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Abstract

Neuroendocrine neoplasms (NEN) are a class of tumours heterogeneous in terms of their anatomical sites of origin and clinical behaviour. Outdated perspectives of indolence have been superseded by appreciation for their myriad clinical challenges, such as the high rates of regional and distant metastases at initial diagnosis, lack of clarity on optimal treatment strategies/sequencing, and incompletely elucidated genetic/other pathophysiological drivers. The first randomised controlled trials in this arena were published approximately a decade ago – since then, increased understanding of the genetic drivers and signalling pathway perturbations in these tumours have suggested promise for precision therapy influenced by an individual tumour’s molecular sub-type, but this is yet to be realised for manifold reasons. In this article, the authors review the genetic landscapes as currently understood for selected forms of NEN and discuss the current and developing evidence to support the use of genetic information to influence therapy. They provide a critical assessment of the potential limitations of using such approaches, and also posit avenues for future developments in this arena.  














Introduction

Neuroendocrine neoplasms (NEN) represent a heterogeneous class of tumours that arise from nigh ubiquitously dispersed neuroendocrine cells, which may be stratified into clinically meaningful sub-groups on the basis of their proliferative capacity and degree of differentiation into neuroendocrine tumours (NET), or neuroendocrine carcinoma (NEC) (Rindi et al., 2007). The former is relatively indolent as compared to adenocarcinomas arising from the same organs but display stark rates of lymph node and distant metastasis at initial presentation (Miller et al., 2014; Pavel et al., 2016) and require multimodal strategies for disease control (Clift et al., 2019), whereas the latter pose more standard oncological clinical challenges in terms of rampant disease aggression accorded by high mitotic rate (Garcia-Carbonero et al., 2016). Neuroendocrine neoplasms most commonly arise from the gastrointestinal/pancreatic and bronchopulmonary systems (Ellis et al., 2010; Hauso et al., 2008) but notably also from the thyroid and skin (Becker et al., 2017; Fraenkel et al., 2015), may exhibit divergent clinical behaviours chiefly manifested in the range of clinical sequelae (asymptomatic to florid syndromes of hormone hypersecretion), and in keeping with their diverse cells of origin, diverse pathophysiological underpinnings such as genomic landscape aberrations. 
An evolution towards ‘precision’ therapeutic strategies for multiple cancers has occurred over the past two decades, driven by an ever-deepening elucidation of factors predicating biologically and thus clinically distinct sub-types of individual tumour classes, and robust clinical evidence for the superiority of some treatment concepts in particular clinical scenarios. The concept of ‘targeted’ therapy eschews the blunt approach of promulgating an indiscriminate holocaust of cytotoxicity on any rapidly dividing cells as with traditional chemotherapy. Instead, it migrates towards the targeting of cancer-specific alterations in genetic landscape, protein expression, pathway activity or cell biology. Theoretically, it aims to minimise the ‘off-target’ adverse effects of pharmacological agents and maximise disease response by tailoring the strategy to the personal molecular biology of a given individual’s tumour. 
Targeted therapy may comprise tumour-preferential or tumour-specific delivery of pharmaceutical agents dependent on uptake by or binding to tumour cell-specific receptors (Strosberg et al., 2017), selective inhibition of signal transduction pathways in cancerous cells (Raymond et al., 2011; Yao et al., 2011), modification of gene expression, synthetic lethality to engender apoptosis (Clift et al., 2015), inhibition of angiogenesis, immunotherapy (Weber and Fottner, 2018) and also oncolytic viral gene therapy (Leja et al., 2011). Such approaches have been rendered feasible with advances in integrating phenotypic data with those from multiple high-throughput profiling technologies (‘omics’) (Kinross et al., 2013a; Malczewska et al., 2019; Pavel et al., 2017). 
In the early days, genetics was proclaimed as the impending apotheosis of directed cancer treatment and the concept of oncogene addiction (Pagliarini et al., 2015) has been in the oncologic lexicon for some time - namely, the dependence on one or a small number of genes to maintain a malignant phenotype and survival. Whilst a ‘silver bullet’ has not been identified (nor will it ever be) this cannot detract from tangible, valuable progress in the realm of understanding the genomic landscapes of NEN, nor from the beginnings of pharmacological targeting of tumours based on their genetic profile. 
This review provides a brief recapitulation of the genomic landscape of the commonest neuroendocrine neoplasms and/or most relevant to genetically targeted therapy (pancreatic, small bowel, lung and thyroid) before turning to a comprehensive review of the state of clinical evidence regarding precision therapy for these tumours dictated by their genetic profiles. Throughout, there is an emphasis on the advantages and limitations of these approaches. Lastly, this review anticipates future perspectives and outlines strategies for the next advances in this aspect of this neuroendocrine neoplasm clinical arena.  


The genetic landscape of selected neuroendocrine neoplasms

Pancreatic neuroendocrine neoplasms

The presence of MEN1 mutations in pancreatic NEN have been long accepted since earlier sequencing studies demonstrated a rate of approximately 35% (Marini et al., 2018). Encoding menin, this gene is implicated in cell cycle regulation, suppression of the PI3K/mTOR pathway signalling systems and promotion of homologous DNA repair mechanisms. More recent studies in pancreatic NEN genetics have demonstrated that DAXX or ATRX mutations also occur commonly (up to 43%), and interestingly these two seem mutually exclusive (Jiao et al., 2011). The former is implicated in regulation of apoptosis and distribution of PTEN, whereas the latter functions within chromatin remodelling networks. 
A seminal comprehensive study of 98 panNEN by the International Cancer Genome Consortium identified that they are less mutationally active than pancreatic adenocarcinoma (0.82 mutations per megabase DNA vs. 2.62, respectively (Waddell et al., 2015)) and may display five forms of mutational signatures, namely: deamination, APOBEC/AID (enzymatic deamination of cytosine residues), BRCA (failure of homologous recombination-mediated double strand break repair), cosmic signature 5 (unknown aetiology) or a novel signature of G:C>T:A transversions (inactivated base excision repair due to balletic loss of MUTYH) (Scarpa et al., 2017). Chromothripsis may also occur in 9% of cases (Scarpa et al., 2017). 
Pancreatic tumours may also display chromosomal alterations on comparative genome hybridisation. Larger non-functioning pancreatic NETs have more chromosomal aberrations than smaller ones, and metastases of non-functional pancreatic NETs have more alterations than matched primary tumours (Marinoni, et al., 2014; Zhao, et al., 2001). Furthermore, in insulinomas, metastatic tumours tend to display far greater extents of chromosomal aberrations than non-metastatic tumours, which may have relevance for clinical outcomes (Jonkers, et al., 2005). Specific chromosomal losses in metastatic pancreatic NET may include 6q, 3p, 11pq and 22q, or gains of 17q, 4p and 41 (Pea et al., 2016. Floridia, et al., 2005; Wild, et al., 2002).   
In the context of a 41% rate of MEN1 mutation, four core pathogenic pathways have been elucidated  (Scarpa et al., 2017):
DNA repair deficiencies -  mutations in 11% of patients, genes include MUTYH, CHEK2, BRCA2
Altered chromatin modification  - mutations in 10% of patients, genes include SETD2 and MLL3
Alterations in telomere lengths - mutations in 33% of patients, genes include DAXX and ATRX
Activation of the mTOR pathway - mutations in 12% of patients, genes include PTEN, DEPDC5, TSC1 and TSC2 


Small intestinal neuroendocrine neoplasms

In contrast to the relatively well elucidated genomic landscape of pancreatic NEN, the mutational drivers of small intestinal (SI) NEN remain elusive. Indeed, comprehensive sequencing efforts have demonstrated that SINEN are mutationally quiet (average 0.1 mutations per megabases DNA vs. 3.96 for small intestinal adenocarcinoma) (Banck et al., 2013; Hänninen et al., 2018), yet this paucity of genome aberrations is partially compensated in the more deeply understood epigenetic landscape. 
The only consistently identified mutated gene in SINEN thus far is CDKN1B which encodes a cyclin-dependent kinase, p27; this occurred in only 10% of the 50 cases sequenced, and 8% of the 180 further ‘extension set’ sequenced by Francis, et al. (Francis et al., 2013) These tend to be frameshift-inducing, loss-of-function mutations. Nevertheless, neither p27 expression nor clinical behaviour has been categorically demonstrated to be different between CDKN1B wild-type or mutant SINEN (Crona et al., 2015). Additional albeit rarer mutational ‘hotspots’ encountered thus far include APC (7.7%), CDKN2C (7.7%) BRAF, KRAS, PIK3CA and TP53 (3.8% each) (Bottarelli et al., 2013; Simbolo et al., 2018). Somatic copy number variations have been observed in almost 80% of SINEN, particularly segmental losses of chromosome 18: LAMA3 (encodes laminin), SERPINB5 (a tumour suppressor) and RANK/TNFRRSF11A (TNF receptor family member) indeed demonstrate epigenetic disruption associated with loss of heterozygosity of chromosome 18, whereas allelic loss of BCL2, CDH19, DCC and SMAD4 (all located on chromosome 18) and were observed in 44% of 52 sequenced cases of sporadic SINEN (Kim et al., 2008; Kulke et al., 2008; Stålberg et al., 2016; Wang et al., 2005). 
Epigenetic disruption in SINEN is better categorised, with differential promoter methylation of RASSF1A and CTNNB1 seen between primary and metastatic SINEN, and increased methylation of TP73, CHFR and RUNX3 seen in SINEN (Karpathakis et al., 2017; Verdugo et al., 2014). There appears to be 3 molecular sub-types of SINEN on comprehensive copy number variance analysis, each with significantly different DNA methylation profiles impacting VEGF, EGFR and mTOR pathways, as well as progression-free survival (Karpathakis et al., 2016): 
Group A: chromosome 18 loss (includes cases with CDKN1B mutations
Group B: No large copy number variations
Group C: multiple chromosomal copy number variations   


Bronchopulmonary neuroendocrine neoplasms

	Accounting for approximately 20% of all NEN that arise, those arising from the bronchopulmonary system comprise four histological classes: typical carcinoid, atypical carcinoid, large-cell neuroendocrine carcinoma and small cell lung carcinoma (SCLC). Several series have examined the genetic landscape of lung NEN, with varying coverage of the aforementioned histological forms. A notable study of multiple forms of lung cancer by the Clinical Lung Cancer Genome Project identified that lung carcinoids display a relatively rare degree of mutations and copy number variation, whereas SCLC and large-cell tumours frequently harbours mutations in TP53 and inactivation of RB1; there is also copy number variation in FHIT, MYCL1 and MYCN in SCLC (The Clinical Lung Cancer Genome Project., 2013). Further aberrations detailed include somatic genomic rearrangements of TP73 and inactivated NOTCH-family genes in SCLC (George, et al. 2015). In carcinoids, TP53 and RB1 mutations appear rare, but mutations in histone modifiers are frequently observed, especially histone modifiers and sub-units of the SWI/SNF complex; MEN1, PSIP1 and ARID1A are commonly mutated (Fernandez-Cuesta, et al., 2014). 





Medullary thyroid carcinomas

Accounting for up to 5% of all thyroid cancers, medullar thyroid carcinoma (MTC) arises from calcitonin-producing parafolliucular C cells of the thyroid. The archetypal genetic aberrances encountered in MTC are typically gain-of-function mutations in the RET proto-oncogene (up to 65% of patients) (Raue and Frank-Raue, 2009; Romei et al., 2016), but others have been observed in RAS (20-25% of RET wild-type cases) (Moura et al., 2015). 
Hereditary MTC (20-25% of tumours) appears as part of multiple endocrine neoplasia syndrome type 2 (MEN2), which can sub-classified into MEN2A or MEN2B (Ceolin et al., 2019). The disease progression of MTC in MEN2A is associated with the RET codon in which the causal mutation exists - the vast majority affect the cysteine-rich extracellular domain, although amino acid changes in codons 768, 790, 791, 804, 844 and 891 have been seen, and mutations in non-cysteine codons appear to lower aggressiveness  (Ceolin et al., 2019; Machens et al., 2003; Maciel et al., 2019). 


Clinical evidence and results for gene-targeted therapy in NEN

Whilst targeted therapy is indeed becoming progressively more realised as a concept, such as the use of tyrosine kinase inhibitors predicated by common constituent over-activation of specific cell signalling pathways driven by multiple possible mutations, no final results from a trial have yet been reported showing the specific targeting of individual tumour-specific genetic profiles in NEN. 



Pharmacological agents for targeted therapy in NEN

Sunitinib is an inhibitor of multiple tyrosine kinases, including all forms of VEGFR and therefore exerts somewhat of a targeted effect on angiogenesis. It was approved by the FDA for the treatment of unresectable, metastatic, progressive pancreatic neuroendocrine neoplasms following the publication of phase III RCT results demonstrating significant prolongation of progression-free survival over the use of placebo (median PFS 11.4 months vs. 5.5 months) (Raymond et al., 2011). 

Everolimus is an inhibitor of Mammalian Target of Rapaymicin (mTOR), a serine-threonine kinase whose eponymous pathway (named for mammalian target of rapamycin) is implicated in regulation of cell proliferation, apoptosis and angiogenesis. It was approved by the FDA following the publication of RADIANT-3: herein, patients with advanced low- or intermediate-grade pancreatic NET with progression in the last 12 months. Median PFS with everolimus was 11 months vs. 4.6 months with placebo. (Yao et al., 2011).  Following RADIANT-3, a phase III study of everolimus was undertaken in advanced, progressive, well-differentiated, non-functional pulmonary or gastrointestinal NET - again, prolonged PFS was demonstrated (11 months vs. 3.9 months with placebo) (Yao et al., 2016). 

Cabozatinib (Elisei et al., 2013; Schlumberger et al., 2017) and vandetanib (Wells et al., 2010) are two other multikinase inhibitors (MKI), licensed for the therapy of advanced MTC. The former is a c-MET, VEGFR2 and RET MKI that was demonstrated to significantly prolong PFS in patients with progressive MTC (11.2 months vs. 4.0 months with placebo) (Elisei et al., 2013). Vandetanib is an MKI for RET, VEGF and EGF receptors and was demonstrated in the trial setting to also significantly prolong PFS in metastatic MTC (30.2 months vs. 19.2 months with placebo) (Wells et al., 2012). 

However, despite these targeted therapies being implemented in the advanced tumour stage depending on aberrant pathways in their target tumours, these are not strictly ‘gene targeted’ - the effects of several mutations certainly converge clinically in disruption of these targeted pathways, but their prescription tends to not be (in standard clinical practice) based on the presence of specific mutations on gene sequencing of tumour material. 


Ongoing clinical trials of gene-targeted therapy in NEN 

The concept of directing therapy with everolimus or sunitinib (both kinase inhibitors) depending on mutational profiles is currently being assessed in patients with advanced, low-to-intermediate grade NEN of the gastrointestinal tract and pancreas as part of a phase II randomised controlled trial (NCT: 02315625) (Neychev et al., 2015). Herein, tumour genotype (obtained from biopsy) or germline mutation status (i.e. MEN1 or VHL) will be used to select patients for commencement of either everolimus or sunitinib. Presence of NF1, PTEN, PI3K, AKT, mTOR, VHL, or TP53 will trigger commencement of everolimus due to its targeting of the mTOR pathway in which the pathophysiology if the above mutations converge. Those with MEN1, FLT3, PDGFR, or KIT  mutations, or those with >1 mutation or mutations not known to be actionable with everolimus or sunitinib will start on sunitinib. In the eventuality of disease progression, participants will be transferred to start receiving the other study drug. Long-acting somatostatin analogues will be administered also if patient symptomatology (of hormone secretion) clinically warrants it. With a primary end-point of progression-free survival, results from this trial are awaited. 
Although not specifically targeting a gene mutation or using novel drugs developed to target a specific cellular pathway, the recently commenced MGMT-NET phase II trial (NCT: 03217097) seeks to use O6-methylguanine DNA methyltransferase (MGMT) status as a factor by which to randomise patients with well differentiated advanced duodenopancreatic, pulmonary or unknown primary NETs either to alkylating agent chemotherapy or oxaliplatin-based chemotherapy (Lemelin et al., 2019). Alkylating agents induce alkylation or methylation of DNA bases, forming as N7-methylguanine and N3-methylguanine (both addressed by base excision repair mechanisms) but also 06-methylguanine, which may be repaired directly by MGMT but if unsuccessful, this latter species may trigger futile cycles of mismatch repair with ensuing apoptosis (Zhang et al., 2011). Specifically, this trial will utilise methylation of the MGMT promoter region as the target of interest, based on previous evidence that such epigenetic modifications influence the efficacy of alkylating chemotherapy in not only NEN but also other tumour types such as glioblastoma. Patients with non-methylated MGMT will be randomised 1:1 to either alkylating therapy or oxaliplatn-based chemotherapy; those with methylated MGMT will be randomised 2:1 to alkylation chemotherapy or oxaliplatin-based chemotherapy.  



Immunotherapy 

The principal premise of immunotherapy in neoplastic disease is rooted in reversing the cancer cell subversion and evasion of immune mechanisms, but the best predictors of response to immunotherapy may not be expression of immune proteins (Shen, et al., 2018).
Immune escape, wherein aberrant cells avoid identification and eradication, is one fundamental aspect of tumourigenesis with increasingly interesting clinical impact. Much focus has been on the targeting of programmed cell death protein ligand 1 (PD-L1) on tumour cells and its cognate receptor, programmed cell death (PD-1) on T cells - such interaction abrogates immune activation, and reduces the proliferation of T cells as well as pro-inflammatory cytokines (Webb, et al., 2018). Oncological immunotherapy, also referred to as immune checkpoint inhibition, typically seeks to utilise monoclonal antibodies to antagonise either of the two molecular players, with major successes seen with agents such as pembrolizumab (Mok et al., 2019; Schachter et al., 2017), nivolumab (Overman et al., 2018) or avelumab (Motzer et al., 2019) across a range of solid malignancies. 
Several clinical trials are ongoing in the field of NEN with regards to immunotherapy and therefore a clear role is yet to be established (Weber and Fottner, 2018), which is tantalising given that in NEN, there is conflicting evidence regarding the prognostic power of PD-1/PD-L1 (Kim et al., 2016), that data thus far suggest a relatively ‘cold’ tumour immune micro-environment (Cives et al., 2019; Takahashi et al., 2018), but that a recent meta-analysis demonstrates that efficacy of immunotherapy in multiple cancers can be observed regardless of PD-L1 positivity/negativity (Shen and Zhao, 2018). Whereas PD-L1 status is a sub-optimal biomarker for therapy response, the presence of microsatellite instability - the predilection to genetic hypermutabilty due to defective mismatch repair, manifesting as high mutation rates in short, repeating stretches of DNA - appears to be stronger and is a phenomenon observed in neuroendocrine carcinomas of the stomach duodenum and colon, but rarely in gastrointestinal or pancreatic NET (Sahnane et al., 2015). It is posited that increased mutational burden may favour tumour cell ‘antigenicity’, but trial evidence is awaited regarding the efficacy of immunotherapy in NEN with sub-analyses regarding the role of MSI on efficacy that may allow ‘targeting’ of this genetic phenomenon, albeit indirectly. 



Limitations of the gene-targeted approach 

Precision or targeted therapy in NEN based on ‘druggable’ genetic targets is limited at present by several factors:

The genetic landscapes of some tumour types are not fertile ground for pharmacological targeting
As aforementioned, some forms of NEN - especially small intestinal NEN - are mutationally ‘quiet’, which limits widespread deployment of gene-targeted therapy. Furthermore, the presence of an apparent ‘driver’ mutation does not always render it druggable or actionable. This has been the case for KRAS and MYC oncogenes for many years, although recent pre-clinical work suggests that novel agents may be able to antagonise the former (Bery et al., 2019; Janes et al., 2018), a commonly encountered mutation in many solid cancers. The genomic landscape of small intestinal NENs is more remarkable for complex chromosomal alterations which may not offer obvious targets for existing therapies, and the epigenetic profiles of this tumour type are more summarily understood. This suggests that single-gene targeting may not be plausible for the majority of patients. 

Incomplete characterisation of therapeutic value of targeting some mutations
Whilst wholly commendable endeavours such as the Cancer Genome Atlas or other tumour genetic studies are illuminating the genetic landscape of myriad malignancies, not all identified mutations are known to have relevance for treatment. For example, in one very large molecular phenotypic study of over 5000 patients at Dana Farber Cancer Institute and Brigham & Women’s Hospital, 2890 mutations were identified (commonest was KRAS), but only 26% of mutations directly affected clinical practice and/or predicted resistance to currently available pharmacological agents (Macconaill et al., 2014). Therefore, the field at large has copious work ahead to systematically validate and interrogate the clinical impact of understanding these mutational landscapes.  

The emergence of drug resistance 
Manifold pathophysiological processes converge under Darwinian evolutionary principles to drive development of a neoplastic phenotype. Herein, evolutionary selected-for processes that have enabled multi-cellular life to thrive are progressively disrupted. With the malignant dismantling of a co-operative, co-existing cellular existence, an anarchic state ensues where cells compete for resources and individual survival. Genetic instability begets further genetic variability and the total genetic variation in a single patient’s tumour represents a collective of different sub-clones, even if a major ‘driver’ is commonly seen. 
Plasticity is a concept referring to the ability of cancer cells to transform to other phenotypic states in which they no longer depend on the cellular pathways targeted by oncological agents (Boumahdi and de Sauvage, 2020). In a system where competition between related sub-clones of neoplastic cells occurs, selective targeting of one genetically/phenotypically defined sub-clone can alter the dynamics within the tumour niche so that cells with a pre-existing resistance to the drug become emergent after sensitive sub-clones are eradicated (repopulating the niche), or provide yet another evolutionary pressure that selects for new aberrances that may arise from subsequent mitoses (Gatenby et al., 2019). Either can result in tumours becoming refractory to treatment and drive relapse. 
Sensitivity to targeted drugs is therefore a multifactorial issue incorporating genetic diversity which is conceptually ignored by the single gene target mindset. It also includes phenotypic ‘switches’ driven by genetic and epigenetic factors, dynamism within the tumour system and overarching evolutionary biology concepts. As such, resistance to gene-targeted therapy should always be anticipated and is almost invariably seen in multiple other solid cancers (Harrison and Huang, 2018; Pagliarini et al., 2015).    

The presence of targetable mutations are not always powerful predictors of tumour sensitivity to targeted agents
In other tumour types, BRAF, ERBB2, EGFR and ALK1 are good markers of sensitivity, but this is not replicated in myriad other genes from the analysis of cell line studies (Basu et al., 2013). Resistance to therapy is a multifactoral, dynamic and polygenic phenotype that may encompass far more than the presence of a given mutation in the nuclei of cell populations (Boumahdi and de Sauvage, 2020). This is useful context as we progress our understanding of how we can utilise genetic information to better target and treat NEN. 


Conclusions and future perspectives: multimodal precision medicine, not just gene-targeted medicine 

Research into the genetic and wider pathophysiological drivers of neuroendocrine neoplasms genesis and clinical behaviour has until recently been frustrated due to relative disease rarity and fragmented approaches (Mafficini and Scarpa, 2018). Through the past decade, multi-centric collaboration has enabled major undertakings: the first randomised clinical trials of medical therapies have been performed (Caplin et al., 2014; Raymond et al., 2011; Strosberg et al., 2017; Yao et al., 2011) albeit only in the non-curative setting, and robust multi-omic interrogation of NEN has also begun to explain the drivers of their divergent behaviours even within tumours that appear histologically similar (Kinross et al., 2013b; Modlin et al., 2018; Oberg et al., 2016). Frustratingly, in keeping with the theme of clinical challenge, adapting and developing the concept of targeted therapy in NEN is yet to truly extend beyond targeting neuroendocrine cell surface receptors or a small number of relatively commonly perturbed signalling pathways. In the latter, it is noteworthy that such agents (everolimus and sunitinib) are usually implemented after disease progression with other agents in the setting of advanced disease, such were the design of the trials that predicated their approval, and are not prescribed on the basis of genetic sequencing individual patients.   
Seminal recent papers have demonstrated the possibility of using genetics to inform the pharmacological targeting of some NEN by elucidating the classes and rates of mutations encountered in pancreatic and small intestinal NEN, but there is more work to do to fully realise the concept proven by such work. In NEN, gene-based pharmacological targeting rooted in oncogene addiction is certainly possible but will be limited by the extent of existence of identifiable, actionable mutations in some tumour types, as well as the archetypal concepts exemplified in other cancers, namely tumour cell plasticity and the emergence of tumour resistance.
The single mutation targeting concept in NEN (and in many solid cancers) whilst theoretically a potentially powerful approach, is over-reductionist, at vertiginous risk of eventual failure due to the Darwinian and inherently plastic nature of tumour biology, and will not be sufficient alone to drive the optimal benefits for all patients with NEN. Instead, genetic targeting could be embedded within a more comprehensive concept of precision oncology incorporating mathematical and evolutionary principles (Staňková et al., 2019; West et al., 2020), wherein targeting individual tumours mechanistic dependencies may yield gains in addition to only targeting a single driver mutation. ‘Master regulator proteins’ are those which in concerted activity within so-called tumour checkpoints are a sine qua non for establishment and maintenance of the neoplastic state. Various lines of evidence from multiple malignancies have demonstrated that subversion of these checkpoints either due to genetic or pharmacological factors abrogates tumour cell viability via checkpoint collapse (Carro et al., 2010; Mitrofanova et al., 2015). Master regulator proteins encompass both ‘essential’ and ‘synthetic lethal’ proteins, exert significant control over the transcriptional landscape of tumour cells and transcriptional stability, represent non-oncogene drug targets and may be elucidated via different bioinformatic technologies, such as Master Regulator Inference Algorithms (MARINa) or VIPER (Virtual Proteomics by Enriched Regulation analysis) (Alvarez et al., 2016; Carro et al., 2010; Lefebvre et al., 2010). 
A comprehensive master regulator analysis was recently undertaken in a cohort of 212 cases of gastrointestinal and pancreatic NEN (small intestinal, pancreatic and rectal) (Alvarez et al., 2018). This study performed RNA sequencing of the sample cohort to obtain gene expression profiling data to derive tumour-specific regulatory models: over 517,000 transcriptional interactions were observed between 5,631 proteins and 20,136 target genes. In subsequent unsupervised analyses (i.e. analysis for clustering or patterns in data that are not labelled to identify relatedness without bias), five molecularly distinct sub-types were ultimately observed, with candidate master regulator proteins validated with shRNA silencing: these included early neuroendocrine lineage factors (IKZF1, IKZF3, SPI-I, GFI-I, POUF2), epithelial-to-mesenchymal transition drivers (Notch2, EOMES and GATA3), and immunomodulatory factors (CD45, IL2RB1, CD53, CD86, RUNX3, CIITA and IL10). A library of over 500 pharmacological compounds was compiled for testing in patient-derived NEN cell lines to assess activity and drug effects on expression of identified proteins of interest. The in vitro models were followed by validation of top compounds of interest in murine xenograft models: etinostat (a benzamide histone de-acetylase inhibitor which had the strongest tumour checkpoint collapse effect in the largest number of tumour samples), tivatinib (a c-Met tyrosine kinase inhibitor) and PDX101/belinostat (a pan histone-deacetylase inhibitor). Overall, it was observed that etinostat would be predicted to propagate tumour checkpoint collapse in vivo of 42% of metastatic GEP-NEN patients (Alvarez et al., 2018). Overall, this key study demonstrates that systematic prioritisation of drugs targeting master regulatory proteins to subjugate their concerted activity in tumour checkpoint biology in individual patients’ tumours is feasible, and that this may be a wholly appropriate approach to complement and extend oncogene addiction approaches. 

In order to make continued, effective progress in this arena with tangible benefits for patients with neuroendocrine tumours, we posit the following avenues for future efforts: 

Increased utilisation of ‘basket’ clinical trials
Especially in the case of rarer malignancies and given that neoplasms arising from different organs may share common molecular underpinnnings, the use of basket studies where cohorts are assembled on the basis of drug target rather than histopathology/anatomical derivation are an attractive bypass to  fficiently and robustly assess novel molecularly-targeted agents. Recent examples include trials for larotrectinib, which targets NTRK-fusion cancers from myriad organs (Drilon et al., 2018). Neuroendocrine neoplasms have only had their first randomised controlled trials published within the last decade - with issues of slower recruitment given the relative rarity of the disease if a gene-specific drug trial was designed, basket trials would enable NEN patients to contribute to the rigorous assessment of compounds that may have pan-tumour class efficacy.  In instances where trials are undertaken specifically in NEN, then we suggest that the trials be adequately powered for the execution of pre-defined, post-hoc analyses stratifying for molecular genetic sub-types. 

Deeper understanding of the mechanisms of resistance to targeted therapies to overcome resistance and extend oncogene addiction
In order to understand the ways in which neoplasms can mitigate the effects of targeted therapy, the field must seek to better understand hitherto abstruse aspects of tumour biology, such as the tumour micro-environment, tumour cell plasticity (genetic and non-genetic), and activation triggers for complementary bypass pathways. Better understanding of how tumours trump genetically targeted treatments will illuminate ways to develop novel approaches to sabotage these mechanisms. These could theoretically include therapy with more than one kinase inhibitor, rotation of treatments to ‘control’ sub-clone expansion or evolutionary dynamics, or other forms of polytherapy (West et al., 2020). 

Incorporate genetics as part of a multi-omics perspective with which to drive multimodal therapy        
As aforementioned, novel approaches that seek to widen the paradigm from purely focusing on oncogene addiction to incorporating analysis of master regulatory proteins have shown major promise in the identification of novel drug targets. Multimodal therapy for neuroendocrine tumours is increasingly utilised, especially in the setting of liver metastases, however these decisions are based on oncological factor (tumour behaviour) and technical factors (resectability and anatomical distribution of disease) (Frilling and Clift, 2015). Incorporating genetic and pathway biology information into the treatment strategy opens avenues for a future wherein anti-hormonal therapies can be administered alongside agents that target mechanistic dependence of tumours, with or without agents that target oncogene addiction.  

Development and validation of novel technologies to longitudinally assess tumour dynamics relevant to targeted therapies    
With active anticipation of targeted therapy resistance emergence, advances in radiological assessment and ‘liquid biopsy’ (Bodei et al., 2015; Khan et al., 2016) may foster new approaches to monitor for early signs of not only the dichotomous outcomes of tumour relapse, but quantitative close-to-real-time changes in tumour sub-clone genetics, metabolic phenotypes or other plastic effects. In the realm of image analysis, radiomics and convolutional neural networks have both been utilised to predict with favourable degrees of accuracy the presence of targetable mutations on CT imaging (Jia et al., 2019; Xiong et al., 2018), and also grade in pancreatic NEN using CT imaging (Luo et al., 2019), suggesting that they could function as part of diagnostic solutions (direct targeted genetic sequencing) but also follow-up (reduction of likelihood of mutation presence, or emergence of another) - this will require an expanded cross-institutional collaboration to develop such models. Circulating tumour cells or transcripts may also be aspects of real-time monitoring for waxing/waning therapy efficacy. Whilst the former have some issues in NEN, such as the low sensitivity, the latter have been shown to indicate relapse months prior to it being evident on routine imaging. Adaptation of such an approach to the explicit follow-up of patients on targeted therapy will be a tantalising endeavour. 
Reinforcement learning is a goal-oriented paradigm in machine learning focussed on sequential decision-making tasks: using data inputs, ‘software agents’ are trained to select the optimal action to be performed at different time points to maximise reward. Such approaches have been shown to select optimal treatments for septic shock (Komorowski et al., 2018), and may represent a wholly novel approach to optimal targeted treatment sequencing in NEN as well as other cancers. Ideally, such models would be provided with data from the longitudinal follow-up of patients being treated with targeted therapies with regular, robust tumour assessments as aforementioned. 
In conclusion, directing pharmacological therapy in neuroendocrine neoplasms on the basis of their genetic constitution is theoretically possible due to recent advances in tumour genetic sequencing studies, albeit likelier to be realised in some tumour sub-types rather than others. Thus far, targeted therapy in advanced NEN has focussed on pathways into which a congregation of genetic mutations may impart influence, rather than single target mutations themselves as is seen in solid or haematological malignancies. Accepting the omnipresent risk of treatment relapse with targeted therapy, this avenue is worthy of exploration within the context of multimodal therapeutic strategies for disease control.  Concerted efforts in the elucidation of genetic targets, the ascertainment of the appurtenances of pathways relevant to resistance, as well as embedding this alongside a multi-omics approach within a wider precision medicine framework is an exciting new frontier in the personalised treatment of this clinically challenging set of cancers. 
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	Pharmacologial agent
	Molecular mechanism and targets
	Approved indications
	Clinical targeting strategy/rationale

	Sunitinib
	Multi-kinase inhibitor 

PDGFRs, VEGFRs, CD117 (c-KIT)
Also binds to RET, CD114, CD135
	Unresectable, metastatic, progressive pancreatic NET
	Not routinely used to target specific mutations
Targets frequently perturbed pathways

	Everolimus 
	Tyrosine kinase inhibitor 

mTOR (esp. mTORC1 complex)
	Advanced, progressive, well-differentiated, non-functional pulmonary or gastrointestinal NET
	Not routinely used to target specific mutations
Targets frequently perturbed pathways

	Cabozatinib
	Multi-kinase inhibitor
Targets: MET, RET,  VEGFR2, AXL, FLT3, c-KIT
	Medullary thyroid carcinoma
	Not routinely used to target specific mutations
Targets frequently perturbed pathways

	Vandetanib
	Multi- kinase inhibitor 
Targets: VEGFR2, EGFR and RET
	Medullary thyroid carcinoma
	Not routinely used to target specific mutations
Targets frequently perturbed pathways

	Bevacizumab
	Angiogenesis inhibitor – humanised monoclonal antibody
Target: vascular endothelial growth factor (VEGF-A)

	Poorly-differentiated neuroendocrine tumours 
(Sometimes with FOLFIRI, FOLFOX or FOLFIRINOX)
	Not used to target specific mutations
Treatment strategy adapted from other tumours (adenocarcinomas)



Table 1. Targeted therapies that may be utilized in the medical treatment of neuroendocrine neoplasms. NET = neuroendocrine tumours, PDGFRs = platelet-derived growth factor receptors, VEGF = vascular endothelial growth factor, VEGFRs = vascular endothelial growth factor receptors, RET = “rearranged during transfection” tyrosine kinase, mTOR = mammalian target of rapamycin, AXL is also known as UFO, ARK or JTK11, FLT3 = FMS-like tyrosine kinase 3 (or CD135), c-KIT = tyrosine-protein kinase KIT (or, CD117). 
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