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Abstract: Neuroendocrine neoplasms (NENs) arise from cells of the neuroendocrine system located 
in many sites amongst which most common are the gastrointestinal (GI) system and the lung. The 
efforts to assess the specific site of origin or predict the biological behavior of NENs is based upon a 
detailed study of neoplasm’s architectural pattern, immunohistochemical, genetic and molecular profile. 
Immunohistochemistry is used to characterize the aggressivity of NENs, by assessing the proliferation index 
Ki-67, as well as the neuroendocrine differentiation by assessing chromogranin A (CgA) and CD56. Basal 
panels of immunohistochemical markers such as CDX-2, Isl-1, TTF-1, PAX6/8 are currently being used to 
allocate the neoplasms, while in dubious cases new markers are investigating. Unraveling the genetic and 
molecular mechanisms of NENs pathogenesis along with shedding light on the molecular heterogeneity of 
neoplasms and the individual patterns of molecular lesions, underlining these neoplasms may provide new 
tools in terms of diagnostics and therapeutics. Molecular targeted therapies (MTTs) such as everolimus 
and sunitinib have been the first example of druggable molecular targets implicated in NENs that have 
been approved for NEN treatment. New investigational drugs are developing along with genetic tests that 
may allow the identification of the specific subset of patients that will respond to each individual MTT. 
Multiparametrical molecular and genetic analysis such as the NETest and the MASTER are already in trials 
shedding light in a step-by-step management of NENs that allow not only the selection of an appropriate 
therapeutic option but also the identification of response to treatment or early relapse allowing an early 
amendment of the strategy. Summarizing the combination of histopathological, immunohistochemical, 
genetic and molecular profile of a NEN opens new horizons in the efficient management of NENs.
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Introduction

Neuroendocrine neoplasms (NENs) arise from cells of 
the neuroendocrine system located in many sites amongst 
which most common are the gastrointestinal tract (GIT) 
and the lung. These cells may secrete bioactive substances, 

usually bioamines or peptide hormones in the blood stream 
causing distinct clinical syndromes such as the carcinoid 
syndrome. This group of NENs is denoted as functioning 
NENs; however, the majority of NENs is non-functioning. 
Although their course is usually indolent, a significant 
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number of patients present with advanced disease. Their 
histological recognition is based on their characteristic 
cytologic features, distinct morphologic patterns and 
immunohistochemical profile. They share a common 
neuroendocrine origin, but there is great variability amongst 
them as they exhibit different organ-specific characteristics, 
biological behaviour, prognosis and treatment. Pathological, 
immunohistochemical, genetic and molecular markers are 
used to establish the diagnosis, distinguish between well-
differentiated (WD) and poorly differentiated (PD) NENs, 
identify their proliferation rate, predict prognosis and select 
the most appropriate treatment (1-3).

The currently employed classification of NENs was 
initially proposed by the European Neuroendocrine 
Tumor Society (ENETS) and subsequently accepted and 
modified by the World Health Organization (WHO). The 
gastroenteropancreatic (GEP) group of NENs (GEP-
NENs) follows a common classification/grading system 
based on the proliferation marker Ki-67, as opposed 
to lung NENs that mainly uses the number of mitoses. 
The recently published WHO Blue Book for Endocrine 
Organs in 2017 contains the modified grading scheme for 
pancreatic NENs (pNENs) and remains to be seen whether 
the same modifications regarding the proliferation index 
Ki-67 will also apply for the remaining gastrointestinal 
NENs (GI-NENs). The greatest difference in the new 
modified criteria is the distinction of G3 pNENs into 
two groups, namely the G3 WD-neuroendocrine tumors 
(WD-NETs) and the G3 PD-neuroendocrine carcinomas 
(PD-NECs). This new system separates two groups with 
histopathological and immunohistochemical heterogeneity 
reflecting their different biological behaviour and response 
to various therapeutic regimens (3-5). 

In this review we will describe the histopathological, 
immunohistochemical genetic and molecular characteristics 
of NENs and delineate their role not only in establishing 
the diagnosis but also in predicting prognosis and directing 
the therapeutic choices.

Histopathological features of NENs

Microscopically WD-NENs are composed of cells 
possessing round or oval nuclei with “salt and pepper” 
chromatin and eosinophilic granular cytoplasm. NECs are 
classified as small-cell carcinomas (SC-NEC) or large-cell 
carcinomas (LC-NEC) especially because they differ in 
their cell size. The nuclear to cytoplasmic ratio of LC-NEC 
is lower than that of SC-NEC (6).

Since 1971, five different architectural patterns of GI-
NENs (types A to D and mixed) were described for the 
first time while attempting to correlate each pattern with a 
specific tissue of origin. More specifically type A tumors are 
composed of solid nests (insular pattern) and this pattern 
is typical for ileal tumors; however, it can occasionally 
also be seen in appendiceal tumors. These tumors are 
mainly composed of enterochromaffin (EC)-cells. Type 
B tumors are trabecular or “ribbon-like” in morphology 
with anastomosing cords and this pattern is classically 
seen in rectal tumors composed of L-cells. Type C tumors 
are composed of tubular, acinar or rosette-like a structure 
usually accompanied by psammoma bodies and this 
histology is typically found in duodenal NENs including 
tumors of the ampulla. Type D tumors may be found in 
any anatomic site displaying a “diffuse” architecture. Apart 
from the jejunoileum (type A) and rectum (type B), NETs 
often exhibit mixed architectural pattern (7-9). NECs are 
characterized by organoid or nested pattern or exhibit 
diffuse growth completely lacking any particular pattern (6).

Immunohistochemical markers of NENs

Markers of neuroendocrine differentiation

Chromogranin A (CgA) and synaptophysin are currently 
considered the most specific immunohistochemical markers 
for NENs. CgA is an acidic glycoprotein of the granin 
family, being expressed in well to moderately differentiated 
NENs and tends to be only focally positive in PD-NECs/
SC-NEC (10). PD-NECs do not react strongly with CgA 
antibodies (11). CgA may have limited sensitivity with some 
tumors, such as hindgut carcinoids (originating from left 
transverse colon to distal colon, rectum, and anus) found to 
stain in only 20–50% of cases (2,12,13).

Synaptophysin is a membrane glycoprotein, representing 
a good marker of neuroendocrine cells and NENs (14) with 
a diffuse cytoplasmic immunostaining (13). Immunolabeling 
for CgA and synaptophysin characterizes “pure” NENs but 
certain “non-pure”, i.e., consisting of cells of different origin, 
NENs like the solid pseudopapillary neoplasm of the pancreas 
or the mixed acinar NEC can also stain focally for both these 
markers (15). The WHO classification of tumors of endocrine 
organs and of the digestive system (4,6) specify that in mixed 
neuroendocrine non-NENs (MiNENs) either component 
represents at least 30% of the lesion. Thus, in cases that one of 
the two components represents only a minority of the tumor, 
such as adenocarcinomas or other non-NECs with interspersed 
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expression of CgA and synaptophysin in less than 30% of the 
tumor cells, the diagnosis of neoplasms with a neuroendocrine 
component is made (16). The specific cut-offs have been 
suggested arbitrarily since a neoplastic component of less 
than 30% is not likely to affect the biological behaviour of the  
tumor (16).

Neural cell-adhesion molecule (NCAM) also called 
CD56 is a membrane-bound glycoprotein, involved in 
neuron-neuron and nerve-muscle interactions. CD56 is 
sensitive, but not highly specific marker for NENs because 
it is often expressed in several non-NENs. In addition, small 
cell lung cancer (SCLC) frequently stains with NCAM 
antibodies (11). 

A step by step approach of immunohistochemical 
markers is used currently in pathology departments in 
order to confirm the site of origin of NENs, or to identify 
the origin of a metastatic site with not obvious primary 
neoplasm (17) (Figures 1,2).

Proliferation index Ki-67

Ki-67 labeling index (LI) is accepted by both WHO and ENETS 
as a proliferative marker for NENs being independently 
correlated with survival and representing the most reliable 

prognostic factor of GEP-NENs. Common problems 
in evaluating the Ki-67 index include intertumoral and 
intratumoral staining heterogeneity in the primary site of 
the tumor or among the metastatic sites early or in during 
the course of the disease and the counting methods even 
when the improved automated staining machines are 
used (18,19). Intratumoral heterogeneity is another issue 
affecting the reliability of Ki-67 index in liver metastases 
from pNETs when diagnosed by a core needle biopsy 
despite its values as a prognostic factor of metastatic NETs 
to the liver (20). Other factors affecting its reproducibility 
are represented by differences in tissue processing and 
especially fixation methods, the loss of antigenicity over 
time, particularly in paraffin-embedded formalin-fixed 
blocks, and the assessment of pale stained nuclei (21). If all 
nuclei that have been taken in consideration in a Ki-67 slide 
display sharp borders and stain intensely or less intensely, 
but homogeneous or speckled pattern, the counts have an 
excellent reproducibility (5). 

Immunohistochemical markers of site of origin

Caudal type homeobox 2 (CDX2)
CDX2 is a homeodomain-containing transcription factor 

CDX2, Isl-1, TTF-1

CDX2 (−)ve, Isl-1 (+)ve, TTF-1 (−)veCDX2, Isl-1 (−)ve, TTF-1 (+)ve

PR (+)ve, NESP55 (−)ve 

Lung origin

PR (+)ve, PDX-1 (+)ve, 

PAX6/8 (+)ve, 

NESP55 (+)ve,

ATRX (loss of expression)

PR (+)ve, PDX-1 (+)ve, 

PAX6/8 (+)ve,  

NESP55 (−)ve, 

PrAP (+)ve,  

SATB2 (+)ve,  

PDX-1 (−)ve

Small intestine

CD302 (+)VE, PrAP (+)ve

CDX2 (+)ve, Isl-1, TTF-1 (−)ve

Pancreatic origin Pancreaticoduodenal origin Rectal origin

Figure 1 Algorithmic histopathologic approach to neuroendocrine neoplasms. CDX2, caudal type homeobox 2; Isl-1, islet 1; TTF-1, 
thyroid transcription factor-1; PR, progesterone receptor; NESP55, neuroendocrine secretory protein 55; PrAP, prostatic acid phosphatase; 
PDX-1, pancreatic and duodenal homeobox 1; PAX6/8, paired box genes 6/8; ATRX, alpha thalassemia/mental retardation syndrome 
X-linked; SATB1, special AT-rich sequence binding protein 1.
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critical for the intestinal differentiation (22). Although 
CDX2 is a highly sensitive immunohistochemical marker 
for GI adenocarcinomas, it can also be found in tumors with 
intestinal differentiation (i.e., pancreas, bile ducts, bladder, 
lung, uterine cervix, endometrium, ovary) (23,24). 

The expression of CDX2 was documented in a large 
amount of WD-GI-NENs with a high sensitivity and 
specificity for NENs of the midgut (jejunoileum and 
appendix) origin (25). Immunohistochemical detection of 
CDX2 has been demonstrated in 90% of the primary and 
91% of the metastatic jejunoileal WD-NENs (25) and in 
93% of the primary appendiceal NENs (ANENs) and in 
83% of the few cases of metastatic appendiceal tumors (26,27). 
CDX2 has also been detected in tumors originating from 
other parts of the GIT but in significantly less frequency 
(31% of duodenal, 14% of gastric, 16% of pancreatic and 
29% of rectal). Rare positivity in lung NENs (9), as well as 
high positivity in WD-NENs of the ovary along with an 
insular pattern has also been reported (28). Additionally, 
the expression of CDX2 in midgut tumors shows strong 
and diffuse nuclear staining, whereas in foregut and hindgut 

tumors the staining is weak and patchy (9).

Thyroid transcription factor-1 (TTF-1)
TTF1 is a homeodomain-containing nuclear transcription 
protein of the NK2 homeobox (NKX2) gene family being 
involved in the organogenesis of the thyroid gland and lung 
as well as the development of the neurohypophysis and the 
ventral brain (29). 

In the setting of WD-NENs, TTF-1 seems to have a 
variable sensitivity, but a very high specificity for tumors 
of lung origin. Expression of TTF1 has been documented 
in typical and atypical lung NENs, lung LC-NECs, and 
SC-NECs in approximately 35%, 50%, 47%, and 90%, 
respectively (29). On the contrary, the expression of TTF1 
in WD-NENs of GIT is rare (9). It must be noted that 
although it is unlikely for a medullary thyroid carcinoma 
(MTC) to present as metastasis of unknown primary site, 
its differential diagnosis from lung NEN that expresses 
calcitonin and carcinoembryonic antigen (CEA) can be 
very difficult (30,31). TTF-1 expression in PD-NECs 
has been reported in many extra-pulmonary SC-NECs 

Figure 2 Expression of immunohistochemical markers related to neuroendocrine neoplasms. (A,B) Granular cytoplasmic immunoexpression 
of chromogranin (A) and synaptophysin (B); (C,D,E) nuclear immunoexpression of Isl-1 (C), CDX-2 (D) and TTF-1 (E); (F) membranous 
immunoexpression of SSTR2a. Scale bar: 50 μm. Isl-1, islet 1; TTF-1, thyroid transcription factor-1; CDX2, caudal type homeobox 2; 
SSTR2a, somatostatin receptor 2a. 

A B

D E F

C
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(prostate, urinary bladder, breast) but not in Merkel cell 
carcinoma (32). 

Paired box genes 6/8 (PAX 6/8)
PAX8 is a transcription factor involved in thyroid 
and kidney development, it is also highly expressed in 
the surface of ovarian carcinomas, implying its use to 
identify carcinomas of the thyroid, of the Müllerian 
system and the kidney (33,34). The polyclonal PAX8 
antibody is also expressed in the islets of Langerhans 
and pNENs suggesting the pancreatic origin of WD-
NENs (35,36) .  Addit ional ly,  polyclonal  PAX8 is 
often expressed in WD-NENs of duodenal and rectal  
origin (36) while it is not expressed in WD-NENs of ileal 
origin and only rarely in the lung, stomach and appendix (9).

However, more recent studies have reported that 
monoclonal PAX8 antibodies are universally non-reactive 
with either islets of Langerhans or pNENs (26,37). 
The likely reason that the polyclonal PAX8 antibody is 
expressed in pNENs is because it cross-reacts and detects 
the PAX6 transcription factor which seems to be the main 
transcription factor expressed in islets of Langerhans 
and pNENs (37,38). PAX6 expression has been found 
mostly in pNENs as well as in most duodenal and rectal  
WD-NENs (26).

Insulin gene enhancer binding protein islet 1 (Isl-1)
Isl-1 is a homeobox-gene transcriptional factor expressed in 
all endocrine but not exocrine, pancreatic cells (9), implying 
its role in the development of endocrine pancreas and in 
the diagnosis of pNENs. However, pancreatic gastrinomas 
display lower rate of expression of this factor. Isl-1 is 
not expressed in 90% of WD-GI-NENs and in 84% of 
pulmonary endocrine tumors (26). Isl-1 positivity is also 
typical of duodenal and rectal WD-NENs (39,40). Twelve 
percent (12%) of 94 pulmonary and 17% of 42 primaries 
ANENs have also shown positivity (41,42), and it is also 
expressed in MTC (43).

Other markers
pNENs may also express the progesterone receptor (PR), 
pancreatic and duodenal homeobox 1 (PDX-1) as well as 
the neuroendocrine secretory protein 55 (NESP55) (9). 
PR was positive in 40–75% of pNENs (44) whereas in 
other GI-NENs is usually negative (45). PDX-1 is mostly 
positive in pNENs and the majority of duodenal NENs, 
whereas its expression is less frequent in rectal but not 
jejunoileal NENs (27,40,46). NESP55 is a member of the 

granin family found in secretory granules in the adrenal 
medulla, pituitary gland and brain. In normal pancreas 
is most often expressed in B cells while a significant 
percentage of pNENs (40–50%) also express NESP55 
at least focally (47). Ileal, duodenal, gastric and ANENs 
are negative whereas only rarely it is expressed in rectal 
tumors (27).  

The loss of ATRX (alpha thalassemia/mental retardation 
syndrome X-linked)/DAXX (death-domain associated 
protein) expression has been found in pNENs, and predicts 
aggressive behavior since its loss is found in larger tumors, 
tumors with vascular and lymphatic invasion, infiltration of 
adjacent organs and with infiltrative borders (48). Prostatic 
acid phosphatase (PrAP) was found to be expressed in rectal 
pNENs (9). Finally, special AT-rich sequence binding 
protein-2 (SATB2) is selectively expressed in the colorectal 
GI-NENs (9). 

Somatostatin receptors 2a and 5 (SSTR2a and SSTR5)
NETs  overexpre s s  SSTRs ,  mos t l y  SSTR2a  and  
SSTR5 (49). For the evaluation of SSTR2a and SSTR5 
immunoexpression, a standardized scoring system is used, 
that also display a good correlation with the findings of 
octreoscan (50). The immunohistochemical expression of 
SSTR2a and SSTR5 in GEP-NENs range within 60–93% 
and 33–83%, respectively (49,51,52). 

Patients with pNENs show increased SSTR2a expression 
compared to GI-NENs whereas G3 WD-NETs express 
SSTR2a in 78% of cases. On the contrary, G3 PD-NECs 
and mixed adenoneuroendocrine carcinomas (MANECs: 
since the terminology of MiNENs is currently in use only 
for pancreatic neoplasms) show lower SSTR2a expression 
compared to well- and moderately-differentiated tumors 
G1, G2 NENs (53).

Melatonin
Melatonin is an indoleamine, a small lipophilic molecule, 
two enzymatic steps away from serotonin, which easily 
passes through cell membranes exhibiting autocrine, 
paracrine and endocrine actions (54). In humans there 
are three different membrane receptors and one nuclear 
receptor of melatonin: melatonin receptor type 1a (Mel 1a, 
ML1a, MT1, MTNR1A), Melatonin receptor type 1b (Mel 
1b, ML1b, MT2, MTNR1B), Melatonin receptor type 3 
(MT3, ML2, NQO2, QR2) and retinoid-related orphan 
nuclear hormone receptor (RZR/RORα) (55). 

Melatonin and receptors MT1 and MT2 are expressed in 
the normal human GIT and pancreas (56). Melatonin and 
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MT2, but not MT1 are expressed in EC-cells (57). Melatonin 
and MT2 expression has been detected in the majority of the 
small intestine NETs (SI-NETs) but the expression of MT1 
receptors was not frequent (15). The expression of melatonin 
in SI-NETs correlates with a lower Ki-67 index implying its 
anti-neoplastic effect (15). On the contrary, in neural, blood 
cell and other tissues melatonin promotes the cell survival 
by reducing apoptosis (58). Melatonin can also reduce the 
toxicity of chemotherapeutic agents while it exerts oncostatic 
effects of certain forms of cancer (59). 

Programmed death ligand 1 (PD-L1)
PD-L1, is expressed on the cell surface of many tumor 
cells .  The binding of PD-L1 to programmed cell 
death protein 1 (PD-1) has as a result the initiation 
of intracellular signals which inhibit CD8+ T cells 
proliferation and T cell activation, thus blocking the 
antitumor immune response, favoring tumor growth 
and metastasis (60). PD-1 has been detected in tumor-
infiltrating lymphocytes (TILs) present in the tumor 
microenvironment, and PD-L1 aberrant expression by 
tumor cells is associated with a poor prognosis in several 
human tumors (61). Recently, it has been shown that PD-
L1 blockade improves antitumor immunity and offers a 
promising cancer immunotherapy approach. The blockade 
of PD-L1 in non-SC-NEC is already being pursued as 
antitumor immunotherapy (62).

The expression of PD-L1 in GEP-NENs has been 
shown to correlate positively with increased grade of these 
tumors, and PD-L1 positivity was much stronger in PD-
GEP-NECs than in low-grade NENs (63). G3 tumors 
exhibited strong PD-L1 expression in both the tumor 
and infiltrating immune cells, reflecting an unfavorable 
environment for T-cell-mediated tumor surveillance by 
T cells. An increase in membrane expression of PD-L1 in 
tumors was observed in neoplasms with more aggressive 
behavior (62). Thus, target therapy against PD-L1 may be 
an alternative efficient therapy and immunohistochemically 
documented PD-L1 expression may represent a predictive 
biomarker for the selection of GEP-NENs patients who 
will benefit from the immunotherapy (63).  

Genetic markers of NENs

Molecular analysis has been recently under investigation, 
particularly in cases of unknown primary site (17). A 
number of techniques have been used such as copy number 

variance (CNV), DNA methylation and RNA expression.
The molecular profile of 14 patients with metastatic GI-

NENs was studied by quantitative RT-PCR for candidate 
gene expression. In approximately 50% of them one or 
more aberrations were detected [2 had SMARCB1 (SWI/
SNF related, matrix associated, actin dependent regulator 
of chromatin, subfamily b, member 1)], 2 TP53 (tumor 
protein p53) mutations, 1 had each STK11 (serine/
threonine kinase 11), RET (ret proto-oncogene), and BRAF 
mutations (B-Raf proto-oncogene, serine/threonine kinase), 
while CCNE1 (cyclin E1) amplification was found in one 
patient with an additional TP53 mutation) (64). Moreover, 
TP53, mitogen activated protein kinase (MAPK3), RET 
and fibronectin genes up-regulation has been found in 
pNENs (65,66). Chromosomal imbalances were shown but 
not in parallel with a repeatable DNA-aberration pattern. 
Small DNA-gains were found more frequently than DNA 
losses; DNA-gains involved chromosome 16p, 7p, 14q, 
15q, 17q, while 5p, 8q, 9q, and the X-chromosome were 
amplified as opposed to DNA-losses involving chromosome 
1, 10q, 11, 13q, 14q, 15q, 17p and 21q and chromosome 18  
loss (66). In 10q11.2 continuous gains or losses were 
found implying a specific function of the RET proto-
oncogene in GI-NET (67). Three genes clusters were 
suggested as predictors of the primary site of origin 
defining a decision tree (CD302 up-regulation implying 
ileum, PPWD1 (peptidylprolyl isomerase domain and 
WD repeat containing 1) down-regulation implying 
pancreas and ABHD14B (abhydrolase domain containing 
14B) up-regulation implying stomach (66). Other genetic 
abnormalities included CDKN1B gene mutation (encoding 
p27, a cell cycle regulator) in SI-NETs and the amplification 
of chromosome 17q in SI-NETs and pNEN metastatic  
foci (68).

Circulating tumour cells (CTCs)

CTCs have been documented in patients with breast, 
prostate and colorectal cancer and are related to the 
progression-free survival (PFS) and overall survival (OS). 
NENs express epithelial cellular adhesion molecule 
(EpCAM) heterogeneously, and CTCs can be isolated from 
patients’ plasma, making them a possible prognostic factor. 
In a study with 176 patients with metastatic NENs the 
value of ≥ one CTC, detected in the blood, was correlated 
with worse PFS and OS; moreover, within grades of 
differentiation, presence of CTCs was able to define a poor 
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prognostic subgroup of patients (69).

miRNAs

S m a l l  R N A  m o l e c u l e s  ( m i R N A s )  c o n t r o l  g e n e 
expression post-transcriptionally. Circulating miRNAs 
may represent a promising prognostic marker or even 
a marker associated with resistance to treatment. In 
patients with GI-NENs, miR-21 levels were strongly 
related to the proliferation marker Ki-67 and the 
presence of liver metastases. In 37 patients with pNENs, 
miR-642 and miR-210 were positively associated with 
Ki-67 index and metastatic potential,  respectively 
(70,71). Furthermore, in this group of patients, increased 
expression of miR-196a was related with higher number 
of mitoses and Ki-67 labelling, increased metastatic 
potential and decreased OS (71).

Comparative genomic hybridization (CGH)

The array-CGH displayed an enormous number of DNA 
aberrations [epidermal growth factor receptor (EGFR), 
erb-B2, E-cadherin, BIRC5 (survivin) MEN1, p53, H19, 
IGFII (insulin-like growth factor II), c-Myc, c-Met, cyclin 
D, wnt] that is known to affect tumor suppressor genes as 
well as proto-oncogenes, but in GEP-NENs no common 
aberration pattern for primaries and metastases was  
isolated (66).

NETest

The NETest is a multianalyte algorithm analysis PCR-
based test recently proposed using 51 “finger-print” 
genes characterizing a NET (72). Its clinical value is 
under investigation and the early reports are promising to 
predict treatment response as well as early identification of 
recurrence (73).

Genetic heterogeneity in primary and metastatic sites 

Tο assess mutational heterogeneity in primary tumor 
and metastases, tissue from five patients with SI-NENs 
and synchronous hepatic metastases, was submitted to 
whole exome sequencing. The number of mutations that 
was detected per sample was variable (9–32, mean 22 
mutations), while common and private (i.e., gene mutation 
found in a few members of a family without passing to next 
generations) mutations were also variable (74).

Molecularly Aided Stratification for Tumor Eradication 
Research (MASTER)

Molecular diversity of NENs along with individual patterns 
of molecular aberrations led to a new approach, in terms of 
diagnostics and therapeutics, employing fast track exome 
and RNA sequencing, in young adults with advanced stage 
cancer and in patients with rare tumors (75).

Epigenetics

Epigenetic drugs for cancer therapy constitute the 
new target of the pharmaceutical industry. Histone 
deacetylase (HDAC) inhibitors have already been used 
in the treatment of hematopoietic malignancies, while in 
neuroendocrine cells studies they induce tumor growth 
suppression through activation of the Notch1 signalling 
pathway. Panobinostat, a HDAC, administered in patients 
with low-grade (grade 1/2) SI-NENs and pNENs, in 
the context of a phase II trial, resulted in stable disease 
(100% rate of stability, i.e., with no disease progression), 
with had a PFS 9.9 months but low response rate (76). 
Combination therapy of belinostat, another HDAC, and 
cisplatin-etoposide, in 28 patients with advanced solid 
tumors, including lung SC-NEC and other NENs of a 
phase I study, was effective, although further studies are 
needed (77).

BRAF mutations

Whole exome sequencing was performed on tissue from 
nine patients with colonic NECs and lead to the detection 
of BRAF exon 15 mutations in four patients (78). 

Small intestinal NEN genetic profiling

Mutation in the cyclin-dependent kinase inhibitor 1B 
gene (CDKN1B) is the most common mutation found in 
SI-NENs. Results from genome-wide profiling of tissues 
from the primary tumor showed that SI-NENs patients 
can be further categorized into groups with different PFS  
intervals (79).

Bronchial NEN genomic identity

Integrated genome analyses of tissues from pulmonary 
NENs showed that the genes involved in the chromatin 
remodelling pathway are the most commonly affected (80).



Kyriakopoulos et al. Histopathological and molecular markers of NENs

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2018;6(12):252atm.amegroups.com

Page 8 of 13

Molecular targets of NENs

It has become clear that decrypting the molecular profile 
of a patient may help to a better therapeutic decision since 
specific drugs have been discovered that target a specific 
molecular pathway. Current treatment modalities include 
somatostatin receptor analogs (SRAs), peptide receptor 
targeted therapy, molecular targeted therapies (MTTs) 
interferon-α, conventional chemotherapy, surgery and 
locoregional therapy. Particularly, MTTs such as the 
mTOR inhibitor, everolimus and the multiple tyrosine 
kinase inhibitor (MKI) sunitinib have been approved with 
promising results (1,2), making the need, for the discovery 
of newer molecular targeted agents, imperative (81).

Vascular endothelial growth factor receptor (VEGFR) 
pathway

NENs are highly vascular tumors and increased expression 
of VEGF, along with VEGFR subtypes 1 and 2 have been 
discovered in midgut and pNENs (82,83).

Bevacizumab is  a  monoclonal  antibody against 
VEGF, which reduced tumor angiogenesis in xenograft 
animal models but without growth inhibition in human 
carcinoid cell lines (1,84). The comparison of depot 
octreotide plus interferon alfa-2b versus depot octreotide 
plus bevacizumab in patients with advanced carcinoid 
tumors was studied in a phase III prospective randomized 
trial, but no difference in PFS was seen, implying similar 
antitumor action of interferon and bevacizumab in this 
type of tumor (85).

Further, in a multicenter phase II trial, that assessed 
the combination of bevacizumab with mTOR inhibitor, 
temsirolimus, in patients with pNENs and disease 
progression, response rate was found 41% and 6-month 
PFS was 79%, implying synergistic action although long-
term follow-up is needed (86).

Sunitinib blocks VEGFR-1, VEGFR-2, VEGFR-3, 
KIT [stem-cell factor (SCF) receptor], platelet derived 
growth factor receptor (PDGFR) alpha (PDGFR-α) and 
beta (PDGFR-β), involved in the angiogenesis of the WD-
pNENs (1,87). In advanced pNEN patients, sunitinib 
increased PFS, OS, and the objective response rate and 
therefore sunitinib was added to the pharmaceutical 
armamentarium (88). 

Another oral, potent, and selective inhibitor of VEGFR 1, 
2, and 3, axitinib along with SRAs is under investigation in 
G1–G2 NETs of advanced non-pNETs (NCT01744249).

Phosphatidylinositol-3-kinase/protein kinase B/
mammalian target of rapamycin (PI3K/AKT/mTOR) 
pathway

The PI3K/AKT/mTOR pathway is implicated in cell 
metabolism, growth and survival. A serine threonine kinase, 
the mTOR protein, has central role in the formation of 
two distinct multi-protein complexes mTOR complex 
1 (mTORC1) and 2 (mTORC2). mTORC1 merges 
signals from growth factors, energy status, oxygen 
and amino acids and fine-tunes processes involved in 
cell growth while the exact role of mTORC2 is under  
investigation (89). Monotherapy with mTOR inhibitors, 
such as everolimus, with or without the addition of 
molecules such as a recent trial of everolimus and a 
VEGF pathway inhibitor, bevacizumab seems promising  
treatments (90). In a two-stage phase II trial, that evaluated 
the efficacy of the dual PI3K/mTOR inhibitor BEZ235 in 
patients with everolimus-resistant pancreatic NENs, the 
results were promising, although intolerable toxicity did not 
allow for the trial to proceed to stage 2 (91).

In cancer  cel l s ,  PI3K/AKT/mTOR pathway is 
implicated in proliferation and angiogenesis. In NENs 
the pathway is activated through growth factor receptors, 
activating mutations/amplification of kinases, or loss 
of the tumor suppressor gene PTEN. In NENs, the 
overexpression of insulin growth factor receptor-1  
(IGF-1R) and fibroblast growth factor receptor-3  
(FGFR-3) activates the mTOR pathway (83,92). The 
design of the MetNET-1 trial was based on the effects 
of metformin on IGF-1 and mTOR complex through 
AMPK, in combination with the mTOR inhibitor 
everolimus, in patients with advance pancreatic NENs (93). 
Genomic profiling of patients with sporadic WD-pNENs, 
identified mutations in genes of the mTOR pathway in 
14% of tumors (94). Apoptotic regulator DAXX and the 
chromatin modifier ATRX, were associated with better 
clinical outcome (94). Moreover, biallelic inactivation of 
ATRX or DAXX through loss of heterozygosity (LOH) 
was strongly associated with an increase in telomere 
length as quantified by whole-genome sequencing data (95) 

while their mutations promoted alternative lengthening of 
telomeres (ALT) and chromosomal instability (96,97).

The genetic modifications involved in PD-pNENs are 
different and are associated with the cell cycle, including 
TP53 and RB1 (98). In familial forms of pNENs such as the 
syndromes: multiple endocrine neoplasia 1 (MEN-1), von 
Hippel-Lindau (VHL), neurofibromatosis type 1 (NF-1), 
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tuberous sclerosis complex (TSC), the mTOR pathway 
is activated (92). In patients with VHL, the mutated 
VHL gene cause hypoxia-inducible factor (HIF) pathway 
alteration (99).

IGF system

The IGF system has an important pathophysiological role in 
several human cancers (100). The IGF system is composed 
of IGF-I and IGF-II, type 1 (IGF-IR) IGF receptor and 
type 2 (IGF-IIR) IGF receptor, insulin receptor (IR) 
isoform A (IR-A) and isoform B (IR-B), and at least six IGF-
binding proteins (IGFBP1–6) (101). Expression of IGFs 
and their receptors correlate with increased angiogenesis, 
increased metastatic potential, reduced survival and tumor 
dedifferentiation in several cancer types including NENs. 
IGF-I, in tissue cell model of pNENs (BON cells), regulates 
cell-cycle proteins and cellular secretion of CgA. IGF-II 
and IGF-IR are also expressed in 30% and 70% of NENs, 
respectively, whereas high IGF-II levels stimulate BON 
cell growth (102-105). Recently, we have demonstrated 
that the immunohistochemical expression of IGF-1Ec, 
a product from alternative splicing of the igf1 gene, was 
more prevalent in specimens derived from metastatic sites 
compared to primary sites and in higher Ki-67 specimens 
compared to specimens with low Ki-67 expression (105). 
This finding will need to be studied further since a specific 
pharmaceutical agent for this molecule is under way. 

Conclusions 

The introduction of the histopathological, immunohistochemical, 
genetic and molecular markers in NENs has been proven 
critical in the diagnosis and management of such patients so 
far. Since NENs are still considered rare diseases and their 
natural history is variable we have to expand our knowledge 
on their pathogenesis by molecular and pathological 
analysis. The better understanding onto their molecular 
profile will shed light in different immunohistochemical 
subtypes that may benefit from similar treatments or may 
identify genetic alterations that may reverse their oncogenic 
dynamic by targeting specific molecular pathways. Hence, 
the identification of an immunohistochemical pattern 
may direct towards a specific organ as metastatic foci 
origin, implying the therapeutic interventions that have 
been licenced for this site of NENs origin. Moreover, the 
molecular and/or genetic profile may also reveal a molecular 
pathway that is more altered than another one supporting 

one therapeutic option over another one. Hence, the future 
of NENs management seems to include an integrated 
profile of a patient with NEN, providing data on all the 
features of the neoplasm, from the Ki-67 to the specific site 
of origin and with specific genetic and molecular alterations 
resulting in the most efficient therapeutic alteration to 
achieve the best therapeutic response. Test and programs 
such as the NETest and the MASTER have been already 
validated from scientific groups and they have been proved 
effective to select patients who will benefit from specific 
medications and to predict the response to the treatment. 
The collaboration in intra-national level by creating 
Centers of Excellence on NETs and in inter-national level 
by creating collaborations between Centers of Excellence 
of different countries will increase the value of the clinical 
studies by increasing the number of the participants making 
the findings more valid and reproducible.
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