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Abstract: Pancreatic neuroendocrine tumors (PanNETs) are frequently diagnosed at 

unresectable stage and remain a medical challenge. Everolimus (RAD001, Afinitor®, Novartis, 

Basel, Switzerland), an orally administered inhibitor of mammalian target of rapamycin (mTOR), 

was recently approved by the Food and Drug Administration to treat patients with advanced 

PanNETs. This review will examine the mechanism of action of everolimus, the function of 

mTOR and its inhibition, PanNETs and the mTOR pathway, and clinical trials of everolimus in 

PanNETs. Future investigations will focus on everolimus combination therapy to treat PanNETs 

and the discovery of predictive biomarkers for response to everolimus.
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Introduction
Pancreatic neuroendocrine tumors (PanNETs), also called islet cell tumors, are the 

second-most common malignancy of the pancreas. From population-based studies, 

PanNETs represent approximately 1.3% of all cases of pancreatic cancer in incidence 

and 10% of cases in prevalence.1,2 They are frequently diagnosed at a late stage. 

From the Surveillance, Epidemiology, and End Results (SEER) database, patients 

who presented with distant metastatic disease had a median survival of 2 years.2 

Around half of PanNETs are nonfunctional, and 90% of these are malignant. Of those 

functioning tumors (except insulinoma), the majority are malignant with metastatic 

potential and include glucagonomas, gastrinomas, somatostatinomas, VIPoma, and 

pancreatic polypeptidoma.

For patients with stage 4 limited hepatic diseases, surgical excision of both the 

liver metastases and primary pancreatic lesion should be considered. For those 

with unresectable disease who are asymptomatic with low tumor burden and stable 

disease, monitoring closely with hormone markers and imaging is recommended. 

For patients with unresectable metastatic disease who have significant tumor burden, 

clinical progression, or disease-related symptoms, treatment options include hepatic 

regional direct therapies, systemic cytotoxic chemotherapy, somatostatin analogs, 

peptide receptor radionuclide therapy (PRRT), and, most recently, targeted therapies. 

Somatostatin analogues relieve hormone-related symptoms in functioning tumors. 

A recent study of mid-gut carcinoid tumors3 found that somatostatin analogs may 

possibly delay disease progression in PanNETs; however, it needs to be confirmed in 

future randomized clinical trials of PanNETs. Systemic cytotoxic chemotherapies are 
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mainly applied from studies of streptozocin-based regimens4,5 

and temozolomide-based regimens.6–9 The partial response 

(PR) rates according to Response Evaluation Criteria In Solid 

Tumors (RECIST) criteria from these regimens were reported 

with range from 10%–70%. However, these cytotoxic 

chemotherapy regimens were associated with considerable 

adverse events in non-curable patients. PRRT is an investi-

gational therapy that uses somatostatin analogs labeled with 

radionuclides (yttrium-90 or lutetium-177) to deliver higher 

radiation doses targeted to the neuroendocrine tumor. Renal 

toxicity can occur from this therapy, and randomized clinical 

trials are needed to confirm its benefit over other agents.

Recent studies showed several growth factor receptor 

pathways are involved in PanNETs, especially, the mam-

malian target of rapamycin (mTOR) pathway.10–12 The mTOR 

is a molecule that controls a variety of signaling pathways 

that regulate many facets of cell growth and metabolism. 

Rapamycin (sirolimus), a macrolide antibiotic and antifungal 

agent, was discovered in 1975. Because of its immuno-

suppressant and growth inhibitory properties, it has been 

used clinically to prevent graft rejection following organ 

transplants. The rapamycin molecule has been modified to 

improve pharmacologic characteristics to optimally exploit 

its role as an anticancer agent. These rapamycin analogs are 

known as rapalogs. Everolimus (Afinitor®, Novartis, Basel, 

Switzerland) is the 40-O-(2-hydroxyethyl) derivative of 

rapamycin. In May 2011, everolimus was approved by the 

Food and Drug Administration (FDA) for the treatment of 

progressive PanNETs, based on the results of a phase III 

randomized clinical trial.13

The mammalian target  
of rapamycin (mTOR)
The mTOR molecule is a 290 kD serine-threonine protein 

kinase that acts as a biologic switch. It is central in control-

ling cellular responses to alterations in the microenvironment 

and nutrient status by influencing protein translation and 

gene transcription as well as governing progression in the 

cell cycle from G1 to S.14

The molecule’s activity is affected by a variety of  factors 

that influence cell functioning (Figure 1). Information 

transferred via receptors and multiple signaling molecules 

permits mTOR to sense the levels of nutrients available for 

cell growth, including glucose, amino acids, and energy. 

The mTOR molecule responds to external signals such as 

cytokines, hormones, and growth factors, and also reacts to 

cellular stresses such as hypoxia, pH or osmotic alterations, 

heat shock, oxidative stress, and DNA damage. The pathways 

by which signals are transduced to mTOR are complex and 

include some of the most critical molecules known to be 

dysregulated in cancer. Figure 2 represents some of the 

molecules that regulate mTOR activation. When the two com-

ponents of the tuberous sclerosis complex (TSC,  comprised 

of TSC1 [hamartin] and TSC2 [tuberin]) heterodimerize, 

mTOR is inhibited and can no longer phosphorylate down-

stream substrates.15 The TSC intermediate filaments (iFs) 

are regulated, in part, by the growth-stimulating kinase Akt. 

Phosphorylation of TSC2 by Akt promotes dissociation of 

the TSC1/TSC2 complex, which activates the guanosine 
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Figure 1 mTOR controls responses to changes in the cellular environment.
Abbreviations: mTOR, mammalian target of rapamycin; mRNA, messenger ribonu-
cleic acid.
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Figure 2 mTOR activation is controlled by the TSC1/TSC2 complex and Rheb.
Abbreviations: Rheb GTP, ras homolog enriched in brain Guanosine-5′-triphosphate; 
LKB1, liver kinase B1; AMPK, adenosine monophosphate kinase; Akt, also known as pro-
tein kinase B (PKB); Rheb GTP, ras homolog enriched in brain guanosine diphosphate.
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triphosphatase Rheb; Rheb activity subsequently upregulates 

mTOR, stimulating its activity to promote messenger mRNA 

translation. TSC responds to a variety of other signals, includ-

ing amino acid levels or energy levels. Low cellular energy 

levels, as measured by the adenosine triphosphate:adenosine 

monophosphate (ATP:AMP) ratio, activate the kinase AMPK, 

phosphorylating and activation TSC2, promoting its associa-

tion with TSC1 and thereby inactivating Rheb, leading to 

mTOR inhibition. These scenarios demonstrate how signals 

transduced through the TSC are mediated by Rheb to affect 

mTOR, although the precise interactions between Rheb and 

mTOR have not yet been entirely elucidated. At least two 

other regulatory molecules have been shown to affect mTOR 

activity, including raptor (regulatory-associated protein of 

mTOR) and GβL.

Figure 3 illustrates how mTOR allows cells to respond 

quickly to stress by affecting both protein translation as 

well as gene transcription. S6 kinase 1 (S6K1) is an enzyme 

whose activation by mTOR results in the phosphorylation 

of ribosomal protein S6, stimulating the translation of 

5′-terminal oligo-pyrimide (TOP) mRNAs.16 TOP mRNAs 

are responsible for production of key components permitting 

protein translation, including elongation factors and poly-A 

binding protein; ribosome production is dependent upon 

translation of TOP mRNAs.

Cap-dependent mRNA translation is controlled by mTOR 

through the regulation of elongation factor 4E (elF-4E) with 

4E-binding protein 1 (4E-BP1). Release of elF-4E from its 

binding protein permits its association with other initiation 

and elongation factors to form active elF-4F complexes. 

These complexes recognize Cap-mRNAs, which code for 

important proteins that regulate the cell cycle, cell growth, 

and susceptibility of cells to apoptosis (programmed 

cell death). Activation of mTOR promotes Cap-mRNA 

translation, and mTOR inhibition rapidly shuts this off by 

increasing association of elF-4E with its binding protein, 

limiting its availability to form active elF-4F complexes. 

Altering the translation of some of these key proteins sug-

gests an attractive strategy through which mTOR inhibition 

could potentially impede cancer progression.17

Hypoxia-inducible factor 1α (HIF-1α) is among the 

important proteins encoded by capped mRNAs. HIF-1α 

plays a key role in regulating the transcription of the vascular 

endothelial growth factor (VEGF) gene, which is known to be 

a potent stimulator of angiogenesis in cancer. Overexpression 

of HIF-1α correlates with aggressive disease and poor progno-

sis in numerous tumor types; often, these are cancers known 

to possess signaling defects in mTOR-related pathways.18 

Figure 4 illustrates the relationship between mTOR, angiogen-

esis, and responses to hypoxic stress. When the oxygen supply 
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Figure 3 mTOR controls ribosome biogenesis and CAP-dependent mRNA translation.
Abbreviations: mTOR, mammalian target of rapamycin; S6K1, S6 kinase beta-1; 
mRNA, messenger ribonucleic acid; TOP, polypyrimidine tract; 4E-BP1, 4E-binding 
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GβL, G protein β-like.
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Figure 4 mTOR controls responses to hypoxic stress.
Abbreviations: mTOR, mammalian target of rapamycin; mRNA, messenger 
ribonucleic acid;  vHL, von Hippel–Lindau; HIF-1α, hypoxia-inducible factors 1 alpha; 
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is sufficient, HIF-1α is continuously produced and rapidly 

degraded via interaction with the Von Hippel–Lindau (VHL) 

protein, which facilitates ubiquitination and subsequent pro-

teasomal degradation. Under hypoxic conditions, HIF-1α is 

not degraded; instead, it is translocated to the nucleus where 

it joins with HIF-1β to stimulate the initiation of transcription 

of an array of hypoxia-regulated genes, including VEGF. In 

rapidly progressing disease, tumor mass often outstrips blood 

supply, and tumor cells become hypoxic. The HIF response 

to hypoxia effectively promotes angiogenesis and enhances 

tumor survival.19 Interestingly, mTOR regulates expression 

of hypoxia-inducible genes. Importantly, the VHL protein is 

lost in the clear cell subtype of renal cell carcinoma (RCC), 

providing a concrete rationale for considering antiangiogenic 

agents for its treatment.

Carcinogenesis is a result of dysregulation of cell 

 proliferation or apoptosis at a variety of levels. Figure 5 

illustrates the complexity of many of the signaling pathways 

that ultimately impact gene transcription. It is evident that a 

substantial number of these act through mTOR, highlighting 

its role as a central cellular biologic switch. Disruption of 

inappropriate signals to influence cell  proliferation at a 

 convergent point, such as the mTOR molecule, might  represent 

a viable and efficient approach to cancer  treatment. A variety 

of common tumor types, including lung, breast, colon, and 

head and neck cancers, are characterized by the overexpres-

sion of growth factor receptors or the overproduction of the 

growth factors themselves, which results in the inappropriate 

downstream stimulation of cell growth. Complex cascades of 

signaling enzymes mediate cellular processes that affect gene 

transcription; the redundancy within this system provides for 

exquisite sensitivity to respond to environmental changes when 

the system is operating properly, while also permitting numer-

ous points for aberrant signaling to promote oncogenesis.

The Ras-Raf-MEK pathway and the phosphoinosit-

ide-3 kinase (P13K)-Akt pathway are the key regulators of 

cell  proliferation. Oncogenic mutations in RAS are common 

in many tumor types, including pancreas, colon, thyroid, 

lung cancers, and myeloid leukemias.20,21 Cross-talk between 

cellular communication pathways also occurs. Both RAS 

and Abl kinase, for example, promote stimulatory signals 

through the Ras-Raf-MEK route as well as through P13K. 

Mutations or amplifications in the gene for the catalytic sub-

unit of P13K have been detected in glioblastomas, gastric, 

colon, breast, and ovarian cancers. Akt is another important 

enzyme regulating mTOR; it is constitutively activated in 

many tumor types.22 In addition to inappropriately driving 

cell proliferation, constitutively active Akt may represent one 

mechanism by which cells escape the effects of cytotoxic 

 chemotherapy. Genetic damage inflicted by chemotherapy 

drugs should activate apoptosis, but constitutively activated 

Akt is believed to block this. Clinical evidence confirms that 

high levels of constitutively active Akt in breast cancer corre-

late with resistance to endocrine therapy and poor prognosis.23 

The phosphatase and tensin homologue (PTEN) modifies the 

activity of P13K. PTEN dephosphorylates activated P13K, 

thereby inactivating it, and preventing downstream signal-

ing through the P13K-Akt pathway. Mutations in PTEN can 

result in loss of function of this molecule, thereby eliminating 

an important step modulating signaling through P13K-Akt. 

PTEN mutations have been identified in many different 

tumor types, including endometrial cancers, melanomas, and 

lymphatic cancers, as well as breast, bladder, lung, ovary, 

and colon cancers.24

Overall, disruption of the regulation elements  previously 

described can promote aberrant cell growth. It is clear that 

the complexity and interrelatedness of these signaling 

 pathways provide fertile ground for single or multiple defects 

to impart proliferative advantages or confer resistance to 

apoptosis, promoting carcinogenesis and providing resistance 

to certain anticancer therapeutics. As mTOR is a critical 

molecule that mediates at least one of the common pathways 
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Figure 5 Growth factor signaling pathways are interconnected.
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for many different signaling molecules, inhibiting its activity 

may represent one route toward ameliorating some of the 

genetic defects driving tumor growth. As such, inhibition of 

the key biologic switch, mTOR, is proving to be a promising 

strategy for anticancer therapy.

mTOR and PanNETs
PanNETs are associated with several genetic syndromes 

involving the mTOR signaling pathway, including tuberous 

sclerosis complex, neurofibromatosis (NF), von Hippel-Lindau 

syndrome, and multiple endocrine neoplasia type 1.25–27 

Expression of TSC-2 and PTEN was found downregulated in 

both functioning and nonfunctioning PanNETs.12 IGF-I was 

shown to be a major autocrine regulator of hormone secretion 

and tumor growth through PI3K-mTOR pathway in human 

PanNETs cells line.28 One study demonstrated that 14% of 

PanNETs have mutations in genes in the mTOR pathway.11 

This finding could potentially be used to stratify patients for 

treatment with mTOR inhibitors.

Everolimus and mTOR
Everolimus is a synthetic, orally available analogue of 

rapamycin, and it effectively inhibits mTOR activation. 

In PanNET cell lines that exhibit constitutively activated 

PI(3)-K/Akt/mTOR signaling, everolimus was shown to 

induce apotosis and cell growth arrest involved G0/G1 

phase arrest.29

Clinical trials
Everolimus (5 mg/day versus  
10 mg/day) + octreotide LAR
Octreotide, a somatostatin analog, decreases phosphati-

dylinositol-3-kinase/Akt signaling in some models;30 however, 

a recent study in carcinoid tumor cell line didn’t demonstrate 

synergistic or additive interactions with  rapamycin (Table 1).31 

Along with these controversial (or contradictory) findings, 

clinical studies were launched in PanNETs using this 

combination. A phase II clinical trial enrolled 30 carcinoid 

tumor patients and 30 PanNET patients (prior chemotherapy 

allowed) (Table 1).32 Treatment consisted of everolimus 

5 mg/day (30 patients) or 10 mg/day (30 patients) and 

octreotide LAR 30 mg every 28 days. Seventeen percent of 

30 carcinoid patients achieved partial response (PR), and 27% 

of 30 PanNET patients achieved PR. Stratified by everolimus 

dose, 13% of patients achieved PR in the 5 mg cohort, and 

30% of patients achieved PRs in the 10 mg cohort. However, 

there were more carcinoid patients treated at 5 mg and more 

PanNETs patients treated at 10 mg. Among the 37 patients 

who had elevated chromogranin A level at study entry, 70% 

achieved normalization or more than a 50% reduction. The 

chromogranin A response rates among patients who either 

had prior octreotide or were octreotide-naïve were 67% and 

77%, respectively. Progression free survival (PFS) was 

63 weeks for carcinoid patients and 50 weeks for PanNET 

patients. By everolimus dose level, median PFS of patients 

treated with 5 mg and 10 mg of RAD001 was 50 weeks and 

72 weeks, respectively. Prior octreotide therapy had no impact 

on median PFS, which was 60 weeks in both groups. Grade 

3 thrombocytopenia occurred in 3% of the 5 mg cohort and 

6% of the 10 mg cohort. Grade 3/4 leukopenia occurred in 

3% of patients in the 5 mg cohort and in 6% in the 10 mg 

cohort. No pneumonitis was observed at the 5 mg dose level. 

However, at the 10 mg dose level, 3 patients (9%) experienced 

grade 2 pneumonitis and one patient experienced grade 3 

pneumonitis.

Everolimus versus 
everolimus + octreotide LAR
RADIANT-1 (RAD001 in Advanced Neuroendocrine 

Tumors), a phase II study, enrolled 160 patients with advanced 

PanNETs and evidence of RECIST-defined progression after 

cytotoxic chemotherapy (Table 1).33 Patients (n = 115) who 

Table 1 Everolimus clinical trials

Clinical trial Regimens Tumor 
type

Patient 
no.

Response 
rate

PFS 
(months)

Phase II32 Everolimus (5 mg/day versus 10 mg/day) +  
octreotide LAR

Carcinoid 30 17% 14.5
PanNETs 30 27% 11.5

Phase II RADIANT-133 Everolimus PanNETs 115 9% 9.7
Everolimus + octreotide LAR 45 4% 16.7

Phase II34 Everolimus + bevacizumab PanNETs 39 8% 14.6
Phase III RADIANT-313 Everolimus PanNETs 207 5% 11

Placebo 203 2% 4.6 
Planned phase II Everolimus + octreotide LAR PanNETs

Everolimus + octreotide LAR + Bevacizumab
Abbreviation: PFS, progression-free survival.
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were not being treated with octreotide at study entry were 

assigned to stratum 1 (everolimus 10 mg daily orally), and 

patients (n = 45) who were on octreotide LAR for at least 3 

consecutive months at study entry were assigned to stratum 2 

(everolimus 10 mg daily orally plus octreotide LAR). Patients 

enrolled in stratum 2 had documented  disease progression 

while receiving octreotide LAR. In the everolimus alone 

cohort, 9.6% of patients received PR with a median PFS of 

9.7 months and an overall survival (OS) of 24.9 months. In 

the everolimus plus octreotide LAR cohort, 4.4% of patients 

achieved PR with a median PFS of 16.7 months and OS was 

unreached at data cut-off. Patients with early chromogranin 

A or neuron-specific enolase level response had a longer 

PFS in comparison to patients without an early response. 

The most frequent grade 3 or 4 adverse events suspected 

to be related to study drug were asthenia in stratum 1 and 

thrombocytopenia in stratum 2. The adverse events that 

most often required dosage adjustment or interruption were 

hyperglycemia (7.8%), diarrhea (5.2%), stomatitis (7.0%), 

and pyrexia (4.3%) in stratum 1, and thrombocytopenia 

(11.1%), stomatitis (8.9%), and pyrexia (11.1%) in stratum 

2. The pharmacokinetics study showed coadministration of 

octreotide LAR and everolimus did not have clinically sig-

nificant effects on the exposure of either drug by itself.

Everolimus versus placebo
In a subsequent randomized phase III study (RADIANT-3), 

410 patients with advanced PanNETs and radiologic dis-

ease progression were randomized to receive everolimus 

(10 mg/day) or a placebo (Table 1).13 More than 90% of 

patients had metastases in the liver, and approximately 60% 

received a diagnosis of PanNETs more than 2 years before 

entering the study. The 2 groups were similar in respect to 

prior treatment of chemotherapy (50% in both groups) and 

somatostatin analogue therapy (49% in the everolimus group 

and 50% in the placebo group).

A significant improvement in PFS was associated with 

everolimus in comparison to placebo (11 months versus 

4.6 months, respectively; hazard ratio, 0.35; 95% CI, 0.27 to 

0.45; P , 0.01). The overall tumor response rate associated 

with everolimus in this study was 5% compared to 2% in 

placebo. Patients who had been assigned to the placebo 

 initially could then switch to open-label everolimus. Median 

OS was not reached at the time of this analysis, and no 

 significant difference between the groups was observed.

Drug-related adverse events were mostly grade 1 or 2 

and included stomatitis (in 64% of patients in the everoli-

mus group versus 17% in the placebo group), rash (49% 

versus 10%), diarrhea (34% versus 10%), fatigue (31% 

versus 14%), infections (23% versus 6%), pneumonitis 

(17% versus 0%), infections plus pneumonitis (12% 

 versus 0%), and interstitial lung disease (2% versus 0%). 

Glucocorticoids were administered to 6 of the 7 patients 

with grade 3 or 4 noninfectious pneumonitis or interstitial 

lung disease. Grade 3 or 4 events that were more frequent 

with everolimus than with  placebo included anemia (6% 

versus 0%), hyperglycemia (5% versus 2%), stomatitis, 

thrombocytopenia, diarrhea, hypophosphatemia, and neu-

tropenia. Adverse events related to the study drug led to the 

discontinuation of treatment in 13% of the patients receiving 

everolimus (with pneumonitis, fatigue, and interstitial lung 

disease cited as the most  common reasons).

Everolimus + bevacizumab
PanNET is a hypervascular tumor. Clinical investigations 

using the combination of everolimus with bevacizumab to 

further target the vasculature of PanNETs were conducted. 

Everolimus combined with bevacizumab was shown an 

overall tumor response rate of 21% (8/39 patients) and PFS of 

14.6 months in patients with advanced PanNETs (Table 1).34 

Addition of everolimus to bevacizumab was associated with 

further reduction of tumor blood flow in functional CT scans.

Ongoing trial: everolimus versus 
everolimus + bevacizumab
On the basis of previous results, the Cancer and Leukemia 

Group B (CALGB) 80701 trial will evaluate everolimus or 

everolimus plus bevacizumab in patients with advanced Pan-

NETs, using a randomized phase II design (Table 1).

Expert opinion
Inhibition of mTOR by everolimus provides significant 

benefit to patients with PanNETs. Research shows the 

central role of mTOR is to act as a biological switch. It 

allows cells to respond to its environment, the availability 

of nutrients and energy, and a variety of stressors, and it 

mediates cellular changes that result from interactions with 

many different growth factors. Upstream of mTOR, informa-

tion is relayed through complex cascades. This information 

involves phosphorylation and dephosphorylation of a variety 

of regulatory molecules, including P13K, Akt, PTEN, Rheb, 

and TSC. Activation of mTOR modulates the translation 

of mRNAs that are critical for cell growth and influencing 

transcription of key genes.

Genetic syndromes involving the mTOR signaling 

pathway are associated with PanNETs. PI(3)K-Akt-mTOR 
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signaling is activated in PanNETs. Studies have shown that 

there is a link between aberrant PI(3)K-Akt-mTOR and 

Ras-Raf-MEK-Erk1/2 signaling in PanNETs. Raf kinase 

inhibitor can suppress Erk 1/2 phosphorylation but strongly 

induce Akt phosphorylation and VEGF secretion, suggesting 

the existence of a compensatory feedback loop on PI3K-

Akt signaling.35 Future studies can explore dual targeting 

of PI(3)K-Akt-mTOR and Ras-Raf-MEK-Erk1/2 signaling 

in PanNETs. In May 2011, the FDA also approved another 

targeted agent called sunitinib for PanNETs. Sunitinib (at 

a dose of 37.5 mg per day) when compared to a placebo 

showed a doubling in PFS and an increase in objective tumor 

response.4 Both sunitinib and everolimus are effective at 

improving disease-free survival. Future clinical trials should 

further investigate these 2 agents in combination or in a 

sequential manner for the treatment of PanNETs.

Recent studies found rapamycin could concurrently 

increase the phosphorylation of both Akt and elF-4E,36–38 

which may counteract with the anticancer efficacy of mTOR 

inhibitors. These trials suggested that combination therapy 

with PI3 K-inhibitor36 or IGF-1R-inhibitor37,38 may overcome 

the resistance to mTOR-targeted cancer therapy.

Everolimus is mainly an mTORC1 inhibitor. Agents 

with mTORC2 inhibiting activity could be the study of 

interest in the future. A recent study showed rapamycin 

synergized with HSP90 inhibitor enhanced oxidative 

stress and induced tumor regression in mouse models.39 

Somatostatin receptor-targeted radionuclide therapy is still 

investigational and can be considered in combination with 

everolimus in future studies. Cytotoxic chemotherapy with 

higher tumor partial response rate may be used in selective 

patients who require rapid cytoreduction for surgery. 

Everolimus can be studied in this setting in combination 

with streptozocin and temozolomide-based chemotherapy 

in appropriate patients. Finding predictive biomarkers 

for clinical response to everolimus should be done for 

individualized therapy.
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