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Abstract
Gastrointestinal (GI) neuroendocrine tumors (NETs), such as carcinoids, are rare neoplasms
characterized by the production of bioactive markers like 5-hydroxytryptamine (5-HT) and
chromogranin A (CgA). Besides surgery, there are limited curative and palliative treatments
available. Therefore, a great need exists for the development of new pharmacologic strategies to
reduce tumor burden and control symptoms in patients with metastatic carcinoid tumors and the
carcinoid syndrome. In the present review, we explore several pathways thought to be involved in
GI NET carcinogenesis and offer insight into the novel approaches currently in development to target
these pathways.
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Introduction
Gastrointestinal (GI) neuroendocrine tumors (NETs) comprise a heterogeneous group of
carcinomas that may be divided into two main categories: carcinoids and pancreatic endocrine
tumors (PETs). GI carcinoid tumors are composed of cells with APUD (amine precursor uptake
and decarboxylation) cytochemical characteristics that are thought to arise from the
enterochromaffin cells throughout the gut. Conversely, PETs arise from pancreatic islet cells
and are classified as either functional or nonfunctional depending upon whether the tumor
secretes bioactive hormones. Functional PETs are further stratified into insulinomas,
glucagonomas, gastrinomas, vasoactive intestinal peptide (VIP)-secreting tumors (VIPomas),
somatostatinomas, and pancreatic polypeptide (PP)-producing tumors (PPomas) based upon
the dominant hormone secreted by the tumor. Due to their relatively higher incidence compared
to PETs (2.5:100,000 vs. 0.2:100,000), the majority of research on GI NETs has focused on
carcinoid tumors [1].

Compared to most GI adenocarcinomas, GI NETs display a relatively slower growth pattern
and more indolent disease course. However, they are the second most common cause of isolated
hepatic metastases after colorectal carcinoma [2]. Patients with widespread metastases often
suffer from incapacitating symptoms, including diarrhea, flushing, wheezing, and skin rashes,
that result from the production of excess biogenic amines, neuropeptides, and hormones.
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Surgical resection is the only potentially curative treatment for GI NETs. However, a large
number of patients present with unresectable disease [2]. Therapeutic options for these patients
with widespread disease include somatostatin analogs, chemotherapy, ablative procedures,
chemoembolization, and liver transplantation. While these treatments may alleviate symptoms
or even prolong survival, they do not offer patients a cure [3–6]. Therefore, novel therapies are
needed to treat and palliate patents with advanced GI NETs.

The growth, differentiation, phenotype, and hormonal expression of GI NETs depend upon a
network of cellular signaling cascades. At this time, several pathways and individual molecules
have been implicated in the tumorigenesis of GI NETs. However, a comprehensive review of
all of these topics is beyond the scope of this paper. Here we will focus on potential new
pathways of interest in GI NETs including alterations in raf-1/MEK/ERK pathway [7–9],
Notch1 [10–11], glycogen synthase kinase-3β (GSK-3β) [12], and phosphatidylinositol-3
kinase (PI3K)-Akt [S Pitt, M Kunnimalaiyaan, H Chen, unpublished data] signaling. In this
focused review, we will elucidate the areas of these pathways that may provide targets for the
development of novel drug therapies in patients with GI NETs.

Molecular Pathogenesis
The molecular genetic mechanism of development and progression of GI NETs, specifically
carcinoid tumors, is presently under investigation. Commonly identified genes involved in
tumorigenesis include the multiple endocrine neoplasia type 1 (MEN1) gene, chromosomal
18q defects, and p53 alterations. Interestingly, with the application of current molecular
techniques, researchers have begun to elucidate novel critical genetic pathways involved in the
development of specific NE phenotypes.

Overexpression of the Notch1 intracellular domain in GI NETs
Notch1 is a multifunctional transmembrane receptor that regulates cellular differentiation,
proliferation, and survival [13–15]. Binding of any one of the Notch ligands (Delta1 (DLL-1)
or Jagged1 (JAG-1), for example) promotes a sequence of proteolytic cleavages resulting in
the activated Notch1 intracellular domain (NICD). The active NICD then translocates to the
nucleus and binds with the DNA-binding protein complex CSL (CBF1, Su (H), and LAG-1),
resulting in the transcriptional activation of target genes such as hairy enhancer of split-1
(HES-1) [17] (figure 1). In human cancer cells, Notch1 has a dual role as either a tumor
suppressor or an oncogene. In many types of cancer, including pancreatic, colon, non-small
cell lung, cervical, renal cell, and several lymphomas, Notch1 is upregulated. Research
suggests that expression of Notch1 signaling prevents cellular differentiation and inhibits
apoptosis in these cancers. Conversely, Notch1 signaling is very minimal or absent in prostate
cancer and NETs such as small-cell lung cancer (SCLC), pancreatic carcinoid, and medullary
thyroid cancer (MTC) [17]. These apparent but paradoxical functions clearly indicate that the
role of Notch signaling is dependent on its cellular context.

Activation of Notch1 signaling is an attractive target for the development of therapeutic and
palliative strategies for carcinoids and other GI NETs. We have previously shown that
activation of the Notch1 signaling pathway reduces both neuroendocrine (NE) markers and
cellular proliferation in GI carcinoid tumor cells [10,18]. More recently, we have shown the
histone deacetylase (HDAC) inhibitors, valproic acid (VPA) and suberoyl bis-hydroxamic acid
(SBHA), to be strong Notch1 activators in NETs [11,19]. HDAC inhibitors represent a class
of diverse molecules that modulate gene transcription by increasing histone acetylation; the
resulting alteration in chromatin structure is believed to possess antineoplastic effects in
preclinical and clinical studies in neuroblastoma cells and a variety of other cancers [20–23].
In our studies, SBHA and VPA treatment of human GI carcinoid tumor cells resulted in dose-
dependent inhibition of cancer cell growth in vitro [11,19]. Furthermore, treatment with these
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HDAC inhibitors suppressed expression of the NET markers achaete-scute complex like-1
(ASCL1) and chromogranin A (CgA) in vitro. The critical role of Notch1 activation was
confirmed in a mouse tumor xenograft experiment where VPA treatment inhibited carcinoid
tumor growth and suppressed ASCL1 in vivo [19]. Currently, we are seeking to develop phase
II clinical trials at our institution to determine the efficacy of these HDAC inhibitors as part of
a comprehensive therapy in patients with metastatic GI NETs.

Role of the Raf-1/mitogen-regulated extracellular kinase (MEK)/extracellular regulated
kinase (ERK) pathway in GI NETs

The raf-1/MEK/ERK pathway has long been recognized for its role in cancer biology. In this
pathway, ras signaling is thought to involve activation of Raf-1, a cytosolic serine/threonine
kinase. Once activated, Raf-1 phosphorylates MEK1/2, which then activates the downstream
effector ERK1/2 (figure 2). While activation of this signaling pathway is commonly considered
to be growth promoting in several cancers, in certain cell-specific subtypes, Raf-1 activation
results in growth suppression [24]; specifically, activation of the Raf-1 signaling pathway in
SCLC, MTC, and carcinoid cancer has been shown to result in phenotypic change and reduction
in cellular proliferation [22,25–27]. Indeed, Raf-1 activation may be a novel approach in
treating certain cancers such as GI NETs.

Using an estrogen-inducible Raf-1 construct in human GI carcinoid tumor cells, we have
previously shown that Raf-1 activation results in carcinoid cell morphological change
accompanied by a marked decrease in NE secretory granules by electron microscopy; likewise,
Raf-1 induction in carcinoid tumor cells leads to significant reductions in 5-HT, CgA, and
synaptophysin (SYP) levels in vitro [7]. Though methods to deliver activated Raf-1 to carcinoid
cancer cells are limited, pharmacologic activators of the Raf-1 pathway are currently being
studied. Initially identified as a potent and specific inhibitor of Raf isoforms [28], the small
molecule ZM336372 (BioMol, Plymouth Meeting, PA) paradoxically showed a >100-fold
induction of Raf-1 activity when used in specific culture systems. In our laboratory, we have
demonstrated that ZM336372 results in dose-dependent phosphorylation of Raf-1 pathway
mediators in human GI carcinoid tumor cells in vitro [9]. Furthermore, exposure to ZM336372
results in a significant reduction of bioactive hormones, such as CgA, as well as the
transcription factor ASCL1 in carcinoid cells [9]. Importantly, treatment with ZM336372 also
demonstrates marked suppression of carcinoid cancer cell proliferation in vitro. Clearly, this
compound warrants further investigation as a novel therapeutic and palliative treatment
strategy for patients with refractory GI NETs.

The function of GSK-3β in GI NETs
GSK-3β is a serine/threonine kinase which has been implicated in cell fate, protein synthesis,
cell differentiation, proliferation, and apoptosis [24]. Unlike other kinases, GSK-3β is unique
in that it is constitutively active in the unphosphorylated state. Phosphorylation of GSK-3β on
serine residue 9 (Ser9) inactivates the enzyme by causing a conformational change [24]. Akt,
protein kinases A and C, p70s6k, and integrin-linked kinase (ILK) are all proteins capable of
phosphorylating GSK-3β at Ser9 and, thus, inhibiting kinase activity [29]. In general,
GSK-3β is antiapoptotic; as such, GSK-3β inhibition upregulates apoptosis and causes cell
death. Several cellular signaling pathways, such as the raf-1/MEK/ERK, PI3K-Akt, and Wnt/
β-catenin cascades, involve GSK-3β [29]. In the cytosol, GSK-3β has been shown to associate
with a large protein complex that phosphorylates β-catenin promoting nuclear translocation
and eventual degradation [30]. Interestingly, researchers have shown the accumulation of β-
catenin in the cytoplasm and nucleus of human GI NET samples [31–32]. Other downstream
targets of GSK-3β include p53, c-Myc, Bcl-2, HSF-1, c-Jun, and cyclin D1 [29]. Inactivation
of GSK-3β in other non-GI NETs, namely MTC, leads to a decrease in both cell growth and
NE markers [24].
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Inhibition of GSK-3β has been highlighted as a potential target in GI NETs as well. The
aforementioned Raf-1 activating compound ZM336372 also was observed to independently
phosphorylate and subsequently inactivate GSK-3β in human GI carcinoid tumor cells,
supporting the role of ZM336372 as a GSK-3β inhibitor [12]. Similarly, lithium (Li+) is another
well characterized drug capable of inhibiting GSK-3β. Treatment of pheochromocytoma
(PC-12) cells with Li+ causes a dose-dependent inactivation of GSK-3β activity that is
accompanied by decreased cellular growth and NE hormone suppression [33]. Furthermore,
unpublished data from our lab recapitulates these results in GI carcinoid tumor cells. Taken
together these data support the identification of GSK-3β as a potential target for novel therapies
that may treat or palliate patients with complicated GI NETs. One advantage to the use of
Li+ as a GSK-3β inhibitor is that the drug lithium carbonate has been utilized in the management
of psychiatric conditions including bipolar disorder, schizophrenia, and depression with
minimal adverse side effects for many years. Presently at our institution, we are conducting
phase II clinical trials to determine the efficacy of lithium carbonate in the treatment of GI
NETs. In addition to Li+, numerous additional GSK-3β inhibitors exist including SB216763
[24], SB415286, CHIR99021, and azakenpaullone [34].

Downregulation of PI3K-Akt Signaling in GI NETs
The PI3K-Akt pathway is over-expressed and genetically selected for during tumorigenesis in
several cancers [35]. Normal cellular functions, including growth, survival, proliferation, and
motility, are regulated by PI3K-Akt signaling and exploited by developing malignancies. Akt
activation requires upstream binding of growth factor receptor tyrosine kinases (RTKs) or G-
protein coupled receptors that activate PI3K, a heterodimer with two subunits, p85 (regulatory)
and p110 (catalytic) (figure 3). PI3K subsequently phosphorylates phosphatidylinositol-4,5-
bisphosphate (PIP2) generating phosphatidylinositol-3,4,5-triphosphate (PIP3). The PIP3
molecule then recruits both Akt (a serine/threonine kinase alternately named protein kinase B)
and inositol phosphate-dependent pyruvate dehydrogenase kinase-1 (PDK1), and
phosphorylates Akt either directly or through PDK1. Full activation of Akt occurs when both
the threonine 308 and serine 473 residues are phosphorylated [35]. Activated Akt then interacts
with a number of downstream substrates including mammalian target of rapamycin (mTOR),
various caspases, and Forkhead transcription factors among others. The actions of phosphatase
and tensin homolog (PTEN), a well-known tumor suppressor, turn off PI3K signaling.
Furthermore, loss-of-function mutations in PTEN are known to cause Akt activation [35].
Upregulation of the PI3K-Akt pathway has been shown to play a role in the tumorigenesis of
MTC, a non-GI NET [36].

In concert with this evidence in MTC, downregulation of PI3K-Akt signaling is another
strategy that may be employed in the development of novel drugs to treat or palliate patients
with GI NETs. However, at this time only preliminary, unpublished data support this approach.
The PI3K, the Akt molecule, and various other pathway mediators are all potential targets for
shutting off aberrant Akt activation. By targeting the PI3K and blocking the p110 catalytic
domain, LY294002 and wortmannin are drugs that have been used both in vivo and in vitro in
animal models [35]. On the other hand, targeting the Akt molecule itself would be a different
approach for inhibiting PI3K-Akt dependent cell proliferation. Triciribine phosphate
monohydrate (also known as API-2, TCN-PM, or VD-0002) is a synthetic tricylic nucleoside
that has antiproliferative effects that may in part be due to inhibition of Akt phosphorylation
and activation of Akt-1, -2, and -3 without effecting PI3K or PDK1. This drug is currently in
a multicenter Phase I clinical trial in adult patients with hematologic malignancies, but has not
to our knowledge been investigated in GI NETs. Similar drugs that targeted either PDK1 or
PIP3 may also be effective. BAG956 is dual inhibitor of both PI3K and PDK1, but also has
not been used in GI NETs [37].
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Conclusion
The molecular pathways that regulate tumorigenesis in GI NETs are numerous. Further
investigation is needed to clarify the roles and relative contributions of each individual
signaling cascade. At this time, the Notch1, Raf1/MEK/ERK 1/2, GSK3-β, and PI3K-Akt
signal transduction pathways have all emerged as potential targets for the treatment and
palliation of GI NETs. Up and/or downstream molecules involved in the regulation of these
pathways, such as mTOR, may prove to more selectively inhibit tumor cell growth. Phase II
clinical trials in GI NETs are currently ongoing or have been conducted for the Notch1 activator
valproate (VPA, depakote), the GSK3-β inhibitor lithium carbonate, and the mTOR inhibitors
RAD001 (everolimus) and CCI-779 (temsirolimus). Unfortunately, the scope of this review
precludes a discussion of the countless prospective methods for treating GI NETs, as additional
approaches including antiangiogenic drugs (i.e. bevacizumab, sunitinib malate, sorafenib,
vatalanib) and EGFR inhibitors (i.e. gefitinib) show potential. Clealry, however, manipulation
of the various signal transduction pathways or downstream mediators involved in GI NET
carcinogenesis provide a promising approach for future studies.
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Figure 1. The Notch1 signaling pathway
Notch1 is a transmembrane receptor that is activated by proteolytic cleavage following ligand
binding. The Notch1 intracellular domain (NICD) translocates into the nucleus where it forms
a complex with CBF1 and other proteins to activate gene transcription.
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Figure 2. The Raf-1/mitogen-regulated extracellular kinase (MEK)/extracellular regulated kinase
(ERK) pathway
Activated ras binds Raf-1, setting off a complex process of phosphorylation of activation sites
and dephosphorylation of inhibitory sites. Activated Raf-1 subsequently phosphorylates and
activates MEK, which then goes on to phosphorylate and activate the extracellular signal
regulated kinase, ERK. ERK has many substrates within the cell but most notable are the
transcription factors that get phosphorylated upon ERK translocation to the nucleus. These
activated transcription factors then facilitate the transcription of genes that are necessary for
cellular growth and differentiation.
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Figure 3. The Phosphatidylinsoitol-3 kinase (PI3K)-Akt Signaling Pathway
PI3K is activated by binding of growth factors (GF) to a receptor tyrosine kinase (RTK) through
direct interaction or adapter molecules. PIP2 is then phosphorylated by PI3K to form PIP3,
which then engages Akt and PDK1 resulting in phosphorylation of Akt (either directly or by
PDK1). Activated Akt then stimulates pathways involved in cell growth and protein synthesis
(mTOR), activates pro-survival molecules (NF-κB), and inhibits pro-apoptotic molecules
(FOXO, Bad, p53) thereby promoting cell survival and proliferation. PTEN negatively
regulates PI3K-Akt signaling.
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