
Introduction
Neuroendocrine cell islets give rise to a diverse group of 
malignancies, the so called neuroendocrine tumors (NETs). 
In most cases, the NETs are gastroenteropancreatic 
(GEP) in origin, with their primary site located in the 
foregut, midgut or hindgut; both the nervous and the 
endocrine system are implicated in their formation [1]. 
Regardless of the perpetual increase in their reported 
incidence and prevalence based on the results of recent 
studies of the Surveillance, Epidemiology, and End 
Results (SEER) cancer registry and European studies, 
NETs remain very rare [2].

Although awareness of all the involved specialists 
such as gastroenterologists, endrocrinologists, medical 
oncologists and pathologists has resulted in higher 

rates of diagnosis, the therapeutic options and the 
outcome have not improved significantly. In patients with 
inoperable advanced disease and after the breakthrough 
use of somatostatin analogues  the current therapeutic 
options also include, chemotherapy with agents such as 
doxorubicin, streptozocin, capecitabine, dacarbazine, 
temozolamide, fluouracil, oxaliplatin, the use of peptide 
receptor radionuclide therapy and more recently, the 
use of two molecularly targeted agents, everolimus and 
sunitinib [3].

Personalized medicine is defined as the use of an 
individual patient’s molecular profile to inform diagnosis, 
prognosis, treatment, and prevention of cancer and has 
become a primary focus of many studies in oncology. 
The genomic landscape of GEP-NETs has been scarcely 
studied in terms of genomic profiling. The aim of this paper 
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is to identify what is known about potent genomics and 
its products in terms of proteins, pathways and mutations 
in this setting and to explore the possible use of them in 
diagnosis, prognosis and management, if any apply.  

Two debated terminologies have risen in the recent 
years, with the use of the term endocrine versus 
neuroendocrine and that of neoplasms instead of 
tumors. Also well differentiated gastrointestinal NETs are 
also termed carcinoid tumors. For the sake of uniformity 
in this paper the term NETs will be used

Material and Methods
A literature search was performed with end-date 
June 2016 and a year span of the last ten years. The 
following algorithm was followed using the keywords 
neuroendocrine, NENs genomics, targeted therapy, 
personalized medicine, gastroenteropancreatic. Once 
duplicates were identified and removed, the retrieved 
articles were then reviewed by two separate authors for 
inclusion or exclusion. Case reports, non English articles, 
and articles that their context could not be accessed 
and also articles dealing with GEP-NETs in the setting 
of a familial syndrome were excluded. Furthermore 
the reference list of the included articles was further 
explored for potentially relevant studies. The search was 
performed in PubMed and ScienceDirect database.

Genetics in GEP-NETs
One could identify two sets of genes involved in GEP-
NETs, the one set found in pancreatic NETs (pNETs) 
and the other set in the rest of NETs also (Table 1).

The genes and its products involved in pNETs are 
ABTB1, ZNF322A, CD36, TP53, DAXX, ARTX, TSC1-2, 
YY1, FEV, ADCY2 and NR4A2 [4,5].

ABTB1 gene incorporates an ankyrin repeat and 
two BTB/POZ domains. The gene’s product, expressed 
in fetal rather than adult tissues, is considered to be 
entangled in normal development, enhancing protein 
interconnections. Expression of this gene is activated 
by the phosphatase and tensin homolog, a tumor 
suppressor [6]. Alterations in the form of gains affecting 
the 6p22.2-22.1 region where this gene lies have been 
found in meningiomas [7]. Its importance in NETs and 
tumorigenesis is not well established but one could argue 
that the interaction with the homolog acting as tumor 
suppression is altered thus leading to tumorigenesis. 

In the same region lies the ZNF322A gene encoding 
a classical Cys2His2 zinc finger transcription factor. 
Although it has been associated with lung cancer 

formation, evidence remains controversial. ZNF322A 
gene upregulation boosted cell proliferation, migration 
and invasion. Furthermore, its knockdown diminished 
cell growth, invasion and also metastasis both in vitro 
and in vivo. Alpha-adducin (ADD1), cyclin D1 (CCND1), 
and p53 have been identified as potential downstream 
ZNF322A targets by quantative proteomic analysis [8].

CD36 is a product of a gene located in chromosome 
7. Gains and amplifications on the short arm of it have 
previously been detected in many malignant tumors 
such as sarcomas and carcinomas [9, 10]. This product 
is an eminent adhesion molecule and hepatocyte 
growth factor, as well as a regulatory protein involved 
in cell growth, proliferation, motility, matrix invasion 
and angiogenesis. As a result, CD36 constitutes a core 
element in tumorigenesis and dissemination. It also 
exhibits a potential substrate-dependent antiangiogenic 
potential [11]. Such alterations have been found in 
various NETs specimens so it seems that there is some 
implication of this gene in the pathogenesis.

TP53 gene, situated in the short arm of chromosome 
17, represents the most frequently mutated gene 
(>50%) in malignant tumors, indicating its pivotal role in 
carcinogenesis. TP53 gene encodes proteins that bind 
to DNA and adjust gene expression to prevent mutations 
of the genome [12]. If the TP53 gene is damaged, tumor 
suppression is critically exposed. Mutagens (chemicals, 
radiation, or viruses) can also hamper its function, 
increasing the likelihood for uncontrolled cell division. 
Deletions and/or mutations affecting the 17p13.1 locus 
where TP53 lies have been found in atypical lung 
carcinoids and other NET tumors [13]. It comes as no 
surprise therefore that such a gene implicated in almost 
every aspect of tumorigenesis in various malignancies 
seems to have a role in NETs.

Table 1. Genes and products involved in tumorigenesis of NETs.

GEP NETs NETs

ABTB1 SMARCCB1

ZNF322A STK11

CD36 RET

TP53 BRAF

DAXX CCNE1

ARTX

TSC1-2

YY1

FEV

ADCY2

NR4A2

2



George Fotopoulos et al.

It has been suggested that ATRX and DAXX mutations 
are not involved in the initial phase of tumorigenesis but 
instead represent late events in the malignant cascade 
[14]. The proposed pathogenic mechanism of ATRX 
and DAXX deficiency is the induction of the alternative 
lengthening of telomeres (ALT) phenotype, in pNETs 
among other solid tumors. ALT phenotype triggers 
genome rearrangements, defects in the G2/M checkpoint 
control, prominent micronucleation and altered double-
strand break repair mechanisms [15]. ATRX and DAXX 
mutated sporadic pNETs feature chromosomal instability 
and are associated with worse prognosis, in terms of 
advanced stage, metastatic disease, reduced tumor-
free intervals and decreased survival [14].

Insulin producing pancreatic NETs, such as 
insulinomas, exhibiting signs and symptoms of 
hypoglycemia, have been related to recurrent somatic 
mutations in YY1 gene. The Thr372Arg recurrent 
mutation in the previously mentioned gene has been 
shown to result in neomorphic effects and altered 
transcription. High levels of genomic instability are 
associated with insulinomas with more prominent 
malignant features [16].

TSC1 and TSC2 form a tumor suppressor complex 
that acts as a negative regulator  of the mammalian 
target of rapamycin (mTOR) signaling complex by 
maintaining direct control of the small GTPase Rheb via 
the GTPase activating protein (GAP) domain of TSC2 
[17]. The importance of this pathway in carcinogenesis 
is well established, but what is of greater importance is 
that there are inhibitors available to target this pathway.

FEV gene belongs to the superfamily of transcription 
factors ETS. The ETS family is present throughout 
the body and is involved in a wide variety of functions 
including the regulation of cellular differentiation, cell 
cycle control, cell migration, cell proliferation, apoptosis 
and angiogenesis. Its factors act as transcriptional 
repressors, transcriptional activators, or both [18]. FEV 
is highly upregulated in malignant pancreatic NETs.

ADCY2 gene encodes an enzyme typically expressed 
in the human brain. It is a member of adenylyl cyclase 
family. This membrane-associated enzyme catalyzes the 
production of secondary messenger cyclic adenosine 
monophosphate (cAMP) from ATP. ADCY2 has also 
been shown to precipitate phosphor-acidification, along 
with glycogen synthesis and breakdown [19]. This is a 
gene also amplified in pNETs especially those of higher 
grade.

NURR1 protein, produced by NR4A2 gene expression, 
represents a member of the nuclear receptor family 
of intracellular transcription factors, with four distinct 
isoforms. Additional alternate splice variants may exist, 
but their full-length nature has not been determined [20]. 

Although its role has not been fully defined yet, NR4A2 
gene is highly upregulated in pNETs.

In the rest of NETs, genes that are involved in 
tumorigenesis are SMARCCB1, STK11, RET, BRAF 
and CCNE1.

SMARCCB1 is a gene with two transcript variants 
encoding different isoforms. Its protein product serves 
as a tumor suppressor, being part of a cluster that 
relieves repressive chromatin structures, in order to 
expedite the transcriptional machinery’s access to its 
targets. Mutations in the above gene have been linked 
to malignant rhabdoid tumors [21], as well as grade II/
III NETs; SMARCCB1 mutations can be targeted with 
pazopanib [22]. 

STK11, still another tumor suppressor gene, 
encodes a member of the serine/threonine kinase family, 
regulating cell polarity. In addition, recent studies have 
spotted a large number of somatic mutations of the 
LKB1 gene present in large number of solid tumors, 
including cancers of the cervix, breast, intestine, 
testicle, pancreas and skin and also metastatic GEP-
NETs of higher grade [23]. Again of great importance is 
the targeting of this pathway with everolimus, another 
option in our treatment strategy [22].

On the contrary, RET proto-oncogene product 
is a receptor tyrosine kinase for members of the glial 
cell line-derived neurotrophic factor (GDNF) family 
of extracellular signaling molecules. Chromosomal 
rearrangements create a hybrid oncogene, leading to 
the production of a fusion protein that combines the 
C-terminal region of the RET protein with the N-terminal 
region of another protein. The result is uncontrolled 
activation of the RET kinase. These types of mutations 
are primarily associated with papillary thyroid carcinoma, 
and the fusion oncoproteins generated are termed 
RET/PTC proteins [24]. Mutations in RET gene have 
been implicated in the development of sporadic GEP-
NETs but mainly in the context of the hereditary cancer 
syndrome known as multiple endocrine neoplasia type 
2 (MEN2) [25].

In a study by Park et al. [26] BRAF V600E (G1 NET 
from rectum and two G3 NETs from colon) and BRAF 
G593S (G2 NET from pancreas) missense mutations 
(9.1%) in an independent cohort of 44 GEP-NETs from 
the rectum (n = 26), colon (n = 7), pancreas (n = 4), 
small intestine (n = 3), stomach (n = 3) and appendix 
(n = 1) were discovered. All tumor specimens were 
obtained before chemotherapy. They concluded that 
BRAF V600E mutation is likely to result in resistance 
to pazopanib but acts as an actionable mutation in 
metastatic GEP-NETs patients.

CCNE1 is a gene encoding the G1/S-specific 
cyclin-E1 protein. The above cyclin forms a cluster 
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with CDK2, functioning as its regulatory subunit. 
Accumulating at the G1-S phase boundary and 
degraded through S phase, cyclin-E1’s activity is 
requested for cell cycle G1/S transition. Upregulation of 
this gene has been detected in solid tumors, generating 
chromosome instability, thus further contributing 
to malignant transformation [27]. In a series of 14 
metastatic GEP-NETs in one case amplification of this 
gene was observed [4]. What is more important however 
is the potent targeting of it with cyclin dependent kinase 
(CDK) inhibitors [22].

Discussion
To this day, treatment options for GEP-NETs are 
somewhat limited with regard to other malignancies. 
Somatostatin analogues, chemotherapy, peptide 
receptor radionuclide therapy and sunitinib and 
everolimus are the main agents we have at our disposal. 
Still, many questions remain unanswered such as 
which is the best sequencing in these agents, which is 
the optimal chemotherapeutic agent and how can we 
combine these agents.

Nowdays there is a bigger awareness for this 
disease and therefore the incidence of NETs is rising, 
especially in the light of better diagnostic techniques and 
more trained pathologists. All these unmet needs must 
be dealt with and explored so we could have the best 
treatment available for these patients. But as we are 
entering the era of genomic profiling and personalized 
medicine steps must be taken also at this direction. 

In contrast to other malignancies, for the diagnosis 
of NET a tissue sample is mandatory. This is fortunate 
because there is abundance of sample for molecular 
profiling and genetic testing. As we mentioned earlier, 
mutations have been discovered in this setting where 
we can target them such as BRAF, CCNE1, SMARCCB1 
and STK11. All these need to be verified in larger 
cohorts and also to look for more mutations we can 
target upon such as EGFR, ALK, KRAS, cKIT known for 
their oncogenic drive in other tumors. Furthermore we 
need to design clinical trials addressing such issues and 
mainly to answer specific questions, such as which are 
the best biomarkers, if any, in GEP-NETs.

The time has come now more than ever to apply 
what we learn from translational research to clinical 
trials and hopefully one day to clinical practice.
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