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Abstract

:

Neuroendocrine neoplasms (NENs) comprise a heterogeneous group of rare malignancies, mainly originating from hormone-secreting cells, which are widespread in human tissues. The identification of mutations in ATRX/DAXX genes in sporadic NENs, as well as the high burden of mutations scattered throughout the multiple endocrine neoplasia type 1 (MEN-1) gene in both sporadic and inherited syndromes, provided new insights into the molecular biology of tumour development. Other molecular mechanisms, such as the NOTCH signalling pathway, have shown to play an important role in the pathogenesis of NENs. NOTCH receptors are expressed on neuroendocrine cells and generally act as tumour suppressor proteins, but in some contexts can function as oncogenes. The biological heterogeneity of NENs suggests that to fully understand the role and the potential therapeutic implications of gene mutations and NOTCH signalling in NENs, a comprehensive analysis of genetic alterations, NOTCH expression patterns and their potential role across all NEN subtypes is required.
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1. Introduction


Neuroendocrine cells are sensor cells, which play an important role in the connection between the nervous system and endocrine organs. In response to neurogenic stimulation, neuroendocrine cells secrete several molecules, including peptide hormones, which produce slow and long-lasting effects. Neuroendocrine cells are widely scattered throughout the human body. They are present in the gastro-entero-pancreatic tract, uro-genital apparatus, lung, breast and skin, as well as in the central and peripheral nervous system. These cells are able to dedifferentiate and transdifferentiate under physiological conditions in response to intracellular metabolic pathways and microenvironmental stress conditions [1].



NOTCH signaling is a highly conserved cell-signaling pathway that is implicated in different stages of development through the regulation of cell proliferation, differentiation and cell death.



In the neuroendocrine system, NOTCH signaling drives the maturation process of multi-potent cells to become functionally competent cells during the early stage of embryonic neuroendocrine development [2]. For instance, NOTCH signaling regulates the ductal and endocrine differentiation of pancreatic cells during the development of the pancreas [3].



Neuroendocrine neoplasms (NENs) are originated from the neoplastic transformation of neuroendocrine cells at various anatomic locations, with the gastrointestinal tract, the endocrine pancreas and the respiratory tract being the most involved sites. [4].



Little is known about the mechanisms of oncogenic transformation and metastatic dissemination of neuroendocrine cells, but it is known that despite some common molecular characteristics, NENs originating in different organs have distinct signatures and display significant biological heterogeneity.



In this heterogeneous neoplastic setting, the NOTCH pathway has shown to have a role by triggering both tumour suppressor and oncogenic functions in some neuroendocrine cell lines and in different subtypes of NENs [5,6,7,8,9,10].



The availability of treatments with a modulatory activity on NOTCH-dependent pathways, and the possibility to use the molecular alterations as diagnostic and prognostic markers, has highlighted the need of a deeper knowledge on the NOTCH pathway role and the different molecular signatures in NENs.



This review will summarize the current knowledge on the molecular heterogeneity of NENs and the complex function of NOTCH signalling in different types of NENs, as well as the new therapeutic approaches based on NOTCH pathway modulation.




2. Neuroendocrine Neoplasms and Molecular Heterogeneity


Neuroendocrine neoplasms are genomically and clinically heterogeneous. This heterogeneity occurs between cancers originating from different organs, within the cancers originating in the same organ, and between primary and metastatic lesions [4,11,12,13]. For instance, small intestine NENs are genomic stable cancers, with a low mutational load compared with NENs originated from different organs, such as the lung and pancreas. Viral-associated Merkel carcinomas have a low mutational burden, in contrast to ultraviolet (UV)-induced Merkel cell carcinomas [14]. The full understanding of the molecular mechanisms and the clinical significance of this heterogeneity could lead to the identification of new hallmarks to target in the neuroendocrine neoplasms’ treatment.



Current advances in genomic analysis techniques have enabled to identify recurrent mutations and chromosomal aberrations at the base of the molecular landscape of NENs [15,16].



Recurrent mutations have been identified in multiple endocrine neoplasia type 1 (MEN1) and von Hippel–Lindau (VHL) genes, in chromatin remodelling genes, such as DAXX and ATRX, in mechanistic target of rapamycin (mTOR) pathway genes, especially in phosphatase and tensin homolog (PTEN), tuberous sclerosis complex 2 (TSC2), and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), in checkpoint kinase 2 (CHEK2) tumour suppressor gene, in telomerase maintenance genes, in the cell cycle regulator cyclin dependent kinase inhibitor 1B (CDKN1B) and in the DNA repair gene mutY DNA glycosylase (MUTYH) [15,16]. These mutations can occur in genetic syndromes, such as multiple endocrine neoplasia type 1 (MEN1), tuberous sclerosis complex (TSC1/2), neurofibromatosis type 1 (NF1), and von Hippel–Lindau (VHL) syndrome, or in sporadic NENs, and can be germline or somatic mutations [15,16,17]. Genetic syndromes account for 15–20% of NENs, while the remaining 80–85% are sporadic.



Interestingly, as confirmation of the high heterogeneity of NENs, whole exome sequencing analysis performed in different studies has identified only 21 genes commonly altered between the small intestinal NENs samples analysed from different patients [11,18]. Furthermore, comparing the results of these studies on small bowel NENs with the one on pancreatic NENs, a concordance of only 17 genes with somatic mutations was found [11,15,18].



In addition, some mutations, namely mutations in MEN1 and DAXX/ATRX genes, are associated with a better prognosis, and they seem to occur very rarely in poorly differentiated neuroendocrine carcinomas (NECs) [19]. On the other hand, mutation in TP53, RB1, PTEN and PIK3CA are more frequent in poorly differentiated NECs [19,20].



In the following paragraph, we summarise the current knowledge and the clinical significance of the most common genetic alterations in NENs, classifying them according to their hereditary or sporadic condition.




3. Common Genetic Alterations and Molecular Pathways in the Development of Neuroendocrine Neoplasms


3.1. Heritable Genetic Traits in Neuroendocrine Neoplasms


NENs comprise at least ten recognized inherited NEN syndromes, including multiple endocrine neoplasia type 1 and 2 (MEN-1 and MEN-2), von Hippel–Lindau syndrome (VHL) and neurofibromatosis type 1 (NF1) [21].



MEN-1 is a rare autosomal dominant syndrome caused by inactivating mutations in the MEN-1 gene, and mostly associated with the appearance of neoplastic lesions in the pancreas and duodenum, as well as in pituitary and parathyroid glands [22,23]. The majority of germline mutations in the MEN-1 gene cause the truncation or absence of the menin protein in cancer cells. Typically, tumour development is associated with the mutation of both MEN-1 alleles, however, an incomplete inactivation of this gene has been observed in thymic and duodenal NETs [24,25]. The menin protein is usually located in the nucleus, cytoplasm and around telomeres. However, its specific biological role has not yet been described [26].



MEN-2 syndrome is an inherited autosomal dominant disorder comprising MEN-2A (55% of all cases), MEN-2B (5–10%) and familial medullary thyroid carcinoma (FMTC; 35–40%) [27]. The MEN-2A and MEN-2B patients have almost 100% risk of developing MTC and about 50% risk of developing pheochromocytoma and parathyroid adenomas. MEN-2 syndrome is caused by mutations in RET proto-oncogene, encoding a tyrosine kinase receptor. These mutations cause activation of RAS/MAPK (mitogen-activated protein kinases) and PI3K/AKT (phosphatidylinositol 3-kinase/Protein Kinase B) signalling pathways [28] and may occur in two different regions of the RET gene, originating two different types of disorders. In addition, the familial MTC (FMTC) syndrome, which is also caused by RET mutations, is only associated with MTC, but is less aggressive than MEN-2 tumours [29].



MEN-4 is a rare autosomal dominant syndrome predisposed to NETs development, such as parathyroid and pituitary adenomas, associated with the germline mutations in CDKN1B genes encoding the p27kip protein [30]. However, more studies are needed to know the penetrance and biological effect of CDKN1B mutations in these patients.



Von Hippel–Lindau (VHL) syndrome is associated with pheochromocytomas, paragangliomas and pancreatic neoplasia, and is caused by the loss of the VHL tumour suppressor gene, regulating the hypoxia-inducible factor (HIF) and vascular endothelial growth factor (VEGF) pathways [31,32,33]. The VHL protein shuttles between the nucleus and cytoplasm, binding to elongen C, elongen B, Cullin-2 (Cul2), and RING-box protein 1 (Rbx1) and degrading the alpha subunits of HIF in an oxygen-dependent manner [32,34,35]. Lack of degradation of this factor due to the absence of the VHL protein results, for instance, in an uncontrolled production of factors promoting blood vessel formation (e.g., VEGF) and is implicated in tumour development. The germline mutations in the VHL gene are extremely heterogeneous and are spread throughout the coding sequence. They are present in virtually all families with VHL syndrome, although the exact molecular mechanism of development of NETs in VHL has still many unknowns [36].



Neurofibromatosis type 1 (NF1) syndrome is another familiar neuroendocrine tumour (NET) disorder, which is associated with duodenal NETs or pheochromocytomas and is linked to RAS and ERK/MAPK pathways’ deregulations [37]. Genetic alterations of the NF1 gene include missense, nonsense and splice site mutations, as well as insertions/deletions (in/dels) and chromosomal rearrangements [38]. Tuberosclerosis gene TSC1 (9q34) and TSC2 (16p13.3) are regulated by neurofibromin through mTOR activation, linking the three proteins in terms of their potential roles in tumour progression [37].



Loss of function of the NF1 gene causes mTOR activation and tumour development. Disruption of TSC2 in pancreatic beta cells induces beta cell mass expansion in an mTOR-dependent manner [39]. Furthermore, it has recently been demonstrated that patients with pancreatic NET (pNET), and loss of PTEN protein, as well as tuberosclerosis 1 protein, show a significantly shorter survival [40].



Familial pheochromocytoma and paraganglioma syndromes are autosomal-dominant disorders caused mostly by germline mutations in the succinate dehydrogenase subunit (SDH) genes, such as SDHB, SDHC, SDHD, SDHA, and SDHAF2 (succinate dehydrogenase complex assembly factor 2). These are encoding factors required for the assembly of the mitochondrial complex II [32,33,41,42,43,44,45,46,47,48,49,50]. This mitochondrial complex participates in two main cellular processes: the Krebs cycle and the electron-transport chain. The mutations in the key components for the formation of complex II decrease the enzymatic activity of the rest of the complex. The link between the perturbation in complex II and tumorigenesis still has many unknowns. SDH deficiency leads to pseudohypoxic conditions in cancer cells. However, this fact alone is probably not sufficient to induce the tumorigenic process, and thus different possibilities appear to be feasible; for instance, the implication of ROS or the possibility of the inhibition of other α-ketoglutarate-dependent enzymes.



SDH mutations are commonly associated with multiple pheochromocytomas and paragangliomas. However, gastrointestinal stromal tumours, SDH-deficient renal cell carcinoma and pituitary adenomas can also be associated with these mutations [51,52].




3.2. Genetic Alterations and Tumour Mutation Burden in NENs


Several chromosomal alterations and gene mutations have been consistently identified in different types of sporadic NENs, although the tumour mutational burden is relatively low compared to other tumour types [21]. In fact, massive parallel sequencing showed that only 24 cancer driver genes are affected by non-synonymous mutations in neuroendocrine neoplasms [53]. Remarkably, cancer driver genes and mutations are unevenly distributed in different tumour types and may contribute to the mechanisms of NEN heterogeneity. The factors encoded by these mutated genes may affect several pathways involved in cell proliferation, metabolism and chromatin modification.



The genetic landscape of gastro-entero-pancreatic neuroendocrine neoplasms (GEP-NENs) confirmed the essential differences of mutational profiles between well-differentiated NETs, including those with a high proliferation index, and NECs [54].



Mutations in TP53 and RB1 genes are pivotal drivers in poorly differentiated NECs of any anatomical origin [16,55,56,57,58]. Mutations in the TP53 gene have been consistently detected in poorly-differentiated GEP-NECs, with a frequency ranging from 20% to 73% of the tested patients [20,55,59,60]. The presence of TP53 mutations in GEP-NECs correlates with poor survival [20], and recently Ali et al. have demonstrated that p53 immunoexpression in colorectal NECs correlates with a poorer response to platinum-based chemotherapy and worse prognosis [61]. These results suggest a potential diagnostic, prognostic and predictive role of p53 immunoexpression in GEP-NECs, one that is currently under investigation in different trials.



The inactivation of RB1 gene product, which occurs mainly by somatic mutations, has been reported in 71% of poorly differentiated pancreatic NECs [54].



KRAS mutations have been identified in gastric, pancreatic and colorectal NECs with frequencies ranging from 8% to 60% [20,54,60,62,63,64,65,66].



On the other hand, BRAF mutations were only found in colorectal NECs with a frequency between 13% and 59% [67], as well as APC affecting some cancer cases [68].



The genetic alterations characterizing poorly differentiated NECs are absent in Grade (G) 3 NETs. This subtype presents typical mutations of G1/G2 NETs. For example, G3 pancreatic NETs showed high frequency of MEN1, DAXX, and ATRX mutations or protein loss (31–44%, 9–25% and 18–36%, respectively). DAXX and ATRX mutations also significantly correlate with the presence of mutations in mTOR regulators and were associated with poor prognosis in the G2 NETs [16]. Therefore, the scientific community is proposing these mutations as possible biomarkers to distinguish G3 pancreatic NETs from NECs [69]. This has a particular clinical relevance, due to the fact that NECs and G3 NETs are detected at an advanced stage.



The molecular similarities between G1/G2 and G3 NETs suggested a new model for GEP-NEN tumorigenesis in which poorly differentiated NECs and well-differentiated NETs, including G3 NETs, were originated from a common-normal neuroendocrine progenitor through different routes [70]. These foresee the alteration of TP53 and RB1 for all poorly-differentiated NECs, and specific alterations for well-differentiated pancreatic NETs and small intestine NETs [71].



Despite the remarkable biological heterogeneity of NETs, the mammalian target of rapamycin (mTOR) molecular pathway has been found to be prominently altered in a vast majority of NETs [72]. mTOR is a kinase-dependent signalling cascade, formed by the mammalian target of rapamycin complex 1 and 2 (mTORC1 and mTORC2), whose main function is related to controlling cell growth. Mutations in NF1, TSC2 or PTEN-encoding for key suppressor genes of this pathway, and altered expression of the mTOR pathway components, are common hallmarks of a great proportion of NETs, wherein these alterations seem to be directly related with tumour development and progression [72].



Recent evidence pointed out a key role of the NOTCH signalling pathway in NEN development, progression and heterogeneity [73]. Loss-of-function mutations in NOTCH family genes, particularly in NOTCH1, have been identified in human and mouse small cell lung cancer (SCLC) and in neuroendocrine pancreatic cells [58,74]. The integrity of NOTCH components is very important for the proper signalling transduction across the pathway. The canonical Notch cascade needs to receive a signal and be able to act in a ligand-receptor manner for communicating the signal inside the cells. This signal translocation promotes several transcriptional changes in the cellular program that allow cells to perform different functions. With an obstacle on this cell signalling cascade, the cells have to deal with unexpected changes in their programs, usually due to different mutations that interfere in the adequate cell–cell communication or in the transcriptional regulation within the cell.



For a better understanding on how these genetic mutations or genomic alterations could lead to the development of neuroendocrine tumours, in the following section, the composition of NOTCH receptors and the main elements involved in the NOTCH signalling transduction will be explained in detail.





4. Structure of NOTCH Receptors and the NOTCH Signalling Pathway


The NOTCH receptor family in mammals comprises four transmembrane proteins (NOTCH1–4), which are evolutionarily conserved with a high homology between different species. NOTCH receptors are activated by trans-ligands expressed on neighbouring cells, whereas cis-ligands within the same cell inhibit the NOTCH signalling [75].



The four NOTCH receptor isoforms in mammals are characterized by an extracellular region of repetitive epidermal growth factor (EGF)-like sequences, which are involved in the interaction with delta-like ligands (DLL1, DLL3, DLL4) and jagged proteins (JAG1, JAG2), by a negative regulatory region (NRR) that prevents Notch activation in the absence of the correct signal, by a single transmembrane portion and by an intra-cytoplasmic tail involved in the signal transduction (Figure 1). The number of EGF-like repeats varies between the four NOTCH receptors, being 36 for NOTCH-1 and 2 receptors, 34 for NOTCH-3 and 29 for NOTCH-4. The NRR consists of three cysteine-rich LIN12-NOTCH repeats (LNR) and a heterodimerization domain (HD). The intracellular domain is composed of a recombining binding protein suppressor of hairless (RBPj) associate module, ankirin repeats (ANK) and a C-terminal region rich in proline (P), glutamine (E), serine (S) and threonine (T) residues (PEST). S2 and S3 regions are, respectively, the metalloprotease and γ-secretase sites of cleavage. The expression of these receptors is in a cell- and tissue-type specific manner.



The interaction between NOTCH receptors and their ligands initiates proteolytic cleavage of the receptor by a disintegrin and metalloprotease (ADAM). A subsequent cleavage by γ-secretase complex releases the NOTCH intracellular domain (NICD) of the receptor. NOTCH-NICD migrates into the nucleus where it binds to the recombining binding protein suppressor of hairless (RBPJ) and Mastermind-like (MAML) co-activators to assemble an active transcription complex on NOTCH-responsive genes (Figure 2).



Genes regulated by the NOTCH signalling pathway include the hairy-enhancer of split (Hes1, Hey1, Hey2) encoding the double-helical transcription factors with negative regulatory function, as well as c-Myc and cyclin D involved in cell cycle regulation [76].



The main roles of NOTCH have been associated with the regulation of homeostasis and cell proliferation, as well as the development and cell differentiation in a variety of tissues. This regulation can occur during both embryonic stages and postnatal life.



The plethora of ligands regulating NOTCH receptors have been extensively studied in different tumour types because of their onco-regulatory effects [77,78,79]. Depending on the biological microenvironment, the activation of NOTCH signalling seems to have a dual role, showing an oncogenic activity in certain tissues (i.e., the non-neuroendocrine component of small cell lung cancer) [73,80], and tumour-suppressor function in others (i.e., medullary thyroid carcinoma, small cell lung cancer, pancreatic and biliary neuroendocrine tumours) [81,82,83,84].




5. The Role of NOTCH Signalling in NENs


Pre-clinical studies showed a heterogeneous expression of the NOTCH receptor family in tumoral tissues, and genome sequencing analysis has identified several NOTCH gene mutations in various solid and hematological malignancies [82,85,86,87].



The main role attributed to the NOTCH signalling pathway is as a mediator of cell differentiation. Depending on the NOTCH receptor expression levels, the cross-talk with other signalling pathways and the cellular context, NOTCH signalling can have an oncogenic or tumour suppressor role [85]. In addition, alterations of the NOTCH signalling pathway are responsible for the smooth transition from a non-neuroendocrine to a neuroendocrine phenotype, as a result of a coordinated anti-cancer drug response in pathological cell conditions.



Therefore, to understand completely the impact that NOTCH operates in the development of neuroendocrine tumours, the analysis of NOTCH signalling at different layers of genomic regulation is required, ranging from gene expression levels to epigenetic alterations, and involving its diverse components as NOTCH receptors and ligands.



In the biggest cancer killers, the study of the NOTCH pathway was a milestone, and several analyses elucidated its role in pathogenesis. The expression of the different isoforms was exanimated and the presence of mutations was assessed.



In breast cancer tissue, aberrant high levels of NOTCH1 and NOTCH2 were found in comparison with control tissue [88]. Moreover, alterations in Notch signalling were also linked to triple-negative breast cancer (TNBC). Mutations were found in NOTCH1–3 at the C-terminal PEST domain, and also in the prolyl-isomerase PIN1 (peptidylprolyl cis/trans isomarase, NIMA-interacting 1) [89], supporting the theory of the involvement of Notch in breast cancer.



In some neoplasms, mutation can contribute to enhance the physiological function of the pathway, as was described in a previous non-small cell lung carcinoma (NSCLC) analysis. In this study, it was demonstrated that the presence of a C-terminal mutation in the NOTCH-1 gene confers a gain of function, increasing the receptor signalling transduction in NSCLC cancer [90].



In colorectal cancer (CRC), the genomic alteration in the NOTCH pathway correlates with clinical outcome—it may lead cells to proliferate without differentiation or to maintain the transcriptional program of normal adult colon cells. A common upregulation of the NOTCH-1 gene expression was found in tumoral samples belonging to the three different CRC transcriptional subtypes, characterized by specific transcriptional programs related to the normal adult colon, early colon embryonic development and epithelial mesenchymal transition. This finding is consistent with the critical role of Notch pathway in CRC initiation [91].



Interestingly, a recent study showed that mutation of NOTCH1 in oral squamous cell carcinoma occurs in 15% of the Caucasian population, whereas in the Asian population the rate of NOTCH1 mutations was about 50% [92]. This finding emphasizes the need to clarify the NOTCH alteration prevalence in human cancer, even more in rare neoplasms.



In NENs, the NOTCH mutational status assessment has been analysed in only a few studies, conducing whole-genome sequencing in specific neuroendocrine neoplasms.



An up-to-date one next generation sequence study was performed on the small cell neuroendocrine carcinoma of uterine cervix (SCNEC). Deyin Xing et al., found oncogenic driver mutations in KRAS, Erb-B2, c-Myc, BCL6 and NOTCH1 in a cohort of 10 small-cell neuroendocrine carcinomas (SCNEC) of the uterine cervix, a rare but extremely aggressive tumour [93]. In addition, in a cohort of large cells, neuroendocrine carcinoma (LCNEC), the most relevant molecular alteration, was detected in DLL3, a well-known NOTCH canonical ligand. The DLL3 inhibition, in combination with the use of immunotherapy, has also been pointed out as a therapeutic option for LCNEC [94]. A separate study conducted whole-genome sequencing of small cell lung cancer (SCLC), identifying inactivating mutations in the NOTCH family genes in 25% of cases [58,95].



In the following paragraphs, we summarize the current knowledge on the epigenetic modifications and NOTCH signalling pathway alteration in different types of NENs.



5.1. NOTCH in NENs: The Epigenetic Implications


It is conceivable to think of epigenetic changes contributing to the pathological development of tissue and how these alterations could affect gene expression after stem cell differentiation, as happens in other neoplasms. The epigenetic modifications by definition encompass all the mechanisms that modify the genetic expression and alter the genome stability, without modifying the DNA sequence. These alterations not only can occur at the chromatin level and involve acetylation and deacetylation of the histones and the methylation of the cytosine at DNA level, but can also be caused by other molecules, such as non-coding RNAs, for instance, and long non-coding RNAs and microRNAs.



Experimental data suggests that epigenetic alterations are involved in neuroendocrine tumorigenesis [96,97]. Some pivotal preclinical studies were conducted to explore the role of epigenetic alterations in NETs, obtaining interesting results—silencing regulatory genes (Wnt signaling components) and aberrant mutations in core pathways contributes in NET pathogenesis [97]. Furthermore, missense mutation in the mixed-lineage leukemia protein 3 (MLL3) often triggers aggressive neuroendocrine tumours, medulloblastomas and Merkel cell carcinoma [98] by means of inducing genomic instability.



Moreover, lysine-specific histone demethylase 1A (LSD1) inhibitor ORY-1001 was described in small cell lung cancer (SCLC) because of its anti-tumorigenic role. This inhibitor activates the NOTCH pathway, inhibiting, consequently, the transcription factor achaete–scute complex-like 1 (ASCL1), with this ultimately leading to tumorigenesis repression and to the reversion of the neuroendocrine phenotype in this type of tumour. A complete and long-term tumour regression was obtained after treating with ORY-1001 SCLC patient-derived xenograft (PDX) mice models [99]. Thus, this inhibitor has been suggested as a potential new targeted therapy for SCLC.



Recent findings on the transcriptional activation of NOTCH appear to be regulated by means of microRNAs (miRNAs), small single-stranded RNAs that regulate gene expression post-transcriptionally. Preliminary research about how aberrant miRNA expression can influence neuroendocrine cell behaviours showed a direct post-transcriptional repression of NOTCH2 and RBPJ proteins operated by miR-375 (microRNA 375) in Merkel cell carcinoma (MCC), a rare cutaneous neuroendocrine malignancy [100]. This small molecule is having an increasing connotation in the modern pathology of NEN. Arvidsson et al. discovered that miR-375 is highly expressed in small intestinal neuroendocrine tumours and could be used as prognostic biomarker for survival [101].



In the age of precision medicine, the identification of epigenetic biomarkers in a subpopulation of patients could help clinicians to choose the most appropriate therapeutic strategy. Recently, epigenetic drugs are providing promising results in preclinical phases, making attractive the idea of their use in combination with standard chemotherapy or immunotherapy. However, further validation in clinical trials is needed, and side effects have to be assessed for the possible use of these combined strategies [102].



Currently, only a few studies have focused on the epigenetic landscape in NET, and even less if we point out the implications that may occur between these epigenetic factors and the NOTCH pathway. A coordinated effort between multidisciplinary groups of experts is needed to clarify the role of NOTCH in diverse neuroendocrine neoplasms.



In the following section, we summarize the evidence gathered to date on the role of the NOTCH signalling pathway in different NENs.




5.2. Role of NOTCH in Neuroendocrine Tumour of the Lung


In lung tissue, the role of NOTCH has been established as driving the differentiation of neuroendocrine cells present in the organ. NOTCH mutation can provoke a dysfunction of its activity and induce neuroendocrine differentiation from no-neuroendocrine progenitors. Clinical data indicate that some neuroendocrine neoplasms of the lung could relapse and present a secondary tumour formation after anticancer therapy.



Recent findings suggest that the presence of inactivating mutations in NOTCH signalling is involved in the pathogenesis of neuroendocrine neoplasms of the lung, being defined as more than 25% of the cases for small cell lung carcinomas (SCLC) [58,103]. This fact suggests that NOTCH signalling needs to be inactivated for the development of SCLC. Moreover, NOTCH signalling is involved in the modulation of the neural and neuroendocrine differentiation process that could mean the implication of mutations in NOTCH in the neuroendocrine features of these tumours, and also in disease progression and relapse.



NOTCH pathway deregulation has been also pointed out to have a role in chemoresistance in SCLC. The effect of NOTCH in tumorigenesis seems to be done throughout the activation of the delta-like protein 3 (DLL3). Its expression is directly correlated with ASCL1 transcription factor that was found expressed in 85% of SCLCs, in contrast with an absent or minimal expression in normal lung tissue. The overexpression of DLL3 in comparison with normal tissue was also found in primary patients’ biopsies, as previously described Saunders et al. [104].



One of the features that differentiate DLL3 from other Notch ligands is its location in the Golgi that makes DLL3 able to interact with Notch1 and DLL1, blocking their transport to the endosomes for elimination and preventing them from reaching the cell surface and therefore preventing NOTCH activation. DLL3 appears to act as an inhibitor of the Notch receptor pathway.



In the mixed forms of small cell carcinomas, the modulation of the NOTCH system demonstrated the importance of this pathway in tumorigenesis and response to treatment—the activation of NOTCH reduces the particularly aggressive neuroendocrine subtype by increasing the epithelial component with a slower cell proliferation rate whose growth can be controlled with chemotherapy [73].



In summary, NOTCH acquires a tumour suppressive role through the alteration of the canonical signalling pathway in neuroendrocrine lung cancers. It could be interesting to explore the possible therapeutic strategies restoring the expression of NOTCH-mutated components in SCLC, or targeting the DDL3 in order to direct cytotoxic drugs.




5.3. Role of NOTCH in Neuroendocrine Gastro-Entero-Pancreatic Neuroendocrine Neoplasms (GEP-NENs)


The gastrointestinal (GI) tract and the pancreas are two of the most common sites of origin for NENs. Tumours arising from these organs are named gastro-entero-pancreatic NENs (GEP-NENs) and they represent almost the 65% of all NENs. Previously GEP-NENs were considered as a unique group of tumours, however, currently, many studies have highlighted the biological and molecular differences between pancreatic and GI NENs, as well as between the GI NENs originating from different organs of the GI tract [11,15,16,18]. Wang et al. have confirmed this heterogeneity in their study related to the implication of the NOTCH signalling pathway [105]. They demonstrated a uniform immune-histochemical expression of NOTCH1 and HES1 in well-differentiated rectal NENs—found to be, respectively, 100% and 64%—whereas only 34% and 10% of well-differentiated pancreatic NENs were positive for NOTCH1 and HES1 at immunohistochemistry, and all ileal NENs were negative to both, suggesting a possible different role of NOTCH1 in the pathogenesis of these cancers. [105].



The majority of the available studies have evaluated the role of NOTCH signalling in pancreatic NENs, thus there is a lack of knowledge on the role of NOTCH signalling in the other GEP-NENs.



In the pancreas, endocrine and exocrine cells move from a common pool of multipotent progenitors into a differentiated state, co-ordinately regulated by different mechanisms, forming together a complete and functional adult organ. After the initial developmental phase, the epithelium starts to spread pancreatic progenitor cells into different compartments: acinar cells migrated into the tips, and ductal and endocrine cells into the trunk. Endocrine cells leave the adjacent epithelia by delamination, assembling into islets of Langerhans. During the differentiation process, the mechanism of differentiation is not synchronous, and it is controlled by several regulatory agents, such as the NOTCH receptor that has an important role in the early developmental embryologic phase, as well as in adult plasticity.



In aggressive tumours of the pancreas-like pancreatic ductal adenocarcinomas (PDAC), the tumour is believed to derive from a pancreatic intraperitoneal neoplasia (PanIN). In these cases, Notch plays a dual role in the tumour initiation and development—NOTCH works as a tumour suppressor in PanIN lesions [106] and later on it has an oncogenic role in PDAC [107]. Furthermore, these studies indicate not only this dual role of the NOTCH pathway in tumorigenesis, but also the implication of several pathway components, revealing a complex fine-tuning regulation of the NOTCH pathway.



Moreover, histo-pathological studies have shown that NOTCH1 is absent or poorly-expressed in well-differentiated pancreatic neuroendocrine tumours (pNET) [8,105]. However, in MiNEN (mixed neuroendocrine/non neuroendocrine neoplasm), the expression of NOTCH1 and Hes1 is reduced or absent in the neuroendocrine cells, but both NOTCH1 and Hes1 are present in the adenomatous component [84], potentially indicating a possible role of NOTCH as a tumour suppressor gene. Further studies are needed to characterise the molecular mechanisms implicated in neuroendocrine tumorigenesis and for the understanding of the functional differences observed within pancreatic tumours.



In ileal NENs, the low or absent expression of NOTCH and HES1 has led to hypnotize a possible tumour suppressor role of the NOTCH canonical signalling cascade [105]. As confirmation of this hypothesis, Maggi et al. [108] demonstrated that Retinoblastoma-binding protein 2 (RBP2), a key component of the NOTCH repressor complex, is upregulated in gastrointestinal NENs and in liver metastases. Nonetheless, further studies are needed to confirm the role of NOTCH signalling in GI-NENs and to drive an effective therapeutic strategy modulating the NOTCH pathway in these tumours.




5.4. Role of NOTCH in Medullary Thyroid Cancer


Medullary thyroid cancer (MTC) is a neuroendocrine tumour that emerges from parafollicular C-cells of the thyroid gland. In MTC, the proliferation of neuroendocrine cells and tumour growth process appears to be regulated by a common pathway. A major role is played by the ASCL1 transcription factor, highly expressed in MTC, that is involved in supporting cell proliferation and embryologic precursor survival, as well as inhibiting apoptosis [109].



The canonical NOTCH signalling cascade directly reduces the expression of ASCL1, with an anti-proliferative effect. A decrease in NOTCH1 and NOTCH3 expression has been documented in MTC [81,110]. The activation of doxycycline-inducible NOTCH1 and NOTCH3 in TT cells, through treatment with increased doses of doxycycline, has demonstrated a dose-dependent increase in NOTCH1, NOTCH3 and HES1 protein, a decrease in ASCL1 levels and ultimately a reduction in tumour growth in vitro and in vivo. A decrease in the production of chromogranin A neuropeptides and specific neuron enolase (NSE), two of the main MTC biomarkers, has been also documented [81,110].



The same results were obtained by the pharmacological NOTCH3 induction, with the activating compounds AB3 suggesting NOTCH3 as a potential target for MTC treatment [111].



Moreover, the dedifferentiation process, typical of thyroid oncogenesis, seems to be correlated with the loss of NOTCH3 expression, whereas the doxycycline-induced NOTCH3 activation restores the differentiated phenotype and has an antiproliferative effect in thyroid cancer cell lines (TT, FTC) [81,111].




5.5. Role of NOTCH in Malignant Castration-Resistant Prostatic Cells


Prostatic small-cell carcinoma, originating from neuroendocrine diffuse cells in the prostate, is a rare neoplasia with a lack of understanding in tumour development and progression, as well as in useful prognostic factors and genetic biomarkers. More often, in prostatic cancer (PCa), prostatic cells lose the maintenance of tissue identity and by a lineage-plasticity manner transdifferentiate in the neuroendocrine phenotype following androgen deprivation therapy.



The neuroendocrine cells promote hormone-resistance, secreting peptides that can stimulate androgen-dependent growth, and reducing apoptosis. Neuroendocrine cells do not express androgenic receptors, as they are not sensitive to the therapy of androgenic deprivation and have poor sensitivity to standard chemotherapeutic agents. Interestingly, this fact seems to be related with tumour plasticity for the epithelial mesenchymal transition (EMT) process and with the alteration of the signalling pathway regulators involved in cellular proliferation and differentiation.



Currently, there are ongoing studies aimed to explore the role of NOTCH in malignant castration-resistant prostatic cancer models. Preliminary investigations revealed that hypoxia, which is linked to PCa progression, induces neuroendocrine differentiation (NED) in androgen-sensitive prostate cancer cells (LNCaP) through the downregulation of NOTCH1 and NOTCH2 mRNA and protein expression with the subsequent reduction of HES1 transcription [112]. In addition, gene profiling of castration-resistant neuroendocrine prostate cancer (NEPC) samples showed that some Notch-related genes (DLL3, DLL4, HES6, DTX1 and JAG2) are up-regulated, and others (NOTCH2 and 4) are considerably down-regulated. This fact suggests a dual role of NOTCH signalling in NEPC. Of note, in the same study, DLL3 protein expression was evaluated and it was found to be present in 76.6% of castration-resistant NEPC, but only in the 12.5% of castration-resistant prostate adenocarcinomas. This fact proposes DLL3 as a possible biomarker of NED and a potential therapeutic target for the treatment of DLL3-positive metastatic prostate cancer [113].





6. Therapeutic Approach Targeting NOTCH in NENs


A pharmacological modulation of the NOTCH pathway is an interesting concept to pursue for neuroendocrine tumour treatment. Overall, there are several approaches to modulate NOTCH signalling that are in different stages of development in cancer treatment. Among them, there are NOTCH-inhibiting and NOTCH-activating strategies.



The evidence gathered to date suggests that NOTCH is a tumour suppressor in NENs; however, a putative pro-oncogenic role of NOTCH signalling has been suggested for the non-neuroendocrine components of NENs and has been linked with NEN heterogeneity [73]. Thus, preliminary studies have evaluated the efficacy of both NOTCH-activating and NOTCH-inhibiting strategies.



In particular, with regard to the NOTCH-activating compounds, histone deacetylase inhibitors and valproic acid (VA) showed an in vitro antineoplastic effect in neuroendocrine cell lines (gastrointestinal carcinoid, broncopulmonary carcinoid and in human medullary thyroid cancer cell lines), inducing NOTCH1 mRNA expression through activator protein (AP) transcription factor binding [114]. In addition, in neuroendocrine cells, VA was shown to stimulate the expression of somatostatin receptor type 2 (SSTR2) that is largely targeted in neuroendocrine anticancer therapy [115]. This suggests a potential role of VA in these tumours to get a sensitization to SSTR2-targeted therapy. The efficacy of VA has also been tested in a phase II clinical trial, in which patients with G1/G2 neuroendocrine tumours treated with VA achieved relative good tumour control [116]. However, it remains unclear if the efficacy of VA in NENs is specifically related to the activation of NOTCH signalling, or if it is also related to the direct or indirect regulation of other pathways.



Therefore, a more specific targeted therapy for NOTCH signalling activation is needed. To date, there are few compounds that specifically activate NOTCH signalling and are in a very early stage of development. One example is a NOTCH3-specific antibody that binds to the NRR, causing conformational changes in the NOTCH receptor that renders S2 cleavage sites accessible to ADAMs. This antibody has been preliminary tested in 293T cells as “proof of principle” of NOTCH3 activation [117]. Thus, further studies are warranted.



The lack of big data on NOTCH-activating compounds is mainly due to the fact that in the majority of cancers, NOTCH acts as an oncogene, and, consequently, the efforts of the scientific community have been focused on the development of NOTCH-inhibiting strategies. These inhibiting strategies have been tested also in NEN treatment, studied alone or in combination with chemotherapy. The rationale behind the use of NOTCH-inhibiting drugs in NEN is mainly based on the possibility of keeping under control the non-neuroendocrine component of the tumour, preventing the neuroendocrine-to-non-neuroendocrine cell fate switch. The addition of chemotherapy is aimed to kill the neuroendocrine cells that are chemosensitive. In particular, tarextumab, a Notch2/Notch3 antagonist, has been tested alone and in combination with chemotherapy in vivo SCLC models [77], and in patients with SCLC [118]. Although in the pre-clinical models (SCLC allografts and patient-derived xenograft) the combination of tarextumab with carboplatin and irinotecan achieved a better tumour inhibition than chemotherapy or tarextumab alone [77], the clinical trial was unsuccessful, not meeting the primary endpoint of progression free survival (PFS) [118]. In an explorative clinical phase I trial, the γ-secretase NOTCH inhibitor RO4929097 was tested in solid malignancies, and within this trial a patient affected by colorectal cancer with neuroendocrine feature achieved a partial response [119].



Therefore, the results obtained with the NOTCH-inhibiting treatment in NENs are discordant. Future research should be aimed to select the patients, in relation to the characteristics of the tumour and the optimal timing within the course of the disease, in which the administration of NOTCH inhibitors could be most beneficial to reduce heterogeneity.



Lastly, a different approach that is neither activating nor inhibiting of NOTCH pathway, but instead targets the DLL3 NOTCH ligand, is the one behind the treatment with Rova-T. Rova-T is an antibody-drug conjugate recently tested in SCLC and neuroendocrine prostate cancer (NEPC). It is composed of a humanized monoclonal antibody directed against DLL3 and a cytotoxic payload (tesirine), and uses the DLL3 to direct the cytotoxic drug into the tumour cells. Rova-T has been tested in the phase II TRINITY trial and in the phase III TAHOE trial as third- and second-line, respectively, in patients with DLL3-positive SCLC [120,121], following the promising results of pre-clinical studies and a phase I trial [122]. In the TRINITY trial, the best overall response rate achieved with Rova-T treatment was 29% (95% confidence interval (CI), 22–36) and 16% (95% CI, 11–22) according to the investigator and the independent review committee assessment, respectively. The median overall survival was 5.6 months (95% CI, 4.9–6.8) in the overall enrolled population, while it was 6.7 in the DLL3-high (≥75% tumour cells positive for DLL3 by immunohistochemistry) patients.



Unfortunately, the enrolment in the TAHOE trial was stopped because of the shorter overall survival (OS) reported in the Rova-T arm compared with the control arm (topotecan treatment). However, despite these unfavourable results, Rova-T is currently under investigation in the phase III MERU trial (NCT03033511), which compares Rova-T to placebo as maintenance therapy after platinum-based chemotherapy in patients with extensive-stage SCLC. In addition, phase I studies are also evaluating Rova-T in combination with first-line chemotherapy (cisplatin/etoposide), nivolumab and nivolumab plus ipilimumab in NSLC. Rova-T is also under investigation as treatment for patients with NEPC (NCT02709889), following the excellent pre-clinical results [123]. The results of these trials are strongly awaited.



The evidence gathered to date is not strong enough to draw a general conclusion on the optimal NOTCH modulatory strategy to be pursued for NEN treatment. However, it seems that NOTCH inhibition could be needed to reduce tumour heterogeneity within the NENs; however, once the neuroendocrine phenotype is established, NOTCH activation should be targeted. A limitation of the NOTCH-activating approach is the possible off-target oncogenic effect on other tissues that could result in higher damage to the patient. Thus, strategies to ensure a high target specificity are required. Two possible attractive solutions to this problem could be the development of bi-specific antibodies and/or functionalized nanoparticles carrying a NOTCH activator [124,125]. In the first approach, antibodies are generated to bind to two different antigens, with one usually being the therapeutic target and the other being a specific marker of the tumour to treat. This conformation ensures specific therapeutic activity at the tumour side, ultimately reducing the off-target effect. For the NEN treatment, a possible bi-specific antibody could target epidermal growth factor receptor (EGFR) with an antagonistic effect and NOTCH with an activating effect. A similar approach has already been successfully tested in other cancers, but instead using an EGFR/NOTCH antagonist antibody [126]. In the second approach, nanoparticles are functionalized with different peptides to efficiently deliver the targeted drug that is loaded into the nanoparticle itself. An attractive hypothesis for the treatment of somatostatin receptor positive NEN treatment would be functionalize the nanoparticle-carrying NOTCH activator with tumour-inhibiting somatostatin analogues. However, this represents a preliminary hypothesis that must first be tested.




7. Conclusions


Although several studies have been conducted with the aim of identifying genetic mutations involved in the genesis of neuroendocrine tumours, none of them have shown a substantial mutational percentage in the samples analysed, revealing a low-abundance of consistent mutations in G1/G2 neoplasms compared with other malignancies. Moreover, the modern sequencing technologies highlighted heterogeneity of mutations depending on the tumour anatomic origin.



For these reasons, there are still many unknowns in the genomic characterization of NETs in comparison with other neoplasia, with the majority of the data covering predominantly pancreatic, lung and small-intestine NET.



Therefore, multi-centre collaborations, international databases, biological banks and genome-wide profiling overture should be pursued.



The NOTCH pathway has recently emerged as key factor in NEN development and progression, and it seems to play an important role in generating NEN intra-tumour heterogeneity. NOTCH signalling mainly has a tumour-suppressive role in NENs, justifying the use of NOTCH-activating strategies for their treatment. However, a proto-oncogenic role has been suggested in the non-neuroendocrine components of NENs that generates a fertile microenvironment for the development of neuroendocrine tumours, thus also the NOTCH-inhibiting approach has been considered in NEN treatment.



To date, both NOTCH-activating and NOTCH-inhibiting approaches are still at a very early phase of development as therapy for NENs, whereas more advanced but debatable results have been achieved with Rova-T treatment.



In conclusion, the role of NOTCH as a therapeutic target in NENs, as well as the currently available therapeutic strategies for targeting this pathway, have to be further investigated and developed. In particular, future research should be aimed at elucidating the possible specific targets within the NOTCH pathway susceptible to pharmacological regulation, and to identify specific tumour markers that could be used to deliver NOTCH-modulator agents to the tumour cells, as well as unveil specific biomarkers that could better stratify the group of patients that could benefit from a NOTCH-activating and/or inhibiting therapy.







Author Contributions


S.T., M.L.T. and C.v.A. have contributed to the conceptualization; C.v.A., E.L.-J., M.C. have equally contributed to the search of the literature and writing of the original draft of this manuscript; C.v.A., E.L.-J., A.D.M., F.T., A.O., G.N., M.L.T. and S.T. have reviewed and edited the final version of the manuscript; A.O. and C.v.A. have elaborated the figures; S.T. supervised the team. All authors read and approved the final manuscript.




Acknowledgments


We thank the close collaboration of the no-profit organization Lega Italiana Per La Lotta Contro i Tumori (LILT) of Naples, and Alessandra Trocino, librarian at the Library of Istituto Nazionale Tumori Fondazione ‘G Pascale’, Naples, Italy, for her excellent bibliographic service and assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Merrell, A.J.; Stanger, B.Z. Adult cell plasticity in vivo: De-differentiation and transdifferentiation are back in style. Nat. Rev. Mol. Cell Biol. 2016, 17, 413–425. [Google Scholar] [CrossRef] [PubMed]

	



Artavanis-Tsakonas, S.; Rand, M.D.; Lake, R.J. Notch signaling: Cell fate control and signal integration in development. Science 1999, 284, 770–776. [Google Scholar] [CrossRef] [PubMed]

	



Shih, H.P.; Kopp, J.L.; Sandhu, M.; Dubois, C.L.; Seymour, P.A.; Grapin-Botton, A.; Sander, M. A Notch-dependent molecular circuitry initiates pancreatic endocrine and ductal cell differentiation. Development 2012, 139, 2488–2499. [Google Scholar] [CrossRef] [PubMed]

	



Patel, P.; Galoian, K. Molecular challenges of neuroendocrine tumors. Oncol. Lett. 2018, 15, 2715–2725. [Google Scholar] [CrossRef] [PubMed]

	



Chikara, S.; Reindl, K.M. NOTCH signaling: A hero or villain in the war against cancer? Transl. Lung Cancer Res. 2013, 2, 449–451. [Google Scholar] [CrossRef] [PubMed]

	



Carter, Y.; Jaskula-Sztul, R.; Chen, H.; Mazeh, H. Signaling pathways as specific pharmacologic targets for neuroendocrine tumor therapy: RET, PI3K, MEK, growth factors, and NOTCH. Neuroendocrinology 2013, 97, 57–66. [Google Scholar] [CrossRef]

	



Hassan, W.A.; Yoshida, R.; Kudoh, S.; Hasegawa, K.; Niimori-Kita, K.; Ito, T. Notch1 controls cell invasion and metastasis in small cell lung carcinoma cell lines. Lung Cancer 2014, 86, 304–310. [Google Scholar] [CrossRef]

	



Krausch, M.; Kroepil, F.; Lehwald, N.; Lachenmayer, A.; Schott, M.; Anlauf, M.; Cupisti, K.; Knoefel, W.T.; Raffel, A. NOTCH 1 tumor expression is lacking in highly proliferative pancreatic neuroendocrine tumors. Endocrine 2013, 44, 182–186. [Google Scholar] [CrossRef]

	



Kunnimalaiyaan, M.; Chen, H. Tumor suppressor role of notch-1 signaling in neuroendocrine tumors. Oncologist 2007, 12, 535–542. [Google Scholar] [CrossRef]

	



Kunnimalaiyaan, M.; Yan, S.; Wong, F.; Zhang, Y.W.; Chen, H. Hairy enhancer of split-1 (HES-1), a Notch1 effector, inhibits the growth of carcinoid tumor cells. Surgery 2005, 138, 1137–1142. [Google Scholar] [CrossRef]

	



Banck, M.S.; Kanwar, R.; Kulkarni, A.A.; Boora, G.K.; Metge, F.; Kipp, B.R.; Zhang, L.; Thorland, E.C.; Minn, K.T.; Tentu, R.; et al. The genomic landscape of small intestine neuroendocrine tumors. J. Clin. Investig. 2013, 123, 2502–2508. [Google Scholar] [CrossRef] [PubMed]

	



Pelosi, G.; Bianchi, F.; Hofman, P.; Pattini, L.; Ströbel, P.; Calabrese, F.; Naheed, S.; Holden, C.; Cave, J.; Bohnenberger, H.; et al. Recent advances in the molecular landscape of lung neuroendocrine tumors. Expert Rev. Mol. Diagn. 2019, 19, 281–297. [Google Scholar] [CrossRef] [PubMed]

	



Wong, H.L.; Yang, K.C.; Shen, Y.; Zhao, E.Y.; Loree, J.M.; Kennecke, H.F.; Kalloger, S.E.; Karasinska, J.M.; Lim, H.J.; Mungall, A.J.; et al. Molecular characterization of metastatic pancreatic neuroendocrine tumors (PNETs) using whole-genome and transcriptome sequencing. Cold Spring Harb. Mol. Case Stud. 2018, 4. [Google Scholar] [CrossRef] [PubMed]

	



Rickman, D.S.; Beltran, H.; Demichelis, F.; Rubin, M.A. Biology and evolution of poorly differentiated neuroendocrine tumors. Nat. Med. 2017, 23, 664–673. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, Y.; Shi, C.; Edil, B.H.; De Wilde, R.F.; Klimstra, D.S.; Maitra, A.; Schulick, R.D.; Tang, L.H.; Wolfgang, C.L.; Choti, M.A.; et al. DAXX/ATRX, MEN1 and mTOR pathway genes are frequently altered in pancreatic neuroendocrine tumors. Science 2011, 331, 1199–1203. [Google Scholar] [CrossRef] [PubMed]

	



Scarpa, A.; Initiative, A.P.C.G.; Chang, D.K.; Nones, K.; Corbo, V.; Patch, A.M.; Bailey, P.; Lawlor, R.T.; Johns, A.L.; Miller, D.K.; et al. Whole-genome landscape of pancreatic neuroendocrine tumours. Nature 2017, 543, 65–71. [Google Scholar] [CrossRef] [PubMed]

	



Jensen, R.T.; Berna, M.J.; Bingham, D.B.; Norton, J.A. Inherited pancreatic endocrine tumor syndromes: Advances in molecular pathogenesis, diagnosis, management and controversies. Cancer 2008, 113, 1807–1843. [Google Scholar] [CrossRef] [PubMed]

	



Francis, J.M.; Kiezun, A.; Ramos, A.H.; Serra, S.; Pedamallu, C.S.; Qian, Z.R.; Banck, M.S.; Kanwar, R.; Kulkarni, A.A.; Karpathakis, A.; et al. Somatic mutation of CDKN1B in small intestine neuroendocrine tumors. Nat. Genet. 2013, 45, 1483–1486. [Google Scholar] [CrossRef]

	



Singhi, A.D.; Liu, T.C.; Roncaioli, J.L.; Cao, D.; Zeh, H.J.; Zureikat, A.H.; Tsung, A.; Marsh, J.W.; Lee, K.K.; Hogg, M.E.; et al. Alternative lengthening of telomeres and loss of DAXX/ATRX expression predicts metastatic disease and poor survival in patients with pancreatic neuroendocrine tumors. Clin. Cancer Res. 2017, 23, 600–609. [Google Scholar] [CrossRef] [PubMed]

	



Vijayvergia, N.; Boland, P.M.; Handorf, E.; Gustafson, K.S.; Gong, Y.; Cooper, H.S.; Sheriff, F.; Astsaturov, I.; Cohen, S.J.; Engstrom, P.F. Molecular profiling of neuroendocrine malignancies to identify prognostic and therapeutic markers: A Fox Chase Cancer Center Pilot Study. Br. J. Cancer 2016, 115, 564–570. [Google Scholar] [CrossRef] [PubMed]

	



Öberg, K. The Genetics of neuroendocrine tumors. Semin. Oncol. 2013, 40, 37–44. [Google Scholar] [CrossRef] [PubMed]

	



Marx, S.J. Recent topics around multiple endocrine neoplasia type. J. Clin. Endocrinol. Metab. 2018, 103, 1296–1301. [Google Scholar] [CrossRef] [PubMed]

	



Frost, M.; Lines, K.E.; Thakker, R.V. Current and emerging therapies for PNETs in patients with or without MEN1. Nat. Rev. Endocrinol. 2018, 14, 216–227. [Google Scholar] [CrossRef] [PubMed]

	



Pepe, S.; Korbonits, M.; Iacovazzo, D. Germline and mosaic mutations causing pituitary tumours: Genetic and molecular aspects. J. Endocrinol. 2019, 240, R21–R45. [Google Scholar] [CrossRef] [PubMed]

	



Khatami, F.; Tavangar, S.M. Multiple endocrine neoplasia syndromes from genetic and epigenetic Perspectives. Biomark. Insights 2018, 13. [Google Scholar] [CrossRef]

	



Ren, F.; Xu, H.W.; Hu, Y.; Yan, S.H.; Wang, F.; Su, B.W.; Zhao, Q. Expression and subcellular localization of menin in human cancer cells. Exp. Ther. Med. 2012, 3, 1087–1091. [Google Scholar] [CrossRef]

	



Petr, E.J.; Else, T. Genetic predisposition to endocrine tumors: Diagnosis, surveillance and challenges in care. Semin. Oncol. 2016, 43, 582–590. [Google Scholar] [CrossRef]

	



Plaza-Menacho, I. Structure and function of RET in multiple endocrine neoplasia type 2. Endocr. Relat. Cancer 2018, 25, T79–T90. [Google Scholar] [CrossRef]

	



Wells, S.A.; Pacini, F.; Robinson, B.G.; Santoro, M. Multiple Endocrine Neoplasia Type 2 and Familial Medullary Thyroid Carcinoma: An Update. J. Clin. Endocrinol. Metab. 2013, 98, 3149–3164. [Google Scholar] [CrossRef]

	



Pellegata, N.S.; Quintanilla-Martinez, L.; Siggelkow, H.; Samson, E.; Bink, K.; Höfler, H.; Fend, F.; Graw, J.; Atkinson, M.J. Germ-line mutations in p27Kip1 cause a multiple endocrine neoplasia syndrome in rats and humans. Proc. Natl. Acad. Sci. USA 2006, 103, 15558–15563. [Google Scholar] [CrossRef]

	



Varshney, N.; Kebede, A.A.; Owusu-Dapaah, H.; Lather, J.; Kaushik, M.; Bhullar, J.S. A review of von hippel-lindau syndrome. J. Kidney Cancer VHL 2017, 4, 20–29. [Google Scholar] [CrossRef] [PubMed]

	



López-Jiménez, E.; Gómez-López, G.; Leandro-García, L.J.; Muñoz, I.; Schiavi, F.; Montero-Conde, C.; De Cubas, A.A.; Ramires, R.; Landa, I.; Leskela, S.; et al. Research resource: transcriptional profiling reveals different pseudohypoxic signatures in SDHB and VHL-Related pheochromocytomas. Mol. Endocrinol. 2010, 24, 2382–2391. [Google Scholar] [CrossRef] [PubMed]

	



Dahia, P.L.; Ross, K.N.; Wright, M.E.; Hayashida, C.Y.; Santagata, S.; Barontini, M.; Kung, A.L.; Sanso, G.; Powers, J.F.; Tischler, A.S.; et al. A HIF1alpha regulatory loop links hypoxia and mitochondrial signals in pheochromocytomas. PLoS Genet. 2005, 1, 72–80. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, Y.; Suzuki, T.; Pan, X.; Chen, G.; Pan, S.; Bartman, T.; Whitsett, J.A. CUL2 Is Required for the activity of hypoxia-inducible factor and vasculogenesis. J. Boil. Chem. 2008, 283, 16084–16092. [Google Scholar] [CrossRef] [PubMed]

	



Miyauchi, Y.; Kato, M.; Tokunaga, F.; Iwai, K. The COP9/signalosome increases the efficiency of von hippel-lindau protein ubiquitin ligase-mediated hypoxia-inducible factor-ubiquitination. J. Boil. Chem. 2008, 283, 16622–16631. [Google Scholar] [CrossRef] [PubMed]

	



Ku, Y.H.; Ahn, C.H.; Jung, C.H.; Lee, J.E.; Kim, L.K.; Kwak, S.H.; Jung, H.S.; Park, K.S.; Cho, Y.M. A novel mutation in the von hippel-lindau tumor suppressor gene identified in a patient presenting with gestational diabetes mellitus. Endocrinol. Metab. 2013, 28, 320–325. [Google Scholar] [CrossRef] [PubMed]

	



Lodish, M.B.; Stratakis, C.A. Endocrine tumours in neurofibromatosis type 1, tuberous sclerosis and related syndromes. Best Pract. Res. Clin. Endocrinol. Metab. 2010, 24, 439–449. [Google Scholar] [CrossRef] [PubMed]

	



De Luca, A.; Bottillo, I.; Dasdia, M.C.; Morella, A.; Lanari, V.; Bernardini, L.; Divona, L.; Giustini, S.; Sinibaldi, L.; Novelli, A.; et al. Deletions of NF1 gene and exons detected by multiplex ligation-dependent probe amplification. J. Med. Genet. 2007, 44, 800–808. [Google Scholar] [CrossRef] [PubMed]

	



Rachdi, L.; Balcazar, N.; Osorio-Duque, F.; Elghazi, L.; Weiss, A.; Gould, A.; Chang-Chen, K.J.; Gambello, M.J.; Bernal-Mizrachi, E. Disruption of Tsc2 in pancreatic beta cells induces beta cell mass expansion and improved glucose tolerance in a TORC1-dependent manner. Proc. Natl. Acad. Sci. USA 2008, 105, 9250–9255. [Google Scholar] [CrossRef] [PubMed]

	



Willenberg, H.; Lehwald, N.; Hafner, D.; Knoefel, W.T.; Krausch, M.; Raffel, A.; Anlauf, M.; Schott, M.; Cupisti, K.; Eisenberger, C.F. Loss of PTEN expression in neuroendocrine pancreatic tumors. Horm. Metab. Res. 2011, 43, 865–871. [Google Scholar]

	



Lefebvre, M.; Foulkes, W.D. Pheochromocytoma and paraganglioma syndromes: Genetics and management update. Curr. Oncol. 2014, 21, e8–e17. [Google Scholar] [CrossRef] [PubMed]

	



Ricketts, C.J.; Forman, J.R.; Rattenberry, E.; Bradshaw, N.; Lalloo, F.; Izatt, L.; Cole, T.R.; Armstrong, R.; Kumar, V.K.; Morrison, P.J.; et al. Tumor risks and genotype-phenotype-proteotype analysis in 358 patients with germline mutations in SDHB and SDHD. Hum. Mutat. 2010, 31, 41–51. [Google Scholar] [CrossRef] [PubMed]

	



Guzy, R.D.; Sharma, B.; Bell, E.; Chandel, N.S.; Schumacker, P.T. Loss of the SdhB, but Not the SdhA, subunit of complex II triggers reactive oxygen species-dependent hypoxia-inducible factor activation and tumorigenesis. Mol. Cell Biol. 2008, 28, 718–731. [Google Scholar] [CrossRef] [PubMed]

	



Burnichon, N.; Brière, J.J.; Libé, R.; Vescovo, L.; Rivière, J.; Tissier, F.; Jouanno, E.; Jeunemaitre, X.; Bénit, P.; Tzagoloff, A.; et al. SDHA is a tumor suppressor gene causing paraganglioma. Hum. Mol. Genet. 2010, 19, 3011–3020. [Google Scholar] [CrossRef] [PubMed]

	



Gimenez-Roqueplo, A.P.; Favier, J.; Rustin, P.; Rieubland, C.; Crespin, M.; Nau, V.; Khau Van Kien, P.; Corvol, P.; Plouin, P.F.; Jeunemaitre, X.; et al. Mutations in the SDHB gene are associated with extra-adrenal and/or malignant phaeochromocytomas. Cancer Res. 2003, 63, 5615–5621. [Google Scholar]

	



Hao, H.X.; Khalimonchuk, O.; Schraders, M.; Dephoure, N.; Bayley, J.P.; Kunst, H.; Devilee, P.; Cremers, C.W.; Schiffman, J.D.; Bentz, B.G.; et al. SDH5, a gene required for flavination of succinate dehydrogenase, is mutated in paraganglioma. Science 2009, 325, 1139–1142. [Google Scholar] [CrossRef] [PubMed]

	



Astuti, D.; Latif, F.; Dallol, A.; Dahia, P.L.; Douglas, F.; George, E.; Sköldberg, F.; Husebye, E.S.; Eng, C.; Maher, E.R.; et al. Gene mutations in the succinate dehydrogenase subunit SDHB cause susceptibility to familial pheochromocytoma and to familial paraganglioma. Am. J. Hum. Genet. 2001, 69, 49–54. [Google Scholar] [CrossRef]

	



Niemann, S.; Müller, U. Mutations in SDHC cause autosomal dominant paraganglioma, type 3. Nat. Genet. 2000, 26, 268–270. [Google Scholar] [CrossRef]

	



Niemann, S.; Müller, U.; Engelhardt, D.; Lohse, P. Autosomal dominant malignant and catecholamine-producing paraganglioma caused by a splice donor site mutation in SDHC. Hum. Genet. 2003, 113, 92–94. [Google Scholar]

	



Baysal, B.E. Mutations in SDHD, a mitochondrial complex II gene, in hereditary paraganglioma. Science 2000, 287, 848–851. [Google Scholar] [CrossRef]

	



Ugarte-Camara, M.; Fernandez-Prado, R.; Lorda, I.; Rossello, G.; Gonzalez-Enguita, C.; Cannata-Ortiz, P.; Ortiz, A. Positive/retained SDHB immunostaining in renal cell carcinomas associated to germline SDHB-deficiency: Case report. Diagn. Pathol. 2019, 14, 42. [Google Scholar] [CrossRef] [PubMed]

	



Eijkelenkamp, K.; Osinga, T.E.; Links, T.P.; Horst-Schrivers, A.N.; Van Der Horst-Schrivers, A.N. Clinical implications of the oncometabolite succinate in SDHx-mutation carriers. Clin. Genet. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Crona, J.; Skogseid, B. GEP—NETS UPDATE: Genetics of neuroendocrine tumors. Eur. J. Endocrinol. 2016, 174, R275–R290. [Google Scholar] [CrossRef] [PubMed]

	



Yachida, S.; Vakiani, E.; White, C.M.; Zhong, Y.; Saunders, T.; Morgan, R.; De Wilde, R.F.; Maitra, A.; Hicks, J.; DeMarzo, A.M.; et al. Small cell and large cell neuroendocrine carcinomas of the pancreas are genetically similar and distinct from well-differentiated pancreatic neuroendocrine tumors. Am. J. Surg. Pathol. 2012, 36, 173–184. [Google Scholar] [CrossRef] [PubMed]

	



Basturk, O.; Yang, Z.; Tang, L.H.; Hruban, R.H.; Adsay, N.V.; McCall, C.M.; Krasinskas, A.M.; Jang, K.T.; Frankel, W.L.; Balci, S.; et al. The high grade (Who G3) pancreatic neuroendocrine tumor category is morphologically and biologically heterogeneous and includes both well differentiated and poorly differentiated neoplasms. Am. J. Surg. Pathol. 2015, 39, 683–690. [Google Scholar] [CrossRef]

	



Scarpa, A.; Mantovani, W.; Capelli, P.; Beghelli, S.; Boninsegna, L.; Bettini, R.; Panzuto, F.; Pederzoli, P.; Fave, G.D.; Falconi, M. Pancreatic endocrine tumors: Improved TNM staging and histopathological grading permit a clinically efficient prognostic stratification of patients. Mod. Pathol. 2010, 23, 824–833. [Google Scholar] [CrossRef]

	



Vélayoudom-Céphise, F.L.; Duvillard, P.; Foucan, L.; Hadoux, J.; Chougnet, C.N.; Leboulleux, S.; Malka, D.; Guigay, J.; Goere, D.; Debaere, T.; et al. Are G3 ENETS neuroendocrine neoplasms heterogeneous? Endocr. Relat. Cancer 2013, 20, 649–657. [Google Scholar] [CrossRef]

	



George, J.; Lim, J.S.; Jang, S.J.; Cun, Y.; Ozretić, L.; Kong, G.; Leenders, F.; Lü, X.; Fernandez-Cuesta, L.; Bosco, G.; et al. Comprehensive genomic profiles of small cell lung cancer. Nature 2015, 524, 47–53. [Google Scholar] [CrossRef]

	



Makuuchi, R.; Terashima, M.; Kusuhara, M.; Nakajima, T.; Serizawa, M.; Hatakeyama, K.; Ohshima, K.; Urakami, K.; Yamaguchi, K. Comprehensive analysis of gene mutation and expression profiles in neuroendocrine carcinomas of the stomach. Biomed. Res. 2017, 38, 19–27. [Google Scholar] [CrossRef]

	



Takizawa, N.; Ohishi, Y.; Hirahashi, M.; Takahashi, S.; Nakamura, K.; Tanaka, M.; Oki, E.; Takayanagi, R.; Oda, Y. Molecular characteristics of colorectal neuroendocrine carcinoma; similarities with adenocarcinoma rather than neuroendocrine tumor. Hum. Pathol. 2015, 46, 1890–1900. [Google Scholar] [CrossRef]

	



Ali, A.S.; Grönberg, M.; Federspiel, B.; Scoazec, J.Y.; Hjortland, G.O.; Grønbæk, H.; Ladekarl, M.; Langer, S.W.; Welin, S.; Vestermark, L.W.; et al. Expression of p53 protein in high-grade gastroenteropancreatic neuroendocrine carcinoma. PLoS ONE 2017, 12, e0187667. [Google Scholar] [CrossRef] [PubMed]

	



Sahnane, N.; Furlan, D.; Monti, M.; Romualdi, C.; Vanoli, A.; Vicari, E.; Solcia, E.; Capella, C.; Sessa, F.; La Rosa, S. Microsatellite unstable gastrointestinal neuroendocrine carcinomas: A new clinicopathologic entity. Endocr. Relat. Cancer. 2015, 22, 35–45. [Google Scholar] [CrossRef] [PubMed]

	



Olevian, D.C.; Nikiforovag, M.N.; Chiosea, S.; Sun, W.; Bahary, N.; Kuan, S.F.; Pai, R.K. Colorectal poorly differentiated neuroendocrine carcinomas frequently exhibit BRAF mutations and are associated with poor overall survival. Hum. Pathol. 2016, 49, 124–134. [Google Scholar] [CrossRef] [PubMed]

	



Jesinghaus, M.; Konukiewitz, B.; Keller, G.; Kloor, M.; Steiger, K.; Reiche, M.; Penzel, R.; Endris, V.; Arsenic, R.; Hermann, G.; et al. Colorectal mixed adenoneuroendocrine carcinomas and neuroendocrine carcinomas are genetically closely related to colorectal adenocarcinomas. Mod. Pathol. 2017, 30, 610–619. [Google Scholar] [CrossRef] [PubMed]

	



Hijioka, S.; Hosoda, W.; Mizuno, N.; Hara, K.; Imaoka, H.; Bhatia, V.; Mekky, M.A.; Tajika, M.; Tanaka, T.; Ishihara, M.; et al. Does the WHO 2010 classification of pancreatic neuroendocrine neoplasms accurately characterize pancreatic neuroendocrine carcinomas? J. Gastroenterol. 2015, 50, 564–572. [Google Scholar] [CrossRef] [PubMed]

	



Woischke, C.; Schaaf, C.W.; Yang, H.M.; Vieth, M.; Veits, L.; Geddert, H.; Märkl, B.; Stömmer, P.; Schaeffer, D.F.; Frölich, M.; et al. In-depth mutational analyses of colorectal neuroendocrine carcinomas with adenoma or adenocarcinoma components. Mod. Pathol. 2017, 30, 95–103. [Google Scholar] [CrossRef] [PubMed]

	



Karkouche, R.; Bachet, J.B.; Sandrini, J.; Mitry, E.; Penna, C.; Côté, J.F.; Blons, H.; Penault-Llorca, F.; Rougier, P.; André, J.P.S.; et al. Colorectal neuroendocrine carcinomas and adenocarcinomas share oncogenic pathways. A clinico-pathologic study of 12 cases. Eur. J. Gastroenterol. Hepatol. 2012, 24, 1430–1437. [Google Scholar] [CrossRef] [PubMed]

	



Vortmeyer, A.O.; Lubensky, I.A.; Merino, M.J.; Wang, C.Y.; Pham, T.; Furth, E.E.; Zhuang, Z. Concordance of genetic alterations in poorly differentiated colorectal neuroendocrine carcinomas and associated adenocarcinomas. J. Natl. Cancer Inst. 1997, 89, 1448–1453. [Google Scholar] [CrossRef]

	



Tang, L.H.; Basturk, O.; Sue, J.J.; Klimstra, D.S. A practical approach to the classification of WHO grade 3 (G3) well differentiated neuroendocrine tumor (WD-NET) and poorly differentiated neuroendocrine carcinoma (PD-NEC) of the pancreas. Am. J. Surg. Pathol. 2016, 40, 1192–1202. [Google Scholar] [CrossRef]

	



Mafficini, A.; Scarpa, A. genetics and epigenetics of gastroenteropancreatic neuroendocrine neoplasms. Endocr. Rev. 2019, 40, 506–536. [Google Scholar] [CrossRef]

	



Ohmoto, A.; Rokutan, H.; Yachida, S. Pancreatic neuroendocrine neoplasms: Basic biology, current treatment strategies and prospects for the future. Int. J. Mol. Sci. 2017, 18, 143. [Google Scholar] [CrossRef] [PubMed]

	



Lamberti, G.; Brighi, N.; Maggio, I.; Manuzzi, L.; Peterle, C.; Ambrosini, V.; Ricci, C.; Casadei, R.; Campana, D. The role of mTOR in neuroendocrine tumors: future cornerstone of a winning strategy? Int. J. Mol. Sci. 2018, 19, 747. [Google Scholar] [CrossRef] [PubMed]

	



Lim, J.S.; Ibaseta, A.; Fischer, M.M.; Cancilla, B.; O’Young, G.; Cristea, S.; Luca, V.C.; Yang, D.; Jahchan, N.S.; Hamard, C.; et al. Intratumoural heterogeneity generated by Notch signalling promotes small-cell lung cancer. Nature 2017, 545, 360–364. [Google Scholar] [CrossRef] [PubMed]

	



Boora, G.K.; Kanwar, R.; Kulkarni, A.A.; Pleticha, J.; Ames, M.; Schroth, G.; Beutler, A.S.; Banck, M.S.; Gilbert, J.A. Exome-level comparison of primary well-differentiated neuroendocrine tumors and their cell lines. Cancer Genet. 2015, 208, 374–381. [Google Scholar] [CrossRef] [PubMed]

	



Palmer, W.H.; Jia, D.; Deng, W.M. Cis-interactions between Notch and its ligands block ligand-independent Notch activity. eLife 2014, 3. [Google Scholar] [CrossRef] [PubMed]

	



Wöltje, K.; Jabs, M.; Fischer, A. Serum induces transcription of Hey1 and Hey2 genes by Alk1 but not Notch signaling in endothelial cells. PLoS ONE 2015, 10, e0120547. [Google Scholar] [CrossRef] [PubMed]

	



Brzozowa-Zasada, M.; Piecuch, A.; Michalski, M.; Segiet, O.; Kurek, J.; Harabin-Słowińska, M.; Wojnicz, R. Notch and its oncogenic activity in human malignancies. Eur. Surg. 2017, 49, 199–209. [Google Scholar] [CrossRef] [PubMed]

	



Zou, B.; Zhou, X.L.; Lai, S.Q.; Liu, J.C. Notch signaling and non-small cell lung cancer. Oncol. Lett. 2018, 15, 3415–3421. [Google Scholar] [CrossRef] [PubMed]

	



Fukusumi, T.; Califano, J. The NOTCH pathway in head and neck squamous cell carcinoma. J. Dent. Res. 2018, 97, 645–653. [Google Scholar] [CrossRef] [PubMed]

	



Furuta, M.; Kikuchi, H.; Shoji, T.; Takashima, Y.; Kikuchi, E.; Kikuchi, J.; Kinoshita, I.; Dosaka-Akita, H.; Sakakibara-Konishi, J. DLL3 regulates the migration and invasion of small cell lung cancer by modulating Snail. Cancer Sci. 2019, 110, 1599–1608. [Google Scholar] [CrossRef] [PubMed]

	



Jaskula-Sztul, R.; Eide, J.; Tesfazghi, S.; Dammalapati, A.; Harrison, A.D.; Yu, X.M.; Scheinebeck, C.; Winston-McPherson, G.; Kupcho, K.R.; Robers, M.B.; et al. Tumor-suppressor role of Notch3 in medullary thyroid carcinoma revealed by genetic and pharmacological induction. Mol. Cancer Ther. 2015, 14, 499–512. [Google Scholar] [CrossRef] [PubMed]

	



Lobry, C.; Oh, P.; Mansour, M.R.; Look, A.T.; Aifantis, I. Notch signaling: Switching an oncogene to a tumor suppressor. Blood 2014, 123, 2451–2459. [Google Scholar] [CrossRef] [PubMed]

	



Crabtree, J.S.; Singleton, C.S.; Miele, L. Notch Signaling in neuroendocrine tumors. Front. Oncol. 2016, 6, 345. [Google Scholar] [CrossRef] [PubMed]

	



Harada, K.; Sato, Y.; Ikeda, H.; Hsü, M.; Igarashi, S.; Nakanuma, Y. Notch1-Hes1 signalling axis in the tumourigenesis of biliary neuroendocrine tumours. J. Clin. Pathol. 2013, 66, 386–391. [Google Scholar] [CrossRef] [PubMed]

	



Aster, J.C.; Pear, W.S.; Blacklow, S.C. The varied roles of notch in cancer. Annu. Rev. Pathol. 2017, 12, 245–275. [Google Scholar] [CrossRef]

	



Robinson, D.R.; Kalyana-Sundaram, S.; Wu, Y.M.; Shankar, S.; Cao, X.; Ateeq, B.; Asangani, I.A.; Iyer, M.; Maher, C.A.; Grasso, C.S.; et al. Functionally recurrent rearrangements of the mast kinase and notch gene families in breast cancer. Nat. Med. 2011, 17, 1646–1651. [Google Scholar] [CrossRef]

	



Stoeck, A.; Lejnine, S.; Truong, A.; Pan, L.; Wang, H.; Zang, C.; Yuan, J.; Ware, C.; MacLean, J.; Garrett-Engele, P.W.; et al. Discovery of biomarkers predictive of GSI response in triple negative breast cancer and adenoid cystic carcinoma. Cancer Discov. 2014, 4, 1154–1167. [Google Scholar] [CrossRef]

	



Parr, C.; Watkins, G.; Jiang, W.G. The possible correlation of Notch-1 and Notch-2 with clinical outcome and tumour clinicopathological parameters in human breast cancer. Int. J. Mol. Med. 2004, 14, 779–786. [Google Scholar] [CrossRef]

	



Wang, K.; Zhang, Q.; Li, D.; Ching, K.; Zhang, C.; Zheng, X.; Ozeck, M.; Shi, S.; Li, X.; Wang, H.; et al. PEST domain mutations in Notch receptors comprise an oncogenic driver segment in triple-negative breast cancer sensitive to a-secretase inhibitor. Clin. Cancer Res. 2015, 21, 1487–1496. [Google Scholar] [CrossRef]

	



Westhoff, B.; Colaluca, I.N.; D’Ario, G.; Donzelli, M.; Tosoni, D.; Volorio, S.; Pelosi, G.; Spaggiari, L.; Mazzarol, G.; Viale, G.; et al. Alterations of the Notch pathway in lung cancer. Proc. Natl. Acad. Sci. USA 2009, 106, 22293–22298. [Google Scholar] [CrossRef]

	



Zhu, J.; Wang, J.; Shi, Z.; Franklin, J.L.; Deane, N.G.; Coffey, R.J.; Beauchamp, R.D.; Zhang, B. Deciphering genomic alterations in colorectal cancer through transcriptional subtype-based network analysis. PLoS ONE 2013, 8, e79282. [Google Scholar] [CrossRef] [PubMed]

	



Mao, L. NOTCH Mutations: Multiple faces in human malignancies. Cancer Prev. Res. 2015, 8, 259–261. [Google Scholar] [CrossRef] [PubMed]

	



Xing, D.; Zheng, G.; Schoolmeester, J.K.; Li, Z.; Pallavajjala, A.; Haley, L.; Conner, M.G.; Vang, R.; Hung, C.F.; Wu, T.C.; et al. Next-generation sequencing reveals recurrent somatic mutations in small cell neuroendocrine carcinoma of the uterine cervix. Am. J. Surg. Pathol. 2018, 42, 750–760. [Google Scholar] [CrossRef] [PubMed]

	



Derks, J.L.; Leblay, N.; Lantuejoul, S.; Dingemans, A.M.C.; Speel, E.J.M.; Fernandez-Cuesta, L.; Speel, E. New insights into the molecular characteristics of pulmonary carcinoids and large cell neuroendocrine carcinomas, and the impact on their clinical management. J. Thorac. Oncol. 2018, 13, 752–766. [Google Scholar] [CrossRef] [PubMed]

	



Fernandez-Cuesta, L.; Peifer, M.; Lu, X.; Sun, R.; Ozretić, L.; Seidal, D.; Zander, T.; Leenders, F.; George, J.; Müller, C.; et al. Frequent mutations in chromatin-remodelling genes in pulmonary carcinoids. Nat. Commun. 2014, 5, 3518. [Google Scholar] [CrossRef] [PubMed]

	



Cives, M.; Simone, V.; Rizzo, F.M.; Silvestris, F. NETs: Organ-related epigenetic derangements and potential clinical applications. Oncotarget 2016, 7, 57414–57429. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.T.; Li, J.; Jang, E.R.; Gulhati, P.; Rychahou, P.G.; Napier, D.L.; Wang, C.; Weiss, H.L.; Lee, E.Y.; Anthony, L.; et al. Deregulation of Wnt/β-catenin signaling through genetic or epigenetic alterations in human neuroendocrine tumors. Carcinogenesis 2013, 34, 953–961. [Google Scholar] [CrossRef]

	



Graves, C.A.; Jones, A.; Reynolds, J.; Stuart, J.; Pirisi, L.; Botrous, P.; Wells, J. Neuroendocrine Merkel cell carcinoma is associated with mutations in key DNA repair, epigenetic and apoptosis pathways: A case-based study using targeted massively parallel sequencing. Neuroendocrinology 2015, 101, 112–119. [Google Scholar] [CrossRef]

	



Augert, A.; Eastwood, E.; Ibrahim, A.H.; Wu, N.; Grunblatt, E.; Basom, R.; Liggitt, D.; Eaton, K.D.; Martins, R.; Poirier, J.T.; et al. Targeting NOTCH activation in small cell lung cancer through LSD1 inhibition. Sci. Signal 2019, 12. [Google Scholar] [CrossRef] [PubMed]

	



Abraham, K.J.; Zhang, X.; Vidal, R.; Paré, G.C.; Feilotter, H.E.; Tron, V.A. Roles for miR-375 in neuroendocrine differentiation and tumor suppression via Notch pathway suppression in Merkel cell carcinoma. Am. J. Pathol. 2016, 186, 1025–1035. [Google Scholar] [CrossRef]

	



Arvidsson, Y.; Rehammar, A.; Bergström, A.; Andersson, E.; Altiparmak, G.; Swärd, C.; Wängberg, B.; Kristiansson, E.; Nilsson, O. miRNA profiling of small intestinal neuroendocrine tumors defines novel molecular subtypes and identifies miR-375 as a biomarker of patient survival. Mod. Pathol. 2018, 31, 1302–1317. [Google Scholar] [CrossRef] [PubMed]

	



Chiappinelli, K.B.; Zahnow, C.A.; Ahuja, N.; Baylin, S.B. Combining epigenetic and immunotherapy to combat cancer. Cancer Res. 2016, 76, 1683–1689. [Google Scholar] [CrossRef] [PubMed]

	



Meder, L.; König, K.; Ozretić, L.; Schultheis, A.M.; Ueckeroth, F.; Ade, C.P.; Albus, K.; Boehm, D.; Rommerscheidt-Fuss, U.; Florin, A.; et al. NOTCH, ASCL1, p53 and RB alterations define an alternative pathway driving neuroendocrine and small cell lung carcinomas. Int. J. Cancer 2016, 38, 927–938. [Google Scholar] [CrossRef] [PubMed]

	



Saunders, L.R.; Bankovich, A.J.; Anderson, W.C.; Aujay, M.A.; Bheddah, S.; Black, K.; Desai, R.; Escarpe, P.A.; Hampl, J.; Laysang, A.; et al. A DLL3-targeted antibody-drug conjugate eradicates high-grade pulmonary neuroendocrine tumor-initiating cells in vivo. Sci. Transl. Med. 2015, 7. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Chen, Y.; Fernandez-Del Castillo, C.; Yilmaz, O.; Deshpande, V. Heterogeneity in signaling pathways of gastroenteropancreatic neuroendocrine tumors: A critical look at notch signaling pathway. Mod. Pathol. 2013, 26, 139–147. [Google Scholar] [CrossRef] [PubMed]

	



Hanlon, L.; Avila, J.L.; Demarest, R.M.; Troutman, S.; Allen, M.; Ratti, F.; Rustgi, A.K.; Stanger, B.Z.; Radtke, F.; Adsay, V.; et al. Notch1 functions as a tumor suppressor in a model of K-ras-induced pancreatic ductal adenocarcinoma. Cancer Res. 2010, 70, 4280–4286. [Google Scholar] [CrossRef] [PubMed]

	



Miyamoto, Y.; Maitra, A.; Ghosh, B.; Zechner, U.; Argani, P.; Iacobuzio-Donahue, C.A.; Sriuranpong, V.; Iso, T.; Meszoely, I.M.; Wolfe, M.S.; et al. Notch mediates TGF alpha-induced changes in epithelial differentiation during pancreatic tumorigenesis. Cancer Cell 2003, 3, 565–576. [Google Scholar] [CrossRef]

	



Maggi, E.C.; Trillo-Tinoco, J.; Struckhoff, A.P.; Vijayaraghavan, J.; Del Valle, L.; Crabtree, J.S. Retinoblastoma-binding protein 2 (RBP2) is frequently expressed in neuroendocrine tumors and promotes the neoplastic phenotype. Oncogenesis 2016, 5, e257. [Google Scholar] [CrossRef]

	



Sippel, R.S.; Carpenter, J.E.; Kunnimalaiyaan, M.; Chen, H. The role of human achaete-scute homolog-1 in medullary thyroid cancer cells. Surgery 2003, 134, 866–871. [Google Scholar] [CrossRef]

	



Kunnimalaiyaan, M.; Vaccaro, A.M.; Ndiaye, M.A.; Chen, H. Overexpression of the NOTCH1 intracellular domain inhibits cell proliferation and alters the neuroendocrine phenotype of medullary thyroid cancer cells. J. Biol. Chem. 2006, 281, 39819–39830. [Google Scholar] [CrossRef]

	



Somnay, Y.R.; Yu, X.M.; Lloyd, R.V.; Leverson, G.; Aburjania, Z.; Jang, S.; Jaskula-Sztul, R.; Chen, H. Notch3 expression correlates with thyroid cancer differentiation, induces apoptosis, and predicts disease prognosis. Cancer 2017, 123, 769–782. [Google Scholar] [CrossRef] [PubMed]

	



Danza, G.; Di Serio, C.; Rosati, F.; Lonetto, G.; Sturli, N.; Kacer, D.; Pennella, A.; Ventimiglia, G.; Barucci, R.; Piscazzi, A.; et al. Notch signaling modulates hypoxia-induced neuroendocrine differentiation of human prostate cancer cells. Mol. Cancer Res. 2012, 10, 230–238. [Google Scholar] [CrossRef] [PubMed]

	



Puca, L.; Gavyert, K.; Sailer, V.; Conteduca, V.; Dardenne, E.; Sigouros, M.; Isse, K.; Kearney, M.; Vosoughi, A.; Fernandez, L.; et al. Delta-like protein 3 expression and therapeutic targeting in neuroendocrine prostate cancer. Sci. Transl. Med. 2019, 11. [Google Scholar] [CrossRef] [PubMed]

	



Jang, S.; Jin, H.; Roy, M.; Ma, A.L.; Gong, S.; Jaskula-Sztul, R.; Chen, H. Antineoplastic effects of histone deacetylase inhibitors in neuroendocrine cancer cells are mediated through transcriptional regulation of Notch1 by activator protein. Cancer Med. 2017, 6, 2142–2452. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed, T.A.; Holen, K.D.; Jaskula-Sztul, R.; Mulkerin, D.; Lubner, S.J.; Schelman, W.R.; Eickhoff, J.; Chen, H.; LoConte, N.K. A Pilot Phase II Study of valproic acid for treatment of low-grade neuroendocrine carcinoma. Oncologist 2011, 16, 835–843. [Google Scholar] [CrossRef] [PubMed]

	



Sun, L.; Qian, Q.; Sun, G.; Mackey, L.V.; Fuselier, J.A.; Coy, D.H.; Yu, C.Y. Valproic acid induces NET cell growth arrest and enhances tumor suppression of the receptor-targeted peptide-drug conjugate via activating somatostatin receptor type II. J. Drug Target. 2016, 24, 169–177. [Google Scholar] [CrossRef] [PubMed]

	



Li, K.; Li, Y.; Wu, W.; Gordon, W.R.; Chang, D.W.; Lu, M.; Scoggin, S.; Fu, T.; Vien, L.; Histen, G.; et al. Modulation of Notch signaling by antibodies specific for the extracellular negative regulatory region of NOTCH3. J. Biol. Chem. 2008, 283, 8046–8054. [Google Scholar] [CrossRef] [PubMed]

	



Yen, W.C.; Fischer, M.M.; Axelrod, F.; Bond, C.; Cain, J.; Cancilla, B.; Henner, W.R.; Meisner, R.; Sato, A.; Shah, J.; et al. Targeting Notch signaling with a Notch2/Notch3 antagonist (Tarextumab) inhibits tumor growth and decreases tumor-initiating cell frequency. Clin. Cancer Res. 2015, 21, 2084–2095. [Google Scholar] [CrossRef] [PubMed]

	



Tolcher, A.W.; Messersmith, W.A.; Mikulski, S.M.; Papadopoulos, K.P.; Kwak, E.L.; Gibbon, D.G.; Patnaik, A.; Falchook, G.S.; Dasari, A.; Shapiro, G.I.; et al. Phase I study of RO4929097, a gamma secretase inhibitor of notch signaling, in patients with refractory metastatic or locally advanced solid tumors. J. Clin. Oncol. 2012, 30, 2348–2353. [Google Scholar] [CrossRef] [PubMed]

	



Carbone, D.P.; Morgensztern, D.; Le Moulec, S.; Santana-Davila, R.; Ready, N.; Hann, C.L.; Glisson, B.S.; Dowlati, A.; Rudin, C.M.; Lally, S.; et al. Efficacy and safety of rovalpituzumab tesirine (Rova-TTM) in patients with DLL3-expressing, ≥3rd line small cell lung cancer: Results from the phase 2 TRINITY study. J. Clin. Oncol. 2018, 36 (Suppl. S15), 8507. [Google Scholar] [CrossRef]

	



Phase 3 Trial of Rova-T as Second-Line Therapy for Advanced Small-Cell Lung Cancer (Tahoe Study) Halted. 2018. Available online: https://bit.ly/2KZcyVl (accessed on 6 December 2018).

	



Rudin, C.M.; Pietanza, M.C.; Bauer, T.M.; Ready, N.; Morgensztern, D.; Glisson, B.S.; Byers, L.A.; Johnson, M.L.; Burris, H.A., III; Robert, F.; et al. Rovalpituzumab tesirine, a DLL3-targeted antibody-drug conjugate, in recurrent small-cell lung cancer: A first-in-human, first-in-class, open-label, phase 1 study. Lancet Oncol. 2017, 18, 42–51. [Google Scholar] [CrossRef]

	



Puca, L.; Sailor, V.; Gavyert, K.; Dardenne, E.; Isse, K.; Sigouros, M.; Nanus, D.M.; Tagawa, S.T.; Mosquera, J.M.; Saunders, L.; et al. Abstract 1947: Rovalpituzumab tesirine as a therapeutic agent for neuroendocrine prostate cancer. Exp. Mol. Ther. 2018, 78, 1947. [Google Scholar]

	



Chiu, M.L.; Gilliland, G.L. Engineering antibody therapeutics. Curr. Opin. Struct. Biol. 2016, 38, 163–173. [Google Scholar] [CrossRef] [PubMed]

	



Paramonov, V.M.; Desai, D.; Mamaeva, V.; Rosenholm, J.; Rivero-Müller, A.; Sahlgren, C. Mesoporous silica nanoparticles for somatostatin targeted Notch activation in animal model of pancreatic neuroendocrine cancer. Endocr. Abstr. 2016, 40. [Google Scholar] [CrossRef]

	



Fu, W.; Lei, C.; Yu, Y.; Liu, S.; Li, T.; Lin, F.; Fan, X.; Shen, Y.; Ding, M.; Tang, Y.; et al. EGFR/Notch antagonists enhance the response to inhibitors of the PI3K-Akt pathway by decreasing tumor-initiating cell frequency. Clin. Cancer Res. 2019, 25, 2835–2847. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 08 01277 g001 550] 





Figure 1. Structure of four human NOTCH receptors: NOTCH receptors are composed of an extracellular region of repetitive epidermal growth factor (EGF)-like sequences (29–36 repeats), a negative regulatory region, a single transmembrane portion and an intra-cytoplasmic tail involved in signal transduction. S2 and S3 are, respectively, the metalloprotease and γ-secretase sites of cleavage. EGF: epidermal growth factor; LNR: cysteine-rich LIN12-NOTCH repeats; HD: heterodimerization domain; RAM: recombining binding protein suppressor of hairless (RBPJ) associate module; ANK: ankyrin repeats; PEST: region rich in proline (P), glutamine (E), serine (S) and threonine (T) residues. 
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Figure 2. Schematic representation of NOTCH signalling pathway: Sequential steps in the NOTCH signalling pathway are shown as follows: I: NOTCH receptor binding to specific ligands; II: conformational change of the receptor; III: ADAMs-mediated cleavage; IV: recognition of the intracellular region by γ-secretase; V: γ-secretase mediated cleavage; VI: nuclear translocation; VII: binding to RBPJ and MAML; VIII: transcriptional activation DLL: delta-like ligands; JAG: jagged protein; ADAM: a disintegrin and metalloprotease; RBPJ: recombining binding protein suppressor of hairless; MAML: Mastermind-like co-activators. 
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