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Abstract

Pancreatic neuroendocrine tumors (PNETs) are rare tumors, but have been increasing in incidence. 

Although typically thought of as indolent, more than half of patients present with metastatic 

disease. For many years, the only mutations commonly known in these tumors were those in the 

MEN1 gene. Recently, the genetics underlying PNETs have been further defined through exome 

sequencing. The most frequent alterations found in sporadic PNETs are in MEN1, DAXX/ATRX 
and a variety of genes in the mTOR pathway. Confirmation of these mutations have prompted 

trials with a number of drugs active in these pathways, and two were eventually approved in 2011

—sunitinib and everolimus. New data additionally identify the MET and CD47 receptors as 

potential novel drug targets. Yet despite improvements in (PFS) with sunitinib and everolimus, 

further studies defining when to use these agents and factors associated with limitations in their 

utility are needed. As more discoveries are made in the lab that elucidate additional molecular 

mechanisms important in the initiation and metastasis of PNETs, continued efforts to translate 

these discoveries into distinct new therapies will be needed to improve patient survival.

INTRODUCTION

Pancreatic neuroendocrine tumors (PNETs) comprise only 1–2% of all pancreatic 

neoplasms, but have more than doubled in incidence over the past 30 years.(1–4) They are 

often perceived as indolent, but the majority are malignant and nearly 60% of patients will 

have distant metastases at the time of presentation.(5) PNETs are divided into two general 

categories: functional and nonfunctional, based on whether they hypersecrete hormones 

causing a clinical syndrome. A 2008 analysis of 1,483 PNETs in the Surveillance, 

Epidemiology, and End Results (SEER) database suggested that 90% of PNETs were 

nonfunctional. The median overall survival (OS) for all patients with PNETs was 28 months, 

100 months in those with localized tumors, and this decreased to 17 months in metastatic 

disease. Patients with functional tumors have a median OS of 54 months, and those with 

non-functional tumors 26 months.(6) Survival is improved by surgery, with a median 

survival of 114 months in patients undergoing operation versus 35 months for those 
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recommended to have surgery but who did not; this survival advantage also extended to 

patients with metastatic disease.(7–10)

PNETs are also classified by grade, which is determined either by the mitotic index or Ki-67 

and an assessment of tumor morphology. High grade PNETs have > 20 mitoses/hpf or a 

Ki-67 index > 20%, and are often referred to as neuroendocrine carcinomas.(11) These 

tumors are most often poorly-differentiated, which may explain their resistance to standard 

PNET treatments, but can have mixed morphology (i.e. adenocarcinoma or well-

differentiated components).(12) High grade, poorly-differentiated PNETs are a unique entity 

from their well-differentiated counterparts and are usually referred to as pancreatic 

neuroendocrine carcinomas (PNAC). These tumors are generally more aggressive, carry 

different genetic alterations, are operated upon less frequently and treated with different 

chemotherapeutic regimens (i.e. etoposide and cisplatin) than are PNETs. Thus for the 

purposes of this paper, when high grade, poorly-differentiated tumors are discussed it will be 

explicitly stated.

Historically, cytotoxic chemotherapy was the only other option for patients with widely 

metastatic PNETs. Recently, pharmaceuticals targeting cell-signaling pathways important in 

NET tumorigenesis have been approved by the FDA and suggest that individualized 

treatment with molecular therapies is not only possible, but may lead to improved survival. 

This review will examine the progress made deciphering the molecular mechanisms 

underlying PNET initiation and metastasis, and discuss how these discoveries are driving 

development of novel diagnostics and therapeutics.

BREAKTHROUGHS AT THE BENCH

An early discovery in the genetic underpinnings of PNETs was made in 1988, when three 

kindreds with multiple endocrine neoplasia type I (MEN1) were used to map the MEN1 
locus to chromosome 11q13. Larsson et al. suggested that the MEN1 phenotype (parathyroid 

hyperplasia, pituitary adenoma, and/or PNETs) was due to a mutation in a tumor suppressor 

gene.(13) Chandrasekharappa et al. cloned the MEN1 gene nine years later using tumors 

from 15 MEN1 families, and named its protein product menin. They found 12 mutations in 

the gene, all likely leading to loss of function, which supported the tumor suppressor role of 

MEN1 (Figure 1).(14)

Sporadic PNETs were a genetically mysterious entity until 2011, when Jiao et al. reported 

frequent alterations in DAXX (death-domain associated protein), ATRX (alpha thalassemia/

mental retardation syndrome X-linked), MEN1, and mTOR (mammalian target of 

rapamycin) pathway genes.(15) In this study, exome sequencing was performed on ten well-

differentiated, sporadic, nonfunctional PNETs. They went on to evaluate 58 other PNETs for 

specific genes using Sanger sequencing. The mutation rates found were 44% for MEN1, 

43% for DAXX/ATRX, and 15% for genes in the mTOR pathway (15%; previously 

described by Perren et al.(16) and Missiaglia et al.).(17) Interested in the genetic differences 

between PNETs and pancreatic ductal adenocarcinomas (PDAC), they compared their 

exome sequencing results to work by Jones et al. and saw that not only did PNETs seem to 

have 60% fewer genes mutated than did PDACs, but the mutations important in each tumor 
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type were quite different. There were not any PDACs (n=114) with mutated MEN1 or 

DAXX/ATRX, and none of the PNETs (n=68) had mutations in KRAS, CDKN2A, 
TGFBR1, SMAD3 or SMAD4.(18) Jiao et al. correlated subgroups of PNETs with specific 

genetic mutations to clinical outcomes and found that patients with metastatic disease and 

mutations in both MEN1 and DAXX/ATRX had survived at least 10 years with their disease, 

whereas over 60% of patients without these mutations died within five years of their 

diagnosis, suggesting that these mutations confer more favorable PNET biology.(15) In 

contrast, Marinoni et al. reported worse survival in patients with DAXX/ATRX mutations.

(19)

Poorly differentiated tumors behave more aggressively, and their genetics reflect this. In 

2012, Yachida et al. compared protein expression in well-differentiated (n=11) versus 

poorly-differentiated (n=19) PNETs to explain at the cellular level what oncologists had 

long known—that poorly-differentiated PNETs are a distinct entity from well-differentiated 

PNETs, and portend a much worse prognosis. This work revealed that poorly-differentiated 

PNETs maintained DAXX and ATRX expression, whereas 45% of well-differentiated 

tumors lost expression of these proteins, supporting the earlier finding by Jiao et al. that loss 

of DAXX/ATRX was associated with improved tumor biology.(15) Diminished or absent 

expression of the tumor suppressor genes p53 and Rb were almost universally present in the 

poorly-differentiated tumors, whereas disruption of these pathways was rare in the well-

differentiated neoplasms. They also found the majority of poorly-differentiated PNETs 

overexpressed Bcl-2, an inhibitor of apoptosis.(20)

Genetic alterations implicated in PNET tumorigenesis affect a variety of cellular functions 

and involve two major (intersecting) pathways (Figure 2).(21, 22) MEN1 encodes the 

protein product menin(14, 23) and participates in regulation of cell proliferation, apoptosis, 

and genome stability.(24–26) DAXX and ATRX form a heterodimer that function in histone 

recruitment and incorporation and maintenance of telomeres.(27) They likely play a role in 

chromatin remodeling and genomic stability, but their exact functions are unknown.(19)

Aberrations in the phosphatidylinositol-3-kinase (PI3K)/Akt/mTOR pathway also contribute 

to PNET development. PNETs are vascular tumors that express numerous growth factors 

(Figure 3). Aberrant expression of the receptors of these factors, in particular the receptors 

for VEGF, IGF-1 and FGF, activate the PI3K and RAS signaling pathways. Growth factors 

binding to these receptors activates PI3K, which then activates the protein kinase Akt, an 

inhibitor of apoptosis and a crucial driver of malignancy and chemoresistance.(28) Focal 

adhesion kinase (FAK) has recently been implicated in PNET proliferation via its activation 

of Akt. In vitro studies showed downregulation of Akt activity and decreased PNET growth 

when FAK is specifically inhibited.(29) The downstream effector in this pathway is mTOR. 

Overexpression is associated with metastasis and proliferation in PNETs.(28)

DAXX and ATRX form a heterocomplex that bind to histone H3 preferentially at 

centromeres and telomeres and mediate chromatin remodeling (Figure 2). Mutations lead to 

alternate telomere lengthening(30) and aberrant chromatin architecture, which have been 

linked both to PNETs and development of glioblastoma multiforme.(31)
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In PNETs, two commonly used cell lines for preclinical studies are BON-1 and QGP1. 

These have been used to study chemotherapeutic agents that target the mTOR(32) and PI3K 

pathways.(33) Clinical trials of the same chemotherapeutic agents demonstrated less 

dramatic response rates than in the in vitro studies on these cell lines.(34) In 2015, exome 

sequencing of BON-1 and QCP1 identified nonsynonymous single nucleotide variants at 

rates of 4.3 per Mb and an absence of mutations in ATRX/DAXX, and MEN1,(35) 

suggesting that these cell lines have genetic signatures different from those of in vivo 
PNETs.

TRANSLATIONAL DIAGNOSTICS

Diverse molecular investigations of PNETs have contributed to identifying potential 

diagnostic markers or treatment targets. NETs metastasize early, and the location of the 

primary tumor is unknown in approximately 15% cases.(36) The disease is usually 

diagnosed from a biopsy of a liver metastasis, and in these situations the primary is often 

discovered in the pancreas or small bowel at the time of surgical exploration. Identification 

of the primary site early in the workup can help guide treatment and patient selection for 

surgery. Our own group developed a qPCR-based gene expression classifier (GEC) using 

RNA from SBNETs, PNETs, and matched normal pancreas or small bowel tissue.(37) The 

final iteration of the GEC used four genes (BRS3, OXTR, SCTR and OPRK1) to 

differentiate SBNETs from PNETs using tissue obtained from liver metastases (the most 

common biopsy site when the primary tumor site is unknown). In a validation set of 136 

liver metastases, the classifier identified 97% of SBNETs and 87% of PNETs correctly.(38) 

This GEC was later compared to an immunohistochemistry (IHC) algorithm created to 

differentiate SBNET and PNET metastases. The IHC algorithm uses CDX2 (an intestinal 

marker), PAX6, and Islet-1 (both pancreatic markers) as “first tier” stains. If the expression 

pattern is indeterminate or fails, a set of “second tier” stains (PR, PDX1, NESP55 and PrAP) 

is performed to achieve an IHC-based accuracy of 89%, with the GEC reserved for difficult 

and indeterminate cases.(39, 40)

Others have studied gene expression to identify the primary tumor site from a metastasis of 

an unknown primary. A 92-gene RT-PCR assay (Cancer TYPE ID, bioTheranostics, Inc., 

San Diego, CA, USA) uses paraffin-embedded tissue from biopsies to categorize an 

unknown primary into one of 28 different tumor types or 50 subtypes. This classifier had 

87% sensitivity and greater than 98% specificity in a group of 790 tumors of diverse types. 

Seventy-five of these tumors were NETs and 99% were identified as such.(41) The classifier 

was then tailored to NETs only, using the expression of ELAVL4, CADPS, RGS17 and 

KCNJ11 as the principal discriminators between NET primary sites. Ultimately, the NET-

specific GEC identified 95% of the primary sites correctly.(41) This test reports primary 

tumor sites as being GI carcinoid, islet cell carcinoma, lung carcinoid, merkel cell 

carcinoma, and small/large cell lung carcinoma.

Another application of gene expression profiling in NETs is the WREN Assay, developed by 

Modlin and colleagues. Their model uses RNA isolated from peripheral blood samples and a 

qPCR panel of 51 genes to detect whether a patient has evidence of a NET. Overall, the 

model had a sensitivity of 85–98% and specificity of 93–97% for NET diagnosis. Subgroup 
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analyses showed the test had 79–88% sensitivity and 94% specificity to discriminate a 

PNET from other NET subtypes. This test may have utility in follow up as an alternative to 

the standard plasma CgA assay.(42)

TRANSLATIONAL THERAPEUTICS

New insights into the range of underlying molecular alterations in endocrine cancers such as 

pheochromocytomas, paragangliomas,(43) thyroid cancers,(44) and PNETs have suggested 

that personalized therapeutics based on individual genetics might lead to better outcomes. 

Advancements in treatment beyond cytotoxic chemotherapy have been made, and recently 

approved drugs target the biological pathways underlying tumorigenesis and metastasis, 

enhancing specificity. Pursuing these alternative treatment pathways in PNETs is crucial, as 

the low proliferative rate of most PNETs makes them poorly responsive to traditional 

chemotherapy regimens.

Angiogenesis Inhibitors

Inhibition of angiogenesis has been validated as a useful treatment approach for some 

cancers and the FDA has approved angiogenesis inhibitors for metastatic colorectal cancer,

(45) renal cell carcinoma,(46) hepatocellular carcinoma,(47) and in 2011, PNETs. Multiple 

molecular factors contribute to tumor vessel development,(48) and vascular endothelial 

growth factor (VEGF) represents one of the more important and best characterized (Figure 

3). This receptor initiates signaling leading to blood vessel proliferation, and can be targeted 

directly with anti-VEGF antibodies, have its actions blocked by inhibiting its intracellular 

receptor, or have its production halted.(49) PNETs are highly vascular tumors and this 

enhanced vascularity correlates with more aggressive behavior and is likey the reason these 

tumors respond to these drugs.(50–52)

Sunitinib (Sutent, Pfizer) is a multitarget tyrosine kinase inhibitor that acts against the 

receptors for VEGF, platelet-derived growth factor (PDGF), KIT and FLT3, which are 

transmembrane proteins important for tumor proliferation and angiogenesis.(53) This drug 

was approved for use in PNETs in 2011 after a multinational, randomized phase III trial 

demonstrated improved outcomes in patients receiving sunitinib versus placebo. One 

hundred seventy-one patients were enrolled in the study, 86 of whom were randomized to 

the study drug, although by the end of the study 69% of the patients randomized to the 

placebo arm had crossed over. The median progression-free survival (PFS) of patients 

receiving sunitinib was 11.4 months, compared to 5.5 months in the placebo arm. Despite 

improved PFS, the objective response rate was rather low (9.3%), though two patients did 

achieve a radiologic complete response (CR). One patient randomized to sunitinib died of 

drug-related cardiac failure, but the majority of adverse events were grade 1 or 2 in severity.

(54)

Bevacizumab (Avastin, Roche) is a monoclonal antibody that inhibits VEGF directly and has 

not yet been approved by the FDA for use in PNETs. This drug has been added to multiple 

treatment regimens with variable results. An early study randomized patients already on 

octreotide for metastatic NETs to additional treatment with bevacizumab (n=22) or 

pegylated IFN-α2b (n=22). Patients continued their pre-enrollment doses of octreotide and 
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initially received the assigned study drug. After 18 weeks of monotherapy or upon 

progression, the other study drug was added to their regimen. During monotherapy treatment 

with bevacizumab, only one patient progressed and the addition of IFN did not halt that 

tumor’s progress. In all, 18% of patients in the bevacizumab arm achieved a confirmed 

partial radiologic response (PR), while most (77%) maintained disease stability (SD). The 

PFS rate at week 18 was 95% in the bevacizumab arm and 68% in the IFN arm (p=.02). This 

difference narrowed once treatment crossover occurred.(55)

In 2012, a group of 34 patients with either metastatic PNETs (n=15) or small bowel 

neuroendocrine tumors (SBNETs; n=19) treated with a combination of bevacizumab and the 

oral alkylating agent temozolomide were reported. Five (33%) PNET patients had a PR to 

treatment, with one patient obtaining a near-CR. The median PFS of PNET patients was 

14.3 months (compared to 7.3 months in SBNET patients) and the OS survival in this group 

was 41.7 months.(56) The efficacy of temozolomide as a monotherapy has only been 

investigated retrospectively in a heterogeneous group of 36 NETs, 12 of which were PNETs. 

In that report, 1 of 12 (8%) PNETs achieved a PR and 67% maintained SD.(57) Although 

comparison between the two studies is difficult given their differences, the higher PR seen in 

the combination study suggests that the two drugs could be synergistic.

In a study combining bevacizumab with 5-fluorouracil (5FU) and streptozocin (STZ), 34 

patients with metastatic PNETs were treated until progression or for a maximum of two 

years. Most patients had the doses of one of the three drugs adjusted during the study due to 

toxicity, but no patient progressed on the regimen and the median PFS was 23.7 months. 

Nineteen of 34 patients (56%) had a PR and 44% had SD.(58) A recent retrospective study 

of only STZ and 5FU in 133 patients with metastatic PNETs (100 of which were evaluable 

radiologically) found that 3% of patients achieved a CR, 25% achieved a PR and 8% 

progressed. Median PFS was 23 months.(59) Comparison of these two studies suggests that 

the addition of bevacizumab may exacerbate toxicity without improving survival.

Sunitinib and bevacizumab may increase a patient’s PFS, but they have not been shown to 

make a substantial impact on OS. Used as a single agent, the objective response rate to 

sunitinib is less than 10%. It is being investigated as a part of multi-drug regimens, but these 

data have not yet been published. The reasons for this poor response are unknown, but a 

recent study in metastatic renal cell carcinoma suggests that as many as 25% of patients 

treated with the drug have intrinsic resistance to it, and multivariate analysis correlated 

resistance with neutrophilia, poor performance, elevated lactate dehydrogenase levels and 

multiple metastatic sites (including the liver).(60) Bevacizumab has been used in 

combination regimens without significantly increasing the PFS or OS in patients with 

metastatic disease. As with sunitinib, it continues to be investigated as a part of multi-drug 

regimens, though its inclusion should be carefully scrutinized as its toxicity may 

counterbalance its efficacy.

PI3K/Akt/mTOR Pathway Inhibitors

Downstream effectors of cell-surface receptors also represent useful targets in PNET 

therapy. The PI3K/Akt/mTOR pathway is critical for regulation of cell survival and 

proliferation, and in many tumors these pathways and members are upregulated or 
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constitutively active. In a sample of 39 PNETs, the Akt pathway was highly active in 76% of 

tumors.(61) This finding serves as the basis for the use of mTOR inhibitors in PNETs. The 

mTOR inhibitor recently approved for use in metastatic PNETs is everolimus (Afinitor, 

Novartis). The RADIANT-3 study, published in 2011, randomized 410 patients with 

metastatic PNETs to either daily oral everolimus (n=207) or placebo (n=203). Patients 

treated with everolimus had a median PFS of 11 months, compared to only 4.6 months in the 

placebo group (p<.001). As with sunitinib, everolimus did not produce a robust objective 

response (only 5%), but 64% obtained some degree of tumor shrinkage. There were 12 total 

deaths in the everolimus arm—five related to the underlying cancer and seven due to adverse 

events.(34)

Everolimus has also been tested in combination with other drugs since its approval. Most 

recently, it was given with temozolomide in 43 patients with metastatic PNETs to determine 

whether the combination of the drugs could improve the objective response rate. In the 40 

evaluable patients, 40% had a PR and 53% had SD—an improvement over the 5% objective 

response rate seen with everolimus monotherapy. The median PFS with this regimen was 

15.4 months and the toxicity experienced by most patients was similar to that seen with 

treatment by everolimus alone. However, approximately one-third of the patients included in 

the study did not have progressive disease prior to enrollment, and thus response rates, 

especially PFS, may be overestimated.(62)

The MET receptor and CD47 have recently emerged as targets for PNET treatment. PNETs 

overexpress MET receptors and may receive increased MET signaling through paracrine 

mechanisms from the tumor stroma, leading to activation of PI3K and RAS/MEK pathways, 

while CD47 serves to conceal the tumor from immune surveillance.(63) Cabozantinib 

(Cometriq, Exelixis), a multi-receptor tyrosine kinase inhibitor approved for medullary 

thyroid cancer, acts preferentially on MET receptors,(64) while newly developed CD47-

blocking agents may render the tumor more susceptible to macrophage and lymphocytic 

destruction.(63) A phase-II clinical trial of cabozantinib for advanced PNETs 

(ClinicalTrials.gov Identifier: NCT01466036) is currently recruiting patients.

There are no conclusive data on the use of everolimus (or any other targeted molecular 

agent) given in the adjuvant setting after surgical resection of the primary tumor and 

debulking of metastatic disease. However, there are two clinical trials actively recruiting 

patients to study this. One is being carried out by the Eastern Cooperative Oncology Group 

(Identifier: NCT02031536), where patients who have undergone an R0 or R1 resection for 

PNETs that have metastasized to the liver will be randomized to receive either adjuvant 

everolimus or placebo. The primary outcome is disease free survival, and secondary 

outcomes include OS and treatment toxicity. The other study (Identifier: NCT02315625) 

will assign patients with metastatic PNETs who have undergone an R1 or R2 resection to 

either adjuvant sunitinib or everolimus, based on their tumor genotype. Tumors with MEN1, 

PDGFR, KIT or FLT3 mutations will be treated with sunitinib, whereas tumors harboring 

mutations in NF1, PTEN, PI3K, AKT, mTOR or TP53 will be treated with everolimus. If a 

tumor has mutations in both groups the patient will be assigned to the sunitinib arm. 

Treatment will continue for 48 months and crossover to the other drug will occur if there is 

disease progression while on the study drug. The primary end point is PFS.(65) This study 
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not only attempts to determine whether chemotherapy adds benefit after surgery, but it has 

the potential to offer the first “personalized” cancer treatment for patients with metastatic 

PNETs.

Peptide Receptor Radionuclide Therapy

Peptide receptor radionuclide therapy (PRRT) is used to treat metastatic NETs by targeting 

somatostatin receptor (SSTR)-expressing tumor cells. Somatostatin analogues are coupled to 

radioactive elements, which emit β (90Y-DOTA-Tyr3-octreotide, 90Y-DOTATOC) or a 

combination of β and γ-particles (177Lu-DOTA-Tyr3-octreotate, 177Lu-DOTATOC).(66) 

This is approved for use in Europe and is being trialed in the United States. It is most 

commonly used in patients not selected for surgical treatment, but some European groups 

are testing the modality in the neoadjuvant setting.(67) The first preliminary report from the 

US group performing the phase two study was promising, as a radiological response was 

observed in 31% of patients and 41% of patients maintained disease stability. In cases where 

at least 4 cycles of treatment were administered, the median PFS was 16.5 months.(68) 

However, only 14 of 37 patients in this study had PNETs, so although this modality should 

be seen as an important part of the oncologist’s treatment armamentarium as its survival 

impact is often coupled with a significant improvement in quality of life,(69) the results 

cannot be too broadly generalized.

CONCLUSIONS

Pancreatic neuroendocrine tumors are rare and potentially deadly. Data suggests that PNETs 

are genetically different from other NET subtypes, emphasizing the importance of 

developing diagnostic and therapeutic methods that specifically target the genetic alterations 

driving PNET initiation and metastasis. There are 93 open studies in the United States for 

PNETs (www.ClinicalTrials.gov) that will each add another piece to the PNET puzzle. Most 

studies use PFS as the primary endpoint, given the relatively long overall survival of PNET 

patients, but as more treatments are developed for this disease, it will be necessary to 

evaluate their impact on OS. Laboratories from around the world continue working to 

advance our understanding of the molecular mechanisms involved in these tumors, so that 

truly personalized medicine can one day be realized.
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Figure 1. Mechanisms of genetic alteration and tumor formation
Mutations in both MEN1 and DAXX/ATRX are proposed to follow a two-hit model.(15) In 

multiple endocrine neoplasia type 1, an inherited heterozygous MEN1 mutation is then 

accompanied by a somatic second mutation in MEN1 or loss of heterozygosity (LOH), 

leading to tumor formation. In sporadic PNETs, alterations in MEN1 and DAXX/ATRX are 

frequently found to involve both copies, and tumor formation likely results from a 

heterozygous somatic mutation in the setting of LOH/deletion, or from a somatic 

heterozygous mutation with epigenetic silencing of the remaining allele.(15)
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Figure 2. Role of MEN1 and DAXX/ATRX mutations in PNETS
The functions of Menin and DAXX/ATRX are incompletely understood. Menin acts as a 

tumor suppressor for endocrine tumors, but is required for development of some leukemias 

through its interaction with mixed-lineage leukemia (MLL) fusion proteins.(70) Menin 

appears to interact with numerous proteins and transcription factors, such as SMADs (TGFβ 
family), cell cycle regulators (71)(such as p27, shown to be important in SBNET 

tumorigenesis (72, 73)) as well as proteins involved in DNA damage-dependent cell cycle 

arrest or DNA repair.(24, 25) It may also act as a protein scaffold to up- and down-regulate 

transcription and inhibit signaling through interactions with the Map-kinase (MAPK), 

phosphatidylinositol-3-kinase/Akt (PI3K/Akt), and transforming growth factor beta (TGFβ) 

pathways, among others. Menin localizes to telomeres during cell division and has a role in 

regulation of histone methylation.(70) Mutations in DAXX and ATRX are found in sporadic 

PNETs and have been reported to correlate with both better and worse clinical outcomes 

compared to tumors without these mutations.(15, 19) DAXX and ATRX are directly-

interacting proteins that function in histone recruitment and incorporation and maintenance 

of telomeres.(27) As with Menin, they likely play a role in chromatin remodeling and 

genomic stability, but their exact functions remain to be defined.(19)
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Figure 3. Targetable pathways in pancreatic neuroendocrine tumors (PNETs)
The mitogen-activated protein kinase (MAPK) and phosphatidyl-inositol-3-kinase/

mammalian target of rapamycin (PI3K/mTOR) pathways are dysregulated in sporadic and 

familial neuroendocrine tumors and may be targeted for treatment. Patients with multiple 

endocrine neoplasia type 1 (mutation in menin protein encoded by MEN1), von Hippel-

Lindau syndrome (VHL), Neurofibromatosis-1 (NF1) and Tuberous Sclerosis (TSC1/2) 

develop neuroendocrine tumors. In non-familial PNETs, somatic mutations occur in MEN1 
(44%), DAXX/ATRX (43%), and the mammalian target of rapamycin (mTOR) pathway 

(15%), including mutations in the phosphatidyl inositol-3-kinase (PI3K) p110 subunit 

PIK3CA, phosphatase and tensin homologue (PTEN), and tuberous sclerosis-2 (TSC2).(15) 

In both pathways, binding of ligands by receptor tyrosine kinases (RTKs) including 

epidermal growth factor receptors (EGFR), vascular endothelial growth factor receptors 

(VEGFR), platelet derived growth factor receptors (PDGFR), insulin-like growth factor 1 

receptor (IGF-1R), fibroblast growth factor receptors (FGFR), transforming growth factor 

receptors alpha (TGFαR) and beta (TGFβR), and Met, leads to pathway activation and 

ultimately to transcription of genes promoting angiogenesis, growth, proliferation, cell-

survival, and metastasis.(72, 74–76) VEGFR blockade by the antibody bevacizumab blocks 

angiogenesis and slows tumor growth in a mouse model.(77) The multi-kinase inhibitor 

sunitinib blocks VEGFR1-3, PDGFR-alpha and –beta, and c-kit (not shown), and was 

associated in a phase-III trial with significant improvement in progression-free survival 

(PFS, 11.4 months vs. 5.5 months with placebo, p<0.001).(54) Everolimus acts to inhibit the 

mTOR complex-1 (mTORC1) and is approved for treatment of metastatic PNETS.(34) VHL 
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protein acts to stabilize hypoxia-inducible factors (HIF) to promote angiogenesis. Finally, 

new data suggests that PNETS overexpress MET receptors, which receive high levels of 

paracrine stimulation by production of their ligand, hepatocyte growth factor (HGF), by the 

tumor stroma, activating the MAPK and PI3K pathways. Additionally, they may evade 

immune surveillance by expression of CD47, blockade of which decreased tumor growth in 

a mouse model.(63)
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