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Abstract
Although neuroendocrine tumors are rare, the more common types such as gastrointestinal and
pancreatic carcinoids, medullary thyroid cancers, and small cell lung cancers have been studied in
detail over the last few years. Published data thus far indicates that multiple signaling pathways
are involved in these cancers. Recent focus has been on developing novel therapeutics by targeting
specific signaling pathways.

This paper will detail several of the signaling mechanisms that have been discovered to play a role
in the development and progression of neuroendocrine tumors. The therapeutic options developed
to address the various pathways, including their specific mechanisms of actions will also be
discussed.
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Introduction
Neuroendocrine tumors (NETs) are rare, with an incidence of two to five per 100,000 people
(1). These tumors are known to secrete hormones such as 5-hydroxytryptamine (serotonin
(5-HT)), chromogranin A, neuron-specific enolase (NSE), and synaptophysin. These
hormones can cause debilitating symptoms of carcinoid syndrome in patients with
neuroendocrine malignancies, such as flushing, diarrhea, heart palpitations, and congestive
heart failure. NETs also frequently metastasize to the liver long before they are diagnosed
making curative resection unlikely. Unfortunately, traditional methods of cancer treatment,
such as chemotherapy, have not been successful in the treatment of neuroendocrine tumors.
Therefore, it is imperative that new therapies targeting the signaling pathways involved in
neuroendocrine tumors are developed.

Many of the signaling pathways which are now known to play an important role in the
development and progression of NETs were initially discovered and studied in other
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cancers. The PI3K-Akt pathway has been well characterized in ovarian cancer, breast
cancer, melanoma, and colon cancer (2,3). Inhibition of this pathway has been shown to
suppress the growth of both small cell lung cancers and gastrointestinal carcinoids (4,5).
Similarly, the Notch-1 signaling pathway was first studied as an oncogene in pancreatic
cancer, colon cancer, non-small cell lung cancer, and various lymphomas (6,7,8). It was then
discovered that Notch 1 plays the role of tumor suppressor in small cell lung cancer,
pancreatic carcinoids, and medullary thyroid cancer (9,10,11). Interestingly, the Ras/Raf/
mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinase (ERK)
pathway has also been reported to play an oncogenic role in colon cancer, lung cancer, and
melanoma, but a tumor suppressive role in NETs, including small cell lung cancers,
medullary thyroid cancer, and carcinoid tumors (12). Finally, the RET pathway, although
shown to have a role in papillary thyroid cancer, breast cancer, and melanoma has been most
extensively studied in medullary thyroid cancer (13,14,15).

PI3K-Akt pathway
The phosphatidylinositol 3-kinase-Akt (PI3K-Akt) pathway has been shown to play a role in
cell proliferation, survival, and motility (2). PI3Ks are heterodimer lipid kinases composed
of two subunits, p85 and p110 that are activated by receptor tyrosine kinases (Figure 1).
Once activated PI3Ks catalyze pophatidylinositol-4,5-bisphosphate (PIP2) into
phosphatidylinositol-3,4,5-triphosphate (PIP3) which can be converted back into PIP2 by 3′
phophatase PTEN. PIP3 in turn plays a role in the activation of the serine-threonine protein
kinase Akt (Akt). There are three isoforms of Akt, but Akt1 is the isoform mainly studied in
cancers, while Akt2 is found in tissues responding to insulin and Akt3 is found in the brain
(16). Akt has been shown to activate and inhibit several target genes such as nuclear factor
kappa B (NF-κB), mammalian target of rapamycin (mTOR), and glycogen synthase
kinase-3β (GSK-3 β), all of which have been implicated in various cancers.

Many of these cancers have been found to have either mutations in the p85 or p110 subunits
or they exhibit a loss of function mutation in PTEN which then leads to unregulated
activation of Akt (2,3). Pulmonary carcinoid cells have been shown to contain high levels of
phosphorylated Akt at baseline and when treated with an Akt specific siRNA, they
demonstrated decreased growth (16). The same findings were seen in gastrointestinal
carcinoid cells and these tumors have been shown to have a loss of PTEN function
(5,17,18). Similarly, upregulation of the PI3K-Akt pathway via a loss of PTEN has been
implicated in the development of up to 15% of small cell lung cancers (19,20).

Due to the many steps involved in the PI3K-Akt pathway, it provides many approaches for
the treatment of neuroendocrine malignancies. Two PI3K inhibitors, LY294002 and
wortmannin, have been studied in human cancer cells, but LY294002 has been examined in
detail as a potential therapy for gastrointestinal and pulmonary carcinoids as well as small
cell lung cancers. These inhibitors specifically target the p110 subunit. In a study by Krystal
and colleagues, they found that treatment with a PI3K inhibitor let to decreased growth and
apoptosis of small cell lung cancer cells, but more importantly it increased the sensitivity of
the cells to etoposide chemotherapy (4). In a pulmonary carcinoid cell line, treatment with
LY294002 led to decreased growth of cancer cells, as well as decreased expression of the
neuroendocrine tumor markers, ASCL-1 and CgA (16). Similar findings have been
discovered in gastrointestinal carcinoid cells (5).

One of the downstream targets of both the PI3K-Akt pathway and the Ras/Raf/MEK/ERK
pathway, the mammalian target of rapamycin (mTOR), has been a focus in treatment of
neuroendocrine tumors. mTOR is a serine/threonine kinase that has been shown to regulate
cell proliferation and apoptosis and treatment of carcinoid cells with the mTOR inhibitor,
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Rapamycin, has been shown to decrease tumor growth both in vitro and in vivo (21). Two
Rapamycin derivatives, Temsirolimus and Everolimus, have been tested in multicenter,
phase II clinical trials on patients with neuroendocrine tumors with some promising results.
In initial studies published on Temsirolimus, 63.9% of patients had either a partial response
to treatment or stable disease for at least two months (22). The Everolimus study had similar
initial results with 92% of patients having stable disease or a partial response to treatment
(23). Based on these finding, further clinical trials of these compounds are ongoing.

Another important downstream target of the PI3K-Akt and Ras/Raf/MEK/ERK pathways is
glycogen synthase kinase-3β (GSK-3β), serine/threonine protein kinase, also found to
regulate multiple cellular processes such as metabolism, proliferation, and survival (24).
Studies have demonstrated that unlike most kinases, GSK-3β is active in the non-
phosphorylated state and becomes inhibited when phosphorylated (25). Inhibition of
GSK-3β has been shown to decrease tumor growth in several cancers, including pancreas,
colon, and prostate cancers. Kunnimalaiyaan et al. first demonstrated that treatment with a
GSK-3β inhibitor, such as Lithium chloride, an FDA approved medication in the treatment
of bipolar disorder, reduced expression of ASCL-1 and CgA in medullary thyroid cancer
cells (26). This study also suggested that Lithium induces cell growth inhibition in vitro and
in vivo via cell cycle arrest. This led to a phase II trial of Lithium chloride for the treatment
of medullary thyroid cancer are currently underway.

Notch-1 signaling pathway
The Notch-1 signaling pathway is known to regulate cellular differentiation, proliferation,
and cell survival. It has five ligands, referred to as Delta-like ligands (DLL-1, DLL-3,
DLL-4, JAG-1, and JAG-2) (27). Notch-1 is a transmembrane receptor with an N terminal
extracellular domain with epidermal growth factor (EGF)-like repeats that mediate ligand
binding (Figure 2) (28). In the absence of ligand binding an area of three cysteine-rich
Notch/Lin-12 (LN) repeats on the extracellular domain interacts to prevent signaling (28).
Once a ligand binds to the Notch-1 receptor two proteolytic cleavages occur that release the
Notch-1 intracellular domain (NICD) (29). The NICD translocates to the nucleus and binds
to a transactivation complex known as DNA-binding protein complex CSL (C promoter-
binding factor 1 [CBF-1], suppressor of hairless, and Lag-1). This results in the activation of
multiple target genes such as hairy enhancer of split 1 (HES-1), which in turn controls the
expression of Achaete Scute Complex-Like 1 (ASCL-1) (27). ASCL-1 has been shown to
play a role in the development of pulmonary neuroendocrine cells, thyroid C cells, and
adrenal chromaffin cells and is decreased when Notch signaling is active (30,31).

The Notch-1 signaling pathway was initially identified as being oncogenic in human T-cell
malignancies (32). It was then found to be upregulated in many different cancers including
pancreatic cancer, colon cancer, cervical cancer, ovarian cancer, and renal cell carcinoma
(7,8). In contrast, researchers have demonstrated minimal or absent Notch-1 signaling in
prostate cancer and in neuroendocrine tumors such as carcinoid cancers, small cell lung
cancers, and medullary thyroid cancers suggesting its role as a tumor suppressor (9,10,11).
As expected, with minimal Notch-1 signaling present, these cancers express high levels of
ASCL-1, which make it useful as a neuroendocrine tumor marker. In a study from Nakakura
et al, pancreatic carcinoid cells were treated with a Notch-1 viral vector (10). Following
treatment, cellular growth was suppressed and there was increased expression of HES-1 and
decreased expression of ASCL-1, chromogranin A, NSE, and synaptophysin. Similarly,
treatment with a Notch-1 viral vector in a small cell lung cancer cell line led to a reduction
in neuroendocrine tumor markers as well as growth suppression of these cells (33). In
another study of medullary thyroid cancer by Kunnimalaiyaan et al., a medullary thyroid
cancer cell line was treated with a doxycycline-inducible Notch-1 plasmid and HES-1
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proteins levels were increased while ASCL-1 and calcitonin were decreased, correlating
with the amount of Notch-1 present in these cells (34).

Although demonstrating Notch-1 as a tumor suppressor in NETs has been successful, the
discovery of Notch-1 activating agents has been more difficult. In 2005, Stockhausen and
colleagues demonstrated that valproic acid (VPA), a histone deacetylase (HDAC) inhibitor,
increased Notch-1 protein levels in neuroblastoma cells (35). Based on this work, studies
were undertaken into the role VPA could play in both pulmonary and gastrointestinal
carcinoid cells. VPA was successful in inhibiting NET cancer cell growth via G1 phase cell
cycle arrest and suppressing expression of tumor markers both in vitro and in vivo (36).
Other HDAC inhibitors such as suberoyl bis-hydroxamic acid (SBHA) have also
demonstrated Notch-1 activation and neuroendocrine tumor suppression (37). Given these
promising results, phase II trials are currently underway testing HDAC inhibitors as Notch-1
activating compounds.

Ras/Raf/MEK/ERK Pathway
The Ras/Raf/mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinase
(ERK) pathway begins with Ras, a G protein. Ras is activated upon phosphorylation of a
GDP that then leads to activation of Raf, a family of three cytosolic kinases, of which Raf-1
is most important in cell differentiation (Figure 3) (12). Once Raf is activated it causes
further downstream activation of MEK and ERK. This pathway plays an integral role in cell
differentiation, growth, and survival (38,39).

Mutations in Ras and Raf lead to overexpression of this pathway and tumorigenesis in colon
cancer, lung cancer, and many pancreatic cancers (40). Conversely, the Ras/Raf/MEK/ERK
pathway has been shown to be minimally active or absent in neuroendocrine tumors such as
small cell lung cancers, carcinoids, and medullary thyroid cancer (41,42,43). Small cell lung
cancer cells transfected with a Raf-1 construct demonstrated increased Raf-1 activity and
decreased cellular growth suggesting the Ras/Raf pathway as a tumor suppressor (41,42). In
similar experiments on pancreatic carcinoid cells, researchers were able to demonstrate a
reduction in levels of serotonin and CgA with the activation of Raf-1 (43,44). In medullary
thyroid cancer, activation of Raf-1 has not only led to growth suppression and a reduction in
the neuroendocrine hormones, serotonin and calcitonin, but also to reduced levels of the
RET proto-oncogene (45,11). This is evidence that the Ras/Raf/MEK/ERK pathway may
play a role in neuroendocrine tumor suppression via auto activation, but also by interactions
with other signaling pathways.

Given the decreased expression of the Ras/Raf/MEK/ERK pathway in neuroendocrine
tumors and decrease in cell growth and hormone secretion with Raf-1 activation, this may
serve as a potential therapeutic option. One compound, ZM336372, was initially found to
cause Raf-1 inhibition, but demonstrated a significant increase in Raf-1 activation in vitro
(46). When pancreatic and pulmonary carcinoid cells were treated with the agent, they
exhibited an increase in Raf-1 and ERK phosphorylation and reduction in cell growth and
hormone production (47). In vivo studies of ZM336372 have not yet been undertaken due to
its insolubility at high doses. Therefore other Raf-1 activators such as Tautomycin, a potent
and specific protein phosphatase inhibitor isolated from Streptomyces spiroverticillatus,
have been studied. In 2008, Pinchot et al. reported that low doses of Tautomycin inhibited
proliferation of carcinoid cells and suppressed CgA and ASCL-1 via cell cycle arrest (48).
Further testing of Tautomycin in vivo is needed, but clinical trials of Streptozocin, a related
compound, used to treat pancreatic islet cell tumors is underway in carcinoids (49).
Leflunomide, an FDA approved rheumatoid arthritis medication, has also shown promise as
a treatment for neuroendocrine tumors via Raf-1 activation. In a study by Cook et al.,
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Leflunomide and its active metabolite, Teriflunomide, were shown to decrease the
expression of neuroendocrine tumor markers and to inhibit in vitro and in vivo carcinoid cell
proliferation (50). These studies demonstrate the potential of future treatments of
neuroendocrine tumors via targeting of the Ras/Raf/MEK/ERK pathway.

RET pathway
The RET gene encodes a tyrosine kinase receptor, which is a single transmembrane receptor
with a cysteine rich extracellular domain and two intracellular tyrosine kinase subdomains
(51). Several previously discussed pathways such as PI3K-Akt and Ras/Raf/ERK/MEK have
been known to interact with the RET pathway (52). Other downstream targets linked to the
RET tyrosine kinase receptor include mitogen-activated protein kinase (MAPK), fibroblast
growth factor receptor substrate 2 (FRS2), and phosphoinositide-dependent kinase 5
(CDK5) (53). Through all of these various targets, RET has been shown to play important
roles in cell differentiation, growth, and survival.

Multiple mutations in the RET receptor are responsible for the development of medullary
thyroid cancer. In familial medullary thyroid cancers associated with MEN 2A mutations
causing the unpairing of cysteine residues in the extracellular domain are responsible for
activation of the RET kinase (54). Conversely, a mutation of the intracellular domain is
responsible for the development of MEN 2B (54). Somatic mutations of RET have also been
discovered in sporadic medullary thyroid cancers.

Several tyrosine kinase inhibitors directed at RET kinase have been tested to treat medullary
thyroid cancer. Vandetanib is a tyrosine kinase inhibitor that also inhibits vascular
endothelial growth factor receptor 2 (VEGFR-2) (55). Vandetanib has been shown to block
phosphorylation in the most common MEN2A and MEN2B mutations (56). A phase II
clinical trial of Vandetanib in patients with metastatic familial medullary thyroid carcinoma
demonstrated partial response or stable disease in 40% of patients at 24 weeks (57).
Sunitinib is another promising tyrosine kinase inhibitors that has been shown to affect
angiogenesis as well as direct inhibition of cellular proliferation via both the VEGF and the
RET pathways (22,58). Results in patients with advanced pancreatic neuroendocrine tumors
treated with Sunitinib demonstrated increased median progression-free survival as well as an
overall response rate of 9.3% with stable disease reported in 34.9% of patients (59). Further
clinical trials of these and other RET tyrosine receptor kinases are ongoing.

Summary
The development, growth, and survival of neuroendocrine tumors depend on a variety of
complex signaling mechanisms. Extensive research has begun to elucidate the details of the
multiple pathways which play fundamental roles in carcinoids, small cell lung cancers, and
medullary thyroid cancer and continued efforts into understanding the interactions of these
pathways are imperative. Many therapeutic compounds have now shown promise in the
treatment and palliation of neuroendocrine tumors, but further research into definitive
medical therapies is needed.
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Figure 1.
The phosphatidylinositol 3-kinase-Akt (PI3K-Akt) pathway becomes activated via
stimulation of receptor tyrosine kinases (RTKs) and the assembly of receptor–PI3K
complexes. The complex then catalyses the conversion of PIP2 to PIP3. PIP3 then helps to
activate AKT. Activated AKT then mediates the activation and inhibition of several targets,
including GSK3β, glycogen synthase kinase-3β; mTOR, mammalian target of rapamycin;
and NF-κB, nuclear factor of κB resulting in cellular growth, metabolism, and survival.
Reprinted by permission from Macmillan Publishers Ltd: Vivanco I, Sawyers C. The
phosphatidylinositol 3-Kinase AKT pathway in human cancer. Nat Rev Cancer 2002;2(7):
489–501.
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Figure 2.
The Notch1 receptor is a transmembrane proteins that once bound to a ligand undergoes
cleavage releasing the Notch intracellular domain (ICN). ICN migrates to the nucleus and
forms a DNA-binding protein complex CSL, resulting in activation of multiple target genes
including Hairy/Enhancer of Split (HES).
Adapted by permission from Elsevier Publishers: Maillard I, Pear W. Notch and cancer: best
to avoid the ups and downs. Cancer Cell 2003;3(3):203–205.
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Figure 3.
RAS, an intracellular G protein, is phosphorylated, leading to activation of RAF (depicted as
BRAF). Once RAF is activated it in turn phosphorylates mitogen-activated protein kinase
(MEK) which in turn phosphorylates and activates the extracellular signal-regulated kinase
(ERK). Once activated, ERK phosphorylates cytoplasmic proteins and translocates into the
nucleus, where it regulates transcription of genes involved in cell differentiation,
proliferation, and survival.
Reprinted with permission from: Houben R, Michel B, Vetter-Kauczok C, et al. Absence of
classical MAP kinase pathway signalling in Merkel cell carcinoma. J Invest Dermatol
2006;126(5):1135–1142.
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