis et al.24 second-generation epigenomic tools are
revealing that the key mechanisms of epigenetic regulation,
including histone modification, DNA methylation and microRNA
production, are active in NET pathobiology. A prominent example
is the common hypermethylation of the promoter region of
RASSF1 (the Ras-association domain gene family 1 tumor
suppressor gene, which induces cell cycle arrest) in pNETs and
SI-NETs; similarly, the CDKN2A promoter and the CTNNB1
promoter are often hypermethylated in pNETs and metastatic SI-
NETs, respectively.6,24,25 In addition, the finding that the IGF2 gene
shows a unique differential hypermethylation signature in
insulinomas but is hypomethylated in other types of NETs is of
special interest due to the relation of epigenetic changes in insulin
like growth factor and insulinoma.26 Similarly, specific sets of
upregulated and downregulated microRNAs are included in
epigenetic changes and are likely to provide tools to refine NET
diagnosis and prognosis in the near future and might reveal new
points of intervention for diagnosis, prognosis or therapy,
potentially including miR-21 in pNETs.6,13,24

Like epigenetics, alternative splicing can alter the expression
and activity of proteins.26 Defects in alternative splicing represent
an additional emerging pathobiological mechanism in cancer,27

including NETs.28 Aberrantly truncated variants of somatostatin
receptor subtype 5 (sst5TMD4) have recently been identified that
can disrupt normal functioning of the key inhibitory receptor sst2
and decrease the responses of different tumor cells and tissues,
in vivo and in vitro, to somatostatin analogs.29 Interestingly,
sst5TMD4 is overexpressed in GEP-NETs, where it is associated to
enhanced features of aggressiveness (for example, it is upregu-
lated in lymph-node metastases and in tumor tissue from patients
with residual disease, it correlates with angiogenic markers and its
overexpression in cell models increases cell proliferation and
migration).30 These findings point towards the potential value of
sst5TMD4 as a novel biomarker and research target in NETs.28,31,32
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When viewed as a whole, the molecular evidence gathered to
date increasingly indicates that NETs are a highly heterogeneous
group of tumors. Because of their common neuroendocrine origin
and other shared features, NETs have classically been considered
to be similar to each other; however, we now know that they
differ substantially in a number of other characteristics. For
example, the number of genetic alterations in SI-NETs (and
well-differentiated sporadic lung NETs) is higher than in well-
differentiated pNETs, and, despite their commonalities, pNETs and
SI-NETs show considerable divergences in their specific chromo-
somal alterations.6,7,13 Unfortunately, an integrated, systematic
classification for NETs based on molecular phenotyping, such as
has been generated for other cancers, is not yet available.29 The
development of such a valuable taxonomical reference will require
the combined efforts of multiple laboratories providing a large
number of carefully annotated NET samples, as well as the
integration of data from multiple ‘omics’ platforms (also known as
integromics) and currently accepted histological, pathological and
clinical variables.4

ANIMAL MODELS OF NETS
The development and use of appropriate animal models is
essential for developing the next generation of cancer drugs and
bringing them to clinical trials. The value of an animal model
depends on its validity, selectivity, predictive value and
reproducibility,30 but there is no perfect tumor model for any
type of human cancer, including NETs. When selecting the best
model, one must consider the heterogeneity and genetic stability
of the cancer cells in the selected animal and choose a suitable

and clinically meaningful biological end point (for example, local
growth, metastasis or survival) (Figure 3).

Xenotransplant models of NETs
The development of xenograft models of NETs has been
hampered by a shortage of cultured human cell lines derived
from this group of tumors. The development of such cell lines has
been a challenge because of the difficulties resulting from their
slow growth. Nevertheless, two cell lines are available and are
frequently used: the BON1 line, derived from a human pancreatic
carcinoid,33,34 and the GOT1 line, derived from a liver metastasis of
a human midgut carcinoid.35,36 The KRJ1 line was derived from a
human carcinoid more recently and is not yet widely used.37 By
contrast, various rodent neuroendocrine cell lines have been
developed, including MIN6, TC6, TC3, NIT1 and HIT-T15 derived
from mice and RIN-B2, RIN-B6 and RIN-38A derived from rats. All of
these cell lines, although useful in some studies, have limitations
for understanding human disease because of their animal origins.
The scarcity of cultured cell lines derived from human GEP-NETs

is a major limitation in the study of these tumors and the
development of therapies for them. Therefore, it is crucial to
develop new cell lines derived from human NETs for use in both
animal models and in vivo and in vitro studies on the biology,
biochemistry and genetics of these rare tumors. To meet this
need, a cell culture unit linked to medical centers with high
surgical volume will be needed.

Induced spontaneous NET models
Induced spontaneous tumor models attempt to closely mimic the
clinical context. These are usually models in which tumors arise

Figure 2. Trends in the molecular analysis of neuroendocrine tumors (NETs). Progress in the molecular understanding of NETs has followed the
development and successful application of novel techniques and methodologies, which have progressively allowed access to new levels of
information, from genetics to genomics, proteomics and epigenetics. The list of altered genes, proteins, promoter regions and microRNAs
(see text for further details and references) continues to grow and thereby provides an increasingly complex and more complete picture of
the molecular landscape of NETs and their pathogenesis. Some key markers are recurrently identified in this molecular quest, such as those
related to the PI3K/Akt/mTOR signaling pathway. The remaining challenges to develop this picture fully will probably require the application
of multidimensional integration of molecular analyses at genomic, epigenetic, proteomic and metabolomic levels through systems
approaches. This integration would provide the tools to develop a molecular classification/taxonomy of NETs and would help to identify
predictive biomarkers and novel therapeutic targets.
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after animals are treated with carcinogens or exposed to viruses.38

A spontaneous model of NETs was described in the 1990 s,39 in
which rodents of the genus Mastomys, particularly those of the
Mastomysnatalensis species (called Benin mice), spontaneously
develop gastric carcinoids. However, this model is rarely used
nowadays, as the genome of Mastomys is not well known and the
molecular causes of NETs in this mouse species are not well
understood.

Genetically modified NET models
The first animal model of pancreatic NETs was developed in 1985
by Douglas Hanahan at Cold Spring Harbor Laboratory in the
USA.40 The expression of SV40 T antigen under the control of the
promoter of the gene that encodes insulin results in specific
tumorigenesis localized to the beta cells of pancreatic islets. Since
its development, this model has provided valuable information on
some of the cellular and genetic events that are involved in the
progression of NETs.41–48 However, the main deficiency of the
model is that T antigen is not a driving force in human NETs, so
this model cannot provide insight into tumor initiation in humans.
More recently, targeted deletion of the menin gene in mice has
been seen to recapitulate many of the key features of the MEN
type 1 syndrome in humans.49–53 The genetic mutation present in
this knock-out mouse model is also found in some patients with
sporadic NETs and, therefore, these mice are an important and
clinically relevant model of pancreatic NETs.
Other genetically modified mice have unexpectedly shown

neuroendocrine phenotypes. For example, knock-in mice with a
constitutively active CDK4 gene reproducibly develop pancreatic
NETs.54,55 Although no mutations have been identified in CDK4 in
human NETs, this observation implies that the p16/cyclin
D1/CDK4/pRb pathway and cell cycle regulation have important
roles in the pathogenesis of NETs. Similarly, mice in which the
genes for both p18 and p27 (cell cycle inhibitory proteins) had

been knocked-out developed pituitary adenomas and, less
frequently, parathyroid adenomas and hyperplasia of the pan-
creatic islets.56 These are all endocrine tumors and could have the
same biological background.

DEVELOPMENT OF THERAPIES FOR NETS
Limitations
In the past decade, many novel targeted agents have been tested
in different types of NETs. It is difficult to compare results among
these phase II studies because the patients enrolled varied in
terms of the primary site and aggressiveness of NETs and in their
prognosis. In addition, the primary end points of these trials differ,
which results in a scenario in which dozens of phase II clinical trials
with several targeted agents have been performed but there is no
consensus on which agents are most promising for specific groups
of patients and a biomarker-driven program in a specific subgroup
of patients is lacking.
The classic evolution of drug development involves preliminary

evidence of clinical activity in phase I studies, followed by one or
more confirmatory phase II studies, in which the response rate is
usually the primary end point, and finally a confirmatory placebo-
controlled phase III trial. This path has been followed for
developing treatments for NETs, with varying success. One of
the first targeted agents tested in NETs was the mTOR inhibitor
temsirolimus; a phase II study failed to reach its primary end point
of response rate based on the RECIST criteria and development of
this drug to treat NETs was stopped.57 A similar trial of the mTOR
inhibitor everolimus, however, showed clinically relevant improve-
ments in tumor response and progression-free survival (PFS) in the
same range as those observed with temsirolimus, and was
considered clinically meaningful.58 This conclusion led to two
phase III studies and to the subsequent approval of everolimus for
the management of advanced pNETs.58,59 The different outcomes
of similar drugs in phase II studies should raise questions about

Figure 3. Animal models of NETs. Several different animal models of NETs have been used for basic research and drug development.
(a) Human or rodent NET cell lines implanted in immunocompromised mice (xenografts) have been extensively used. (b) A unique
spontaneous rodent model of small intestine exists (Mastomys mice, called Benin mice), although it is rarely used. (c) Genetic engineering of
mice has also been exploited to develop NET models, including transgenic (RIPTag2), knock-in (active CDK4) or knock-out (p18p27 double
knock-out) mice. Although no perfect tumor model for NETs exists, the appropriate use of these models is essential for drug discovery and the
development of a new generation of cancer drugs.
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how we design phase II studies and define the activity of a
targeted agent in this field.
NETs are highly heterogeneous and, so far, no clinically

meaningful driver mutations for NETs have been identified that
could lead to a targeted therapy with high tumor response rates.
However, new drugs (everolimus and sunitinib) have been shown
to decrease the probability of disease progression in placebo-
controlled phase III studies, which provided sufficient evidence on
the efficacy of these agents to support their inclusion in guidelines
for the management of advanced NETs. Therefore, there is an
urgent need to redesign phase II clinical trials of targeted agents
for NETs, ideally to include some of the following concepts:
(1) moving from the classic primary end points of response rate
based on RECIST criteria to survival parameters (such as median
PFS, clinical benefit rate, PFS rates at certain time points or
changes in tumor growth rate); (2) searching for different criteria
to define response rates (for example, antiangiogenic effects such
as CHOI criteria or metabolic responses assessed with nuclear
medicine techniques); (3) implementing randomized designs to
avoid both single-arm phase II studies, which yield limited data on
drug efficacy and require complicated interpretation, and
inappropriate comparisons between different phase II studies,
and to improve predictions of the outcomes of eventual phase III
trials; and (4) using predictive biomarkers to select patients.
One of the main limitations of clinical trials in patients with NETs

has been the lack of a potent biomarker program to run alongside
drug development. As a result, we are still using serum biomarkers
that could have some predictive value for new targeted agents,
such as everolimus in pNETs. For example, an association between
a rapid decrease in chromogranin A levels and tumor response to
everolimus has been reported.59 However, measuring chromo-
granin A levels is not helpful for selecting patients before the
treatment decision has been made and thus non-responder
patients are likely to be exposed to possible drug side effects.
Most importantly, this approach does not exclude those patients
without rapid decreases in chromogranin A levels can still benefit
from the drug. We need pretreatment biomarkers to be used as
predictive factors of response, in order to improve patient
selection. In this line, the recent development of transcript blood
profiles in NETs (NETest) has demonstrated a higher sensibility
than classical biomarkers, such as chromogranin A and even
tumor grade, and a better predictive value of response to several
treatment approaches in this field, such as somatostatin analogs,
peptide receptor radionucleotide therapy, surgical resections and
locoregional ablation procedures. The blood NET transcript
analyses also allow the monitoring of the disease evolution
favoring a real-time dynamic assessment and may have an impact
in decision-making process.60 Several ongoing clinical trials have
included the NETest validation and would probably substitute the
classical monoanalyte strategies for prognostic and predictive
value of blood biomarkers in NETs setting.
If we consider one of the most well-defined pathways involved

in NET pathogenesis, the PIK3CA/Akt/mTOR pathway, and search
for predictive biomarkers for everolimus treatment, we find that
the data are far from clear and informative. Over the past 2 years,
studies of the genomic landscape and protein expression in
advanced pNETs have revealed that mutations in the mTOR
pathway are present in up to 15% of patients and that the
downregulation of the tumor suppressor genes within the
pathway, PTEN and TSC2, occurs in up to 80% of patients and
loss of expression is associated with poor prognosis in such
settings.9,16 More recent data have also confirmed that mTOR
pathway activation is a factor associated with poor prognosis in
NET patients and that there is a significant correlation between
high Ki67 values and the expression of mTOR, PIK3CA and
p-4EBP1, which means that high Ki67 values are associated to
poor prognosis.61 However, no correlation has been reported
between the activation of the mTOR pathway and the response to

mTOR inhibitors in a clinical setting. Preclinical data have
suggested that PIK3CA and PTEN aberrations and high p-Akt
levels can predict sensitivity to rapamycin in NET cell lines, and
this correlation was confirmed in NET patients treated with
rapalogs.62 A single clinical trial suggested that mTOR pathway
activation was a potentially predictive biomarker for response to
an mTOR inhibitor (temsirolimus).57 However, no similar correla-
tion has been reported for everolimus, even though it has
been used to treat more than a thousand patients with NETs
in prospective, randomized and placebo-controlled clinical
trials.59,63–65 It might be possible to shed light on this apparent
contradiction by comparing the efficacy of everolimus in patients
in the RADIANT program with the mTOR pathway activation status
of these patients. Protein/mRNA expression would be a better
indicator of mTOR pathway activation than mutational status as it
would avoid errors related to epigenetic changes that could affect
protein expression in the absence of direct gene mutations. Data
from these analyses will allow researchers to design confirmatory
prospective clinical trials in which biomarkers are used to predict
responses to rapalogs in NETs, eventually leading to better
selection of patients for this type of treatment.
Another targeted agent that has been approved for the

treatment of advanced pNETs is the tyrosine kinase inhibitor
(TKI) sunitinib. Although many clinical trials have tested the
efficacy of sunitinib and other TKIs with a similar mechanism of
action in patients with NETs,3 we currently do not have any
biomarkers that can predict responses to these drugs. The first
clinical trial to show that sunitinib was a promising treatment for
NETs also identified several potential biomarkers that might be
used to predict clinical benefit following sunitinib therapy: higher
baseline sVEGFR2-3 and VEGF levels, lower baseline IL-8 levels,
greater decrease in sVEGFR2-3 levels and greater increase in IL-8
levels during treatment than in patients that did not respond to
the treatment.66 However, these biomarkers were not analyzed in
the regulatory phase III study of sunitinib in patients with pNETs,
and it is not possible to retrospectively investigate the predictive
power of these biomarkers because no archival tumor samples
were required to participate in the trial. Evidence on the
correlation between the levels of soluble biomarkers and the
response to TKIs was also reported in a phase II study of
pazopanib in patients with NETs and the ability of biomarkers to
predict responses to TKIs in patients with NETs warrants future
assessment in phase II–III clinical trials.67

The low incidence of NETs and the high heterogeneity of these
tumors have limited research in this field for many years. The
relative lack of treatment options has led to the inclusion of
procedures whose efficacy is not supported by strong evidence in
most NET treatment guidelines.68 An example of such a procedure
is temozolomide-based chemotherapy.68 Several retrospective
analyses have suggested that temozolomide is mainly effective
in pNETs and that it produces significant response rates as a first-
line therapy.69 However, no prospective data have been collected
using a phase III design to demonstrate that temozolomide-based
chemotherapy improves survival in patients with advanced NETs.
Several prospective phase II studies evaluating the efficacy of
temozolomide-based chemotherapy in patients with advanced
NETs are currently registered at www.clinicaltrials.gov and are
ongoing. However, classic mistakes are being repeated: for
instance, the potential use of a biomarker to predict responses
to temozolomide it has been evaluated only retrospectively and
the predictive value is not enough clear to recommend using it in
a prospective way before making treatment decisions in clinical
trials.70 Currently, post hoc analyses of prospective phase II
studies with temozolomide-based chemotherapy are evaluating
O6-methylguanine-DNA methyltransferase (MGMT) expression by
different techniques to determine a more reliable correlation with
temozolomide response. A deep restructuring of the design of
clinical trials is urgently needed so that biomarkers are used in
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decision-making criteria and to avoid the previous mistakes that
have jeopardized the development of drugs that were potentially
effective as treatments for NETs (Table 1).

CONCLUSIONS
In spite of the advances in our understanding of the molecular
basis of NET development and the discovery of new targeted
agents for the treatment of advanced NETs that have occurred
over the past decade, we are still far from being able to implement
personalized oncology in patients with NETs. It will be essential to
improve preclinical models and combine clinical and translational
research methods in order to make progress in treating this
prevalent and highly heterogeneous disease. Taking as an
example recent phase III studies, which were able to recruit large
numbers of patients in a fairly short period, the international
networks involved in these studies should continue their
collaboration to make further progress and modify their
approaches to clinical research on the basis of the increasing
basic and translational knowledge about NETs. The commonly
observed slow growth of NETs, the easily accessible locations of
metastatic tumors and recent improvements in liquid biopsy
techniques have created a unique opportunity to obtain samples
from tumors at all stages of the evolution of the disease and these
opportunities should be exploited to adapt therapies to changes
in tumor biology.
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