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ABSTRACT

Neuroendocrine tumors (NETs) encompass a broad spectrum of malignancies all derived from neuroendocrine cell lineage,
affecting many different organs including the gastrointestinal (GI) tract, the endocrine pancreas, the thyroid, the skin and the
respiratory tract. These tumors as a group are very heterogeneous, with varying characteristics attributed to each tissue of
origin and tumor subtype. The pathogenesis of the different subtypes of NETs is not fully understood, but recent studies suggest
the Notch signaling pathway may be dysregulated in these tumors either by under or overexpression of Notch receptors and/or
ligands, or by disruption of pathway functionality through other means. Notch receptors can function as tumor suppressors in
some cellular contexts and oncogenes in others which may, in part, account for the wide range of phenotypes present in NETs.
Cancer stem cells are present in these tumors and may be responsible for the high rate of chemotherapy resistance, recurrence
and metastasis. The heterogeneity of NETs suggests that to fully understand the role of Notch signaling and the therapeutic
implications thereof, a comprehensive and systematic analysis of Notch expression and function across all NET subtypes is
required. Here we outline the current knowledge base with respect to current therapies and Notch signaling in neuroendocrine
tumors of the lung, skin, thyroid, GI tract and endocrine pancreas.
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INTRODUCTION

Neuroendocrine tumors (NETs) are a heterogeneous
group of neoplasms that arise from the neuroendocrine
cells of the gastrointestinal (GI) tract, endocrine pancreas,
thyroid, skin, lung, adrenal gland and other tissues. These
tumors are typically slow-growing, yet pose a significant
threat due to high metastatic potential. In many cases,
patients initially present with advanced metastatic disease
resulting in poor outcomes and low 5-year survival rates.
An understanding of the mechanism(s) of tumorigenesis
and metastasis is required for target identification and new
therapeutic development, since many NET subtypes have
no curative options beyond surgical resection.

In recent years, studies have suggested that the Notch
signaling pathway may be involved in the pathogenesis
of NETs. Notch signaling has been studied for many
years in the context of cancer and as these pathways are
dissected, the complexity of Notch signaling becomes
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more and more evident. Notch signaling is classified into
two broad categories: 1) canonical signaling, wherein
Notch receptors regulate transcription through CSL (CBF-
1/Suppressor of Hairless/LAG-1), also known as RBP-
Jk, and can play an oncogenic or tumor suppressive role
depending on context, or 2) non-canonical, which functions
through interplay with other signaling networks including
phosphatidylinositol 3’ kinase (PI3K)/Akt, mTOR, NF-
kB and beta-catenin.l'®) In NETSs, interactions with these
pathways as well as complexes between canonical Notch
target hairy enhancer of split 1 (Hes1) and achaete-schute
complex-like 1 (ASCL-1) have been reported.'1 Many
of these pathways can be pharmacologically modulated
for translational research and eventually for experimental
therapy of NETs, once the role of Notch signaling in
these tumors is more clearly elucidated. Here we review
the current state of NET therapies, the role of canonical
and non-canonical Notch signaling in these tumor types,
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and the role of cancer stem cells in NET pathogenesis,
chemoresistance and recurrence.

NOTCH SIGNALING

The Notch signaling pathway is an evolutionarily
conserved, critical component of basic cellular
processes such as proliferation, stem cell maintenance,
and differentiation during both embryonic and adult
development. The canonical Notch signaling pathway has
been well-studied and typically depends on the binding of
a Notch receptor to its ligand residing on a neighboring
cell. This ligand binding promotes the separation of
the extracellular subunit from the transmembrane
subunit, which is followed by cleavage of the receptor’s
transmembrane subunit by ADAM metalloproteases
(primarily ADAM-10) and gamma secretase. The latter
cleavage releases the active form of Notch, the Notch
intracellular domain (NICD). The NICD then translocates
into the nucleus and binds to the transcription factor
CSL (CBF-1/Suppressor of Hairless/LAG1), also known
as RBP-Jk, to control expression of Notch-regulated
genes.!'”>®  Ligand-independent activation of Notch
cleavage has been reported in some contexts, notably
breast cancer stem cells, where it is mediated by activation
of ADAM-17 via the Sphingosine 1-phosphate pathway.!'”!

Different species contain different numbers of Notch
isoforms. Drosophila contains one Notch receptor, C.
elegans has two redundant receptors, and mammals contain
four Notch receptors, Notch1-4. Notch receptors contain
an extracellular domain that includes multiple epidermal
growth factor (EGF)-like repeats in varying numbers
that are involved in ligand binding. The intracellular
portion of Notch transmits cellular signals and contains
an RBP-Jk Association Module (RAM) domain, a nuclear
localization signal (NLS), a seven ankyrin repeat (ANK)
domain and a transactivation domain that contains
conserved proline/glutamic acid/serine/threonine-rich
(PEST) motifs. For a comprehensive review of known
Notch ligands, see.l'” In mammals, Notch ligands include
Delta-likel (DLL1), Delta-like3 (DLL3) and Delta-like4
(DLL4), which are homologous to Drosophila Delta,
along with Jaggedl (JAG1) and Jagged2 (JAG2), which
have homology to Drosophila Serrate. Notch ligands have
multiple EGF-like repeats in their extracellular domains
and all contain an N-terminal DSL (Delta/Serrate/LAG2)
motif that, along with the first two EGF-like repeats is
required for ligand-receptor interaction. Jagged ligands
contain almost twice the number of EGF repeats as well
as an additional cysteine rich region compared to DLL
ligands. The intracellular portion of all Notch ligands
lacks major homology with the exception that some, but
not all, ligands contain multiple lysine residues and a
C-terminal PDZ (PSD-95/Dlg/Z0O-1) domain.

In addition to the well-studied canonical signaling, Notch
signaling can also occur in a non-canonical fashion that

is independent of CSL and can be ligand-dependent or
independent.!'*) Compared to canonical Notch signaling,
knowledge of non-canonical Notch mechanisms is
limited, with the majority of studies performed in cancer
and immune system cells.l!' Non-canonical Notch
pathways present an interesting new avenue of study and
may reveal new targets for therapeutic intervention in the
translational setting.

One mechanism of non-canonical Notch signaling occurs
through the Wnt/B-catenin pathway in cancer and the
immune system. The Wnt/-catenin pathway regulates
cell pluripotency and cell fate decisions, and aberrant
functions or mutations in fB-catenin have been associated
with a number of cancers and other human diseases. Non-
canonical Notch signaling can result in an antagonistic
interaction between Notch signaling and Wnt/p-
catenin®*?*2!! that disrupts the regulation of developmental
and disease processes.?” This results in an inverse
relationship between elevated levels of membrane-bound
Notch and lower levels of active B-catenin®” leading to
negative regulation of Wnt signaling.) One example of
this crosstalk is the loss of Notchl in the epidermis of mice,
which results in activated Wnt/-catenin signaling and the
formation of hyperplasia and cancer -- both of which can
be reversed by the introduction of exogenous NICD.?*

Non-canonical Notch signaling is also involved in the
activation and proliferation of CD4" T cells in the immune
system as well as in the tumor-promoting effects of
interleukin-6 (IL-6).'?! These events rely on NF-kB and
demonstrate crosstalk with other cellular pathways in
the absence of canonical Notch signaling. Studies have
demonstrated that even in the absence of CSL, CD4*
T-cell activation and proliferation through NF-kB requires
NICD playing a major role in the signature CBM complex
(CARMA1, MALT1 and BCL10).24 The NICD can also
activate a non-canonical signaling cascade via mTORC2
and Akt as a means of transmitting extracellular nutrient
sensing cues to promote cell survival.®?% Notch signaling,
both canonical and non-canonical, is regulated by a
myriad of known and unknown binding partners as well as
posttranslational modifications. Comprehensive reviews
of Notch signaling are available.['82627)

NETs - ENTEROPANCREATIC

The annual incidence of enteropancreatic NETs is
2-5/100,000 patients in the United States and recent studies
suggest that this incidence will continue to rise in the
coming years.?!?3% Qverall survival (OS) for metastatic
pancreatic and small bowel NETs is 24 and 56 months,
respectively.??) Enteropancreatic NETs, or NETS that form
in the pancreas or the gut (also called carcinoids), can be
categorized as functional or non-functional depending on
their level of hormone release. Pancreatic NETs can hyper
secrete insulin (insulinoma), glucagon (glucagonoma),
somatostatin (somatostatinoma), pancreatic polypeptide
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(PPoma) or vasoactive peptide (VIPoma) and those in the
GI tract can secrete high levels of gastrin (gastrinoma).
The classification of NETs clinically is based on
immunohistochemical staining for low molecular weight
keratins, chromogranin and somatostatin, as well as an
assessment of Ki-67 index from within the region of
highest mitotic density.’] Other observable factors such
as anatomical site, histology, grade, level of differentiation
and hormone secretion are also used but this phenotypic
classification system has led to confusion in both the
clinical and research settings due to the molecularly
heterogeneous nature of these diseases. For clinical trial
purposes, enteropancreatic NETs have historically been
grouped together in clinical trials, with enrollment open
to all patients with gut NETs regardless of subtype. It
is now recognized that NETs must be subdivided into
pancreatic and non-pancreatic subgroups to reduce
heterogeneity in clinical trials®? and that progression free
survival (PFS) may be a more relevant primary endpoint
in clinical trial design than OS because most patients
have indolent disease.**! Additionally, a key predictor of
outcome in enteropancreatic NETs is the degree of tumor
differentiation. Well-differentiated tumors have a better
prognosis than poorly differentiated tumors, which can
have a 5 year overall survival of less than 4%.5"

Enteropancreatic NETs are relatively slow-growing and
traditional chemotherapy regimens have limited efficacy.
The selection of therapy is driven by the staging, location
of the tumor and symptom profile. Surgery is often used
in the management of NETs for both curative (localized
disease) and palliative care (widespread metastases). First
line therapy for enteropancreatic NETs is somatostatin
analogs (SSAs),’Y with VEGF pathway inhibitors,
mTOR inhibitors or peptide receptor radionuclide therapy
(PRRT) as additional options. Many of these compounds
are currently in clinical practice and/or clinical trials and
have exhibited moderate success. SSAs such as octreotide,
lanreotide and pasireotide help control symptoms of
hormone hypersecretion (carcinoid syndrome), and more
recently have been noted to have anti-proliferative effects
on well or moderately differentiated NETs.53¢ For
example, the PROMID trial (NCT00171873) examined
metastatic midgut NETsP” and the CLARINET trial
(NCT00353496) focused on pancreatic, midgut or
hindgut NETSs,?® both noting prolonged PFS in the SSA
treatment arms compared to placebo. The NETTER-1 trial
(NCT01578239) uses radiolabeled SSA (['""Lu-DOTA,
Tyr®] octreotate) in PRRT for a localized anticancer therapy
in patients with inoperable, somatostatin receptor positive
metastatic midgut NETs with the primary endpoint of PFS.
The RADIANT-3 trial (NCT00510068) demonstrated an
increased median PFS in patients treated with the mTOR
inhibitor everolimus/RADO01 (11 months compared to 4.6
months for placebo) in patients with advanced pancreatic
NETs.?! Finally, the oral tyrosine kinase inhibitor
sunitinib was studied in a prospective trial in patients with
advanced, well differentiated pancreatic NETs. PFS was

11.6 months in the sunitinib group compared to 5.5 months
in the placebo arm.[*J The RADIANT-3 and the sunitinib
study both resulted in FDA approval of these drugs for
patients with pancreatic NETs. The RADIANT-4 trial
(NCTO01524783) further confirmed the role of everolimus
in adult patients with advanced, progressive, well-
differentiated, non-functional endocrine tumors of the lung
or gastrointestinal tract.*!! Patients receiving everolimus
had a 7.1 month increase in PFS compared to placebo.*!
A comprehensive review of carcinoid and NET clinical
trials is available.?¥ The heterogeneity of NETSs requires a
deeper understanding of tumorigenic mechanisms and drug
function that will guide future therapeutic development,
patient management strategies and eventually, genomics-
driven clinical trial design.

Genetic syndromes account for 15-20% of NETs. The
most common syndromes include multiple endocrine
neoplasia type 1 and type 2A/B (MEN1 and MEN2A/B),
von Hippel-Lindau syndrome (VHL), neurofibromatosis
type 1 (NF1) and tuberous sclerosis complex (TSC), and in
each of these syndromes, specific loss- or gain-of-function
mutations have been identified in causative genes. The
remaining 80-85% of NETs is considered sporadic and
genome-wide studies have been performed in an attempt
to understand driver genetic mutations. Jiao et al.*¥
performed whole exome sequencing of 10 pancreatic NETs
that resulted in the identification of somatic mutations in
a number of known cancer-associated genes including
MENI, DAXX, ATRX, a number of genes involved in the
mTOR pathway, and to a lesser extent 7P53. Banck et al.[*
studied forty-eight well-differentiated, small intestinal
NETs (carcinoids) by whole exome sequencing and also
identified somatic mutations in many cancer-associated
genes including FGFR2, MEN1, HOOK3, EZH2, MLF1I,
CARDII1, VHL, NONO, SMAD1, FANCD?2 and BRAF, yet
only 21 genes were in common with a subsequent study
that analyzed an additional 55 well-differentiated small
intestinal NETs.*! Upon further comparison with the Jiao
study,?! only 17 genes with somatic mutations found in
small intestinal NETs were in common with pancreatic
NETs.* These data highlight that this group of tumors
needs to be carefully studied, subgrouped and analyzed
to account for heterogeneity in terms of site of origin,
level of differentiation and underlying driver mutations.
Interestingly and despite the somewhat disparate results,
all of these studies highlight the putative role of chromatin
remodeling, perhaps in concert with Notch signaling, in
the etiology of enteropancreatic NETs.

A popular model of cancer formation is that tumors are
dependent on a subset of highly tumorigenic cells, so-
called cancer stem cells, for initiation, maintenance and
propagation.*”! Cancer stem cells have been identified
in a number of solid tumors“-*! and leukemias,*! and
are noted for their pluripotency, unique complement of
cell-surface antigens, ability to self-renew, and ability
to form xenografts in immunocompromised mice from

- Journal of Cancer Metastasis and Treatment ; Volume 2 | August 17, 2016 |




very small numbers of cells. Cancer stem cells are often
chemoresistant, mediate tumor recurrence, and recruit the
host immune system through a variety of mechanisms to
support tumor cell growth and metastasis.**!

Cancer stem cells have been identified in gastrointestinalt®”
and pancreatic NETs.PU In gastrointestinal NETs, a
population of stem cells was identified based on ALDH
positivity which is required for chemoresistance and
enhances self-renewal.’ ALDH+ cells exhibit anchorage-
independent growth and have elevated expression of Src,
Erk, Akt and mTOR. Because therapies directed towards
the Akt/mTOR pathway are already clinically validated in
NETs, the investigators focused on Src and treated mouse
xenografts with anti-Src siRNA. This treatment resulted in
a 91% decrease in tumor mass and suggested an additional
treatment avenue for gastrointestinal NETs.5% In pancreatic
NETs, stem cells have been isolated that co-express the
cell-surface protein CD90 and aldehyde dehydrogenase
Al (ALDHAL), as well as CD47 which serves as a flag to
evade the immune system.F! These stem-like cells form
tumors in mice and the treatment of tumor-bearing mice
with anti-CD47 antibody therapy inhibits tumor growth,
prevents metastasis and prolongs survival. Combination
therapy with anti-CD47 and anti-EGFR (expressed by
the majority of pancreatic NETs) in the preclinical setting
demonstrated improved efficacy over anti-CD47 antibody
therapy alonel®"! and supports the notion that treatment of
human pancreatic NETs with stem cell specific antigens
will yield clinically significant results.

NETs in general remain significantly understudied with
respect to molecular mechanisms of pathogenesis, and
particularly Notch signaling. Mechanistically, Notch may
contribute to carcinogenesis by inhibiting differentiation,
promoting cellular proliferation and/or inhibiting
apoptosis, yet few studies have comprehensively examined
these endpoints with respect to the four Notch receptors
and their ligands in NETs. The available studies suggest
a tumor suppressive function for Notchl in cells derived
from the neuroendocrine lineage. This is consistent with
role of Notch in Drosophila neurogenesis, where Notch
restricts differentiation towards the neuronal lineage. The
loss of Notch in Drosophila embryos results in uncontrolled
ectodermal differentiation down the neuronal lineage.’>!
It is plausible that loss of Notch signaling would allow
NET cells to acquire or maintain a partially differentiated
neuroendocrine phenotype while retaining the ability to
proliferate. For example, recent studies!!"'>3*57 report that
Notchl signaling is minimal or absent in gut carcinoids,
medullary thyroid carcinoma (MTC) and pulmonary
typical and atypical carcinoids. Yet these same cancers
express high levels of human achaete-scute homolog 1
(hASH1), a basic helix loop helix transcription factor that
is regulated by Notch signaling. The aberrant expression
of hASH1 and the arrest of NET cells at an early stage of
differentiation may be due to decreased Notchl-activated
expression of Hesl and Hes5 which both facilitate

degradation of hASH1.7 Transient overexpression of
NICD in BONI cells resulted in increased proliferation
and dose-dependent increases in Hesl. In contrast,
immunohistochemistry for Notchl, Hesl, Heyl, pIGFIR
and FGF2 antibodies on a tissue microarray of 120 well
differentiated NETs arising from the pancreas (n = 74),
ileum (n =31) and rectum (n = 15), demonstrated elevated
Notchl expression in 100% rectal, 34% of pancreatic, and
0% of ileal NETs, and Hesl expression in 64% of rectal,
10% of pancreatic and 0% of ileal NETs,*® exhibiting
significant variability in Notchl signaling across different
tissue types. There is limited information on other Notch
receptors or the ligands involved in Notch signaling in
NETs and a comprehensive analysis of Notch expression
patterns across all enteropancreatic NET subtypes is
required to fully understand the variability and potentially
redundant functions of Notch receptors and ligands.

The ability of Notch to behave as an oncogene or tumor
suppressor depending on cellular context is driven in part
by the availability of coactivators and corepressors. CSL
coactivators such as MAML, SKIP and p300 are well
known to activate transcription of Notch target genes by
binding to NICD. Conversely, in the absence of NICD,
corepressors also regulate transcription in specific ways
and canonical Notch corepressors include SMRT,>”!
SIRT!™ and LSDI (histone lysine demethylase),!®'’ among
others (reviewed inl®?). Epigenetic regulation by Notch
activator and repressor complexes containing histone
acetyltransferases, histone demethyltransferases, histone
methyltransferases, etc. actively remodel the chromatin at
Notch-responsive target genes and provide an additional
layer of reversible regulation.l®”! Chromatin sites accessible
to Notch NICDs are also influenced by transcriptional
regulators that can act as cofactors or inhibitors.%+¢¢
A recent report by Liefke et al.®*! demonstrates that the
histone demethylase KDMS5A/RBP2 is a key component
of the CSL repressor complex. Data from our laboratory
demonstrates that RBP2 is upregulated in gastrointestinal
NETs and in liver metastases from primary NET tumors,
suggesting that RBP2 may be actively repressing canonical
Notch activity (Crabtree, et al. 2016 Oncogenesis in press).

NETs - PULMONARY

Pulmonary NETs are an equally diverse set of NETs
that fall on a continuum from well-differentiated typical
carcinoid (TC), to less differentiated atypical carcinoid
(AC), to highly malignant, poorly differentiated small cell
lung carcinoma (SCLC) and large cell neuroendocrine
carcinoma (LCNECs).[7 Features distinguishing these
groups include size, with TC and AC defined as > 0.5 cm,
and histologic characteristics such as organoid growth
patterns with uniform cytologic features. These tumors
contain a moderate amount of eosinophilic cytoplasm
and nuclei containing finely granulated chromatin,
which is coarser in AC than in TC. Prominent nucleoli
are also present in AC, but not in TC. New 2015 WHO
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clinicopathological criteria also define the mitotic index of
these tumors (number of mitoses per 2 mm? in the area
of highest mitotic activity with the most viable tumor
cells).®%1 The mitotic index of typical carcinoid is < 2,
atypical carcinoid is 2-10, whereas SCLC and LCNECs
have mitotic indices > 10.%] Lung tumors can also
be distinguished by grade, with TC classified as low
grade, AC as intermediate grade and SCLC/LCNECs
as high grade.®®* Identity of these tumors is typically
confirmed by immunohistochemistry using the cellular
proliferation Ki-67, as well as neuroendocrine markers
such as synaptophysin, chromogranin A and neural cell
adhesion molecule (NCAM) to distinguish SCLC from
non-small cell lung cancer (NSCLC). TC have no necrosis
and Ki-67 < 5%, AC can have focal necrosis and Ki-67
< 20% and SCLC have Ki-67 > 50%. Pulmonary NETs
may also exist, albeit at much lower incidence than other
pulmonary NETs, as heterogeneous, combination tumors
consisting of mixtures of SCLC and LCNEC, or SCLC
and NSCLC with neuroendocrine differentiation.[” These
mixed phenotypes may indicate clonal selection and/or
phenotypic plasticity of a pluripotent cancer stem cell.

Pulmonary NETs have alow incidence in the US, with arate
of 1.6/100,000 individuals. TCs comprise 1-2% and ACs
make up only 0.1-0.2% of all pulmonary tumors, whereas
SCLC and LCNET make up 20% and 1.6-3%, respectively.
Overall survival is good for the well-differentiated TC
tumors (92-100% OS) and moderate for AC (61-88% OS),
whereas the higher grade, poorly differentiated SCLC and
LCNET have a grim prognosis with OS as low as 5%."
There are limited treatment options for pulmonary NETs
and the only curative therapies for TC and AC is surgery.
These tumors are historically refractive to chemotherapy
and exhibit response rates as low as 22%." In the case
of advanced disease, such as that seen with patients
initially presenting with SCLC and LCNEC, surgery is
rarely performed and systemic chemotherapy is the first
line treatment. Combination etoposide plus carboplatin
chemotherapy has high response rates (about 90%)
but within 1 year the majority of tumors recur and are
refractory to further treatment.’!’ mTORCI inhibitors
(everolimus, temsirolimus) have been used in combination
with standard of care chemotherapy, but these compounds
exhibited only moderate efficacy with the liability of dose-
limiting toxicities.”” mTOR inhibitors have also been
combined clinically with SSAs in the RADIANT-2 trial
(NCT00412061) that included enteropancreatic NETs as
well as pulmonary TC and ACs. Subgroup analyses from
this study found a median PFS of 5.6 months for the few
TC and AC patients who received only the octreotide
LAR and no advantage for the patients receiving the
combination therapy.'’> A follow-up trial called the LUNA
trial (NCT01563354) is a prospective, randomized, open-
label, three-arm design to study advanced lung (TC and
AC) and thymic NET response to pasireotide LAR,
everolimus or both in combination. The RADIANT-4 trial
(NCTO01524783) enrolled adult patients with advanced,

progressive, well-differentiated, non-functional endocrine
tumors of the lung or gastrointestinal tract to receive
everolimus or placebo with the primary endpoint of PFS.*!!
Patients receiving everolimus had significantly improved
median PFS of 7.1 months compared to placebo.[*!
Sunitinib was studied in a phase II trial in patients with
relapsed or refractory SCLC and the treatment was poorly
tolerated and resulted in limited gain in PFS.¥ Tyrosine
kinase inhibitors such as imatinib have also been studied in
pulmonary NETs with disappointing results.[”]

The genetic basis of pulmonary NET formation has been
explored in recent years. There are many cases of targeted
analysis identifying inactivating mutations in 7P53, RBI
and PIK3CA genes.’*1 Genome-wide studies have
been performed®-*! to identify copy number alterations,
somatic single nucleotide variants and alterations in gene
expression associated with SCLC. From these studies,
potential driver mutations were identified in cancer-
associated genes such as TP53, RBI, CREBBP, EP300,
MLL and the SOX family. A separate study conducted
whole genome sequencing of 110 SCLC and identified
biallelic inactivation of TP53, RBI, CREBBP, EP300,
TP73, RBL1/2, as well as inactivating mutations in Notch
family genes in 25% of cases.!®*%

As with pancreatic NETs, cancer stem cells provide a
plausible mechanism for drug resistance, recurrence and
metastasis of SCLC. However, due to limited availability
of human clinical samples, the majority of the work to
identify markers of SCLC has been performed in cell
lines by isolating side populations of cells with stem-
like features. Using the SCLC cell lines NCI-H82, H146
and H526, Salcido et al.® isolated a population of cells
with high rates of proliferation, efficient self-renewal and
decreased cell surface expression of CD56 and CD90.
These isolated cells also overexpress many genes associated
with cancer stem cells and drug resistance, including genes
involved in the Notch signaling pathway.® In a separate
study, a side population of cells was isolated from lung
cancer cell lines established from primary tumors.®® This
side population was strongly positive for CD44 and co-
expressed CD90, while having mesenchymal morphology,
resistance to irradiation, and increased expression of stem
cell related genes Nanog and Oct4. CD133 is a common
cell surface antigen in SCLC stem cell populations and
was upregulated in cell populations as one of several stem
cell markers in six separate studies from various SCLC
cell lines.® % In one of these studies, it was found that
CD133+ cells express increased neuropeptide receptors
which revealed an avenue for therapeutic intervention.””
Subsequent testing of neuropeptide receptor antagonists
revealed that one of the analogs, Peptide 1, decreased
cell growth and increased apoptosis in SCLC cell lines.
Further, Peptide 1 produced a significant reduction in
tumor volume in mouse xenograft models, exhibiting very
few CD133 positive cells after treatment, compared with
tumors treated with etoposide.”” In other studies, inhibitors
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were selected due to known pathway involvement in
SCLC. For example, a dual mMTORC1/2 and class I PI3K
inhibitor VS-5584 was tested in SCLC xenograft models
and a PDX model established from a SCLC lymph node
metastasis, resulting in significant decreases in tumor
burden, decreased tumor-initiating frequency and marked
depletion of cancer stem cells.”*!

The Notch signaling pathway is of increasing interest in
SCLC and as with enteropancreatic NETs, Notch signaling
in the lung is tissue type and cell context dependent. Notch
signaling can promote the growth of NSCLC, yet inhibit
the growth of SCLC.**! The tumor phenotype in SCLC
may be driven via Notch3 expression, which is decreased
in SCLC compared to non-tumor lung tissue as measured
by immunohistochemistry.?) SCLC may be the result of
deregulated Notch in cell fate decisions that determine
differentiation towards the epithelial Clara, ciliated and
pulmonary neuroendocrine cell lineages.’” In mouse
models with allelic series deletion of Notchl, 2 and 3, all
three Notch receptors were required in an additive manner
to regulate the abundance of neuroendocrine cells in the
lung, whereas only contribution from Notch2 was required
for Clara/ciliated cell development.P®

Over the years, many targeted therapies have been
developed to modulate the Notch signaling pathway,
including neutralizing antibodies, decoy ligands, blocking
peptides, natural compounds and -secretase inhibitors
(reviewed in"®). The Notch 2/3 neutralizing antibody
tarextumab, inhibits tumor growth in mice in a variety of
epithelial tumors, but also in SCLC xenograft tumors,”
suggesting that Notch2 and/or Notch3 inhibition can
be therapeutic in the clinical setting. A novel way of
exploiting decreased Notch signaling therapeutically is by
targeting Notch ligands that are frequently overexpressed
even in tumors with low or absent canonical Notch
signaling. This approach was pioneered in SCLC, which
frequently expresses high levels of DLL3. Because DLL3
can function as a Notch inhibitor by retaining Notch
receptors in the cytoplasm or by cis-inhibition, a DLL3
mAb conjugated with a DNA damaging toxin was used
as a highly effective chemotherapeutic in preclinical PDX
models of SCLC. These experiments resulted in complete,
durable responses 5 months post treatment. The naked
mAb had no therapeutic activity, suggesting that DLL3
inhibition alone is not sufficient for tumor regression in
SCLC."M In other studies, it has been proposed that, in
addition to the primary SCLC progression as a result of
TP53 and RB1 alterations, secondary transitions from non-
small cell lung carcinoma to SCLC can occur following
chemotherapy. This implies phenotypic plasticity from
an epithelial to a neuroendocrine lineage can occur under
treatment-imposed selection. A recent publication by
Meder et al.l"! demonstrates that this process is mediated
by the Notch-ASCL1-RB-P53 signaling axis.

Paralog-specific effects add yet another layer of complexity

to Notch signaling, since not all Notch receptors are
created equal. Notch receptors are not always redundant
and in some cases their functions are not only independent
but opposite. Notch1 and Notch2 have opposite effects on
Aktin NSCLC.!% In Luminal B breast cancer, Notch1 and
Notch4 have similar effects on endocrine resistance but
act through completely different sets of downstream genes
and produce different cellular phenotypes!® (Espinoza
and Miele, unpublished). Notchl, 3, and 4 are oncogenic
in the breast, while Notch2 has been described as a tumor
suppressor in breast cancer cell lines.'"” The mechanism
of these paralog-specific effects is unknown but may
involve non-canonical signals, such as the inhibitory role
of Notch4 on SMADU!%! or the stimulatory role of Notchl
on NF-kB.['% The oncogenic activity of Notch4 in the
mouse mammary gland is independent of CSL and is
therefore completely or at least partially non-canonical.l'®
Another explanation for paralog-specific effects may
be in quantitative signal intensity of the different Notch
ligands. For example, constitutively activating mutations
in Notchl and Notch2 are equally oncogenic in a subset
of triple negative breast cancer (TNBC),['%! despite the
fact that Notch2 has been described as a tumor suppressor
in TNBC cell lines.['*” Therefore, the absolute number of
NICD molecules available as a result of overproduction
or decreased turnover may dictate different phenotypic
consequences. Additionally, paralog-specific effects may
also be achieved by selective activation of chromatin
sites with different affinity for Notch NICDs, epigenetic
modifications by NICD binding partners that alters binding
site availability, or by a combination of canonical and
non-canonical effects that depends on NICD abundance.
In short, the role of paralog-specific effects has been
poorly characterized in NETs and is an area in need of
further study.

NETs - SKIN

Merkel cell carcinoma (MCC) is a rare, aggressive
cutaneous NET that occurs most frequently in the elderly
and/or the immunosuppressed, although more than 90% of
MCC patients have no known immune dysfunction.'”! It is
seen primarily in light-skinned individuals and has a male
predominance of 2:1.'1 MCC occurs most frequently in
sun-exposed areas of skin, particularly the head and neck,
followed by extremities and then the trunk. In 80% of cases,
MCC is associated with the Merkel cell polyomavirus
(MCPyV).l%:10 Infection with MCPyV is not sufficient to
induce tumorigenesis!!'!! and additional events including
loss of cellular immune surveillance are required for
oncogenic transformation. The MCPyV large T-antigen
is oncogenic in MCC by binding the retinoblastoma
protein and promoting cell cycle progression.l''?! The
small T-antigen of MCPyV acts downstream of the mTOR
signaling pathway by maintaining hyperphosphorylation
of 4E-binding protein (4EBP1), resulting in dysregulated
cap-dependent translation in MCC.!B! Patients with
MCPyV negative MCC tumors have increased DNA
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damage signatures at the genetic level, presumably as a
result of UV exposure.[!!4!15]

MCC is highly metastatic and the 5 year survival rate
is dependent on the stage at which original diagnosis is
made. Patients with local disease at diagnosis have a 5
year OS of 63-87%, those with regional nodal involvement
39-42% and 0-18% for patients with widespread, distant
metastases.[''® The annual incidence of MCC in the US
is increasing, with an estimated 1,600 patients diagnosed
per year.'"! The increase in incidence is attributed to
population aging, more known risk factors associated with
this cancer (such as increased aggregate sun exposure),
and increased diagnostic power with cytokeratin 20
immunohistochemical staining, which is positive in 88-
100% of MCC cases.["'®!

There are no FDA-approved agents for the treatment
of MCC, nor are there established, standard of care
chemotherapy regimens.'®! Current first line therapies
for localized disease include surgical resection followed
by postoperative radiation therapy. Radiotherapy plays
a significant role in both the curative setting, and
palliative care setting when used as a monotherapy in
advanced metastatic MCC.I'"! Systemic chemotherapy
regimens used for SCLC are employed and typically
include a combination of a platinum agent (cisplatin or
carboplatin) and topoisomerase inhibitor (etoposide)2*-122!
or combination cyclophosphamide, doxorubicin and
vincristine  therapy (CAV therapy).l'”  Cytotoxic
chemotherapies do not produce durable responses and
are associated with significant toxicity, highlighting
the need for targeted, mechanism-based therapies.
Immunohistochemical analysis of MCC tumors has led
to development and use of several new mechanism-based
therapies including SSAs (octreotide, lanreotide),!'**12
pan-receptor tyrosine kinase inhibitors (pazopanib),!'?!
PI3K inhibitors,['?¢1?7] vitamin D receptor agonists,!*!
small molecules to downregulate Survivin,!'*>'3% anti-
PD-L1 antibody therapy,!*!! and an antibody conjugate
linking a maytansinoid microtubule assembly inhibitor to
CD56 (lorvotuzumab mertansine).'*?! Many of these are
now in clinical trials for MCC and an excellent review of
future potential therapeutic options and current clinical
trials for MCC can be found in ref.[!!®)

In addition to immunohistochemistry, genomic studies
have also been applied to MCC to identify new therapeutic
targets and understand the mechanism of tumorigenesis
in both MCPyV positive and negative cases. Gene panel
studies on 15 MCPyV negative and 12 MCPyV positive
MCC samples identified mutations in 7P53, KIT, PIK3CA
and EGFR genes, with RBI mutations only identified
in the virus negative samples, suggesting that the
dysregulation of the RB pathway may be a critical step
in tumorigenesis.['¥ Targeted sequencing of 17 MCC
patient samples with unknown virus status, identified
mutations in 7P53, RB and NOTCH]I, among others.!'*¥

Exome sequencing studies performed on small numbers of
formalin-fixed, paraffin-embedded MCC samples and also
identified RBI in MCPyV negative tumors.[*> Another
small study conducted on 4 MCPyV positive tumors
identified somatic mutations in PDE4DIP, as well as genes
within the DNA damage response (PRKDC, AURKB,
ERCCS5, ATR and ATRX) and epigenetic modifying
enzymes (MLL3).1'¢ Harms et al.' performed a slightly
larger study of whole exome sequencing of 9 MCPyV
negative and 7 MCPyV positive MCC samples. Known
mutations were identified in 7P53, RBI and PIK3CA
along with novel activating mutations in oncogenes
like HRAS, loss-of-function mutations in PRUNEZ2 and
NOTCH family genes, and mutations disrupting the PI3K
signaling pathway in the MCPyV negative tumors.[!!>137
Further, the MCPyV negative tumors also had a higher
overall mutational burden and were characterized by a
prominent UV-signature pattern with C > T transitions
making up 85% of the mutations. MCPyV positive tumors
had a much lower mutational burden and were lacking the
UV signature, suggesting that MCPyV negative tumors
have increased susceptibility to UV damage.!"'>) The most
comprehensive study to date included exome sequencing
of 49 MCC samples (21 positive, 27 negative).'¥ This
study confirmed the previous report that the signature of
MCPyV negative tumors is very different than the MCPyV
positive tumors. MCPyV negative tumors have a higher
mutation burden, frequent mutations in 7P53 and RBI
and additional mutations in genes involved in chromatin
modification (ASXL1, MLL2 and MLL3) and DNA damage
pathways (ATM, MSH2, BRCAI). Interestingly, both
MCPyV positive and negative tumors have mutations
predicted to activate the PI3K pathway (HRAS, KRAS,
PIK3CA, PTEN and TSCI) and to inactivate the Notch
signaling pathway (Notchl, Notch2),!'""! suggesting these
pathways as putative points for intervention in MCC
regardless of viral status.

As discussed for SCLC and enteropancreatic NETs, another
possible point of intervention is by targeting cancer stem
cells. However, in the case of MCC, the cell of origin is
still under debate. Based on early observation of MCC and
the similarity of expression patterns for neuroendocrine
and epithelial markers, it was presumed that MCCs arise
from the Merkel cell, part of the somatosensory system
located within the basal epidermis. However, with the
observations that Merkel cells and MCC are found in
different regions of the skin and exhibit differential
expression of marker proteins, new data are challenging the
concept that MCCs arise from Merkel cells.!'*¥ One theory,
based on pathologic diagnosis of MCC suggests a role for
pluripotent stem cells in the dermis as the cells of origin,
facilitated by UV irradiation and MCPyV infection.['*”!
Another study proposes that MCCs arise from pro/pre-B or
pre-B cells based on terminal deoxynucleotidyl transferase
and PAXS5 expression, as well as the preference for
polyomaviruses to preferentially infect undifferentiated
stem cells or progenitor cells.'"*) However, in the absence
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of experimental evidence supporting a stem cell origin,
more lineage tracking studies are needed to identify the
cellular origin of MCC.

Notch signaling has been an area of active investigation
in MCC as a result of the genome-wide studies that have
highlighted the Notch pathway as one of key interest, with
somatic single nucleotide variants identified in Notchl,
and Notch?2 that were independent MCPyV status.[''* The
inactivating mutations detected in Notch genes were located
in the EGF-like and ankyrin repeat regions, consistent with
loss-of-function events characterizing a tumor suppressive
role for Notch in MCC.[''*] Further, the data on Notch and
other genes dysregulated in MCC are common with SCLC,
suggesting that these pathways are also cornerstones
of neuroendocrine differentiation in epithelial cells.''*
Another study examined the Notch signaling pathway as
a target of microRNA-375, which is highly overexpressed
in well-differentiated MCC cell lines yet strikingly
downregulated in highly aggressive, undifferentiated
MCC cell lines."1 miR-375 overexpression caused post-
transcriptional repression of Notch2 and RBPJ resulting
in decreased cell proliferation, migration and invasion
in vitro. This led to the conclusion that miR-375 is a
putative regulator of cancer cell aggressiveness through
inhibition of Notch signaling.'*!! In contrast, Panelos et
al " performed immunohistochemical studies of Notchl
expression in MCC and found 30/31 cases had Notchl
cytoplasmic and membrane expression in greater than
50% of cells. These data contradict the data in other NETSs,
including other data on MCC, which suggest Notchl is a
tumor suppressor in MCCs.

NETs - THYROID

Medullary thyroid carcinoma (MTC) is a NET that
originates from the thyroid C-cells and express high
levels of calcitonin, chromogranin A, synaptophysin
and achaete-scute complex-like 1 (ASCL1). MTCs are
relatively slow growing tumors that comprise 1-2% of
all thyroid cancers and have a 10 year median survival
of 65%.'3144 The majority of these tumors are sporadic,
but they can be hereditary and arise with other NETs
as a part of MEN2A/2B or as familial MTC. Gain-of-
function mutations in the RET tyrosine kinase gene (most
commonly M918T) are the known driver mutation in the
majority of these tumors.['*>!%] Those tumors that are
RET mutation negative frequently have RAS mutations
— and the presence of these mutations appears mutually
exclusive.'*71481 Ag with other NETs discussed above,
there are no curative therapies for MTC. Surgery is the
first line of treatment for localized disease, but there are no
therapeutic options for patients who present with regional
or widespread metastases, highlighting the critical need
for additional therapeutics.

Several promising new directed therapies for MTC are in
development or clinical trials. As with other NETs, SSAs

and mTOR inhibitors have been studied in MTC, and
have shown preliminary efficacy in small trials.['*-!5 One
ongoing trial (NCT01625520) is examining the efficacy
of SOM230/pasireotide alone and in combination with
everolimus in progressive metastatic or postoperative
persistent MTC. More recently, new drugs that targets
both PI3K and mTOR have been developed, with
BEZ235 showing efficacy in preclinical studies of thyroid
cancer."> Antibody therapy is also in development for
MTC. Carcinoembryonic antigen or CEA is an antigen
expressed by MTC cells and an anti-CEA monoclonal
antibody combined with autologous hematopoietic stem
cell rescue has shown promise in a phase 1 study in rapidly
progressing metastatic MTC.['5

Tyrosine kinase inhibitors are also in development and
AMG706/motesanib was studied in locally advanced or
metastatic, progressive or symptomatic MTC in a single-
arm phase 2 study.['¥ Despite the 81% of patients in this
trial that achieved stable disease, there was no placebo or
standard of care arm, making the interpretation of drug
efficacy and toxicity a challenge. Axitinib was also studied
inasmall trial of locally advanced MTC (n=6), and resulted
in 5/6 or 83% of patients with stable disease > 16 weeks.!'**!
However, as with the motesanib trial, the single-arm study
design, as well as the small number of MTC patients
included makes the trial results difficult to interpret. The
ZETA and EXAM trials studied two additional compounds,
vandetanib and cabozantinib, in advanced, unresectable,
locally advanced or metastatic MTC. The first randomized,
double-blind, placebo controlled study (ZETA trial; NCT
00410761) tested vandetanib and detected an increase in
PFS (30.5 vs. 19.3 months for placebo) in the 331 patients
recruited to the study. Stratification of the patients by RET
mutation suggested that there was an improved response
in patients with RET M918T mutation and also in MTC
cases with no RET mutation identified."'> These data
led to FDA and EMA approval for vandetanib for the
treatment of symptomatic or progressive, unresectable,
locally advanced or metastatic MTC. The EXAM trial
(NCT00704730) was a randomized, double-blind,
placebo controlled study of cabozantinib in advanced
and progressive MTC. This study recruited 330 patients
and reported a median PFS of 11.2 months for treatment
versus 4.0 months in controls.''* The responses in this
trial were similar regardless of RET mutational status, and
the results from this trial led to FDA and EMA approval
of cabozantinib for progressive, metastatic MTC. Another
tyrosine kinase inhibitor, regorafenib which has been
approved for treatment of metastatic colorectal cancer,
is now being studied as a second or third line therapy in
MTC (NCT02657551). For recent, more comprehensive
reviews of new molecular therapies and thyroid cancer
clinical trials including those for MTC, see.[!43157]

Although the genetic gain-of-function RET mutations are
well established as the basis for MTC, additional genetic
studies have been performed to understand the etiology of
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RET mutation negative MTCs, and endocrine syndrome-
related MTCs. Exome sequencing of 17 sporadic MTCs
identified the expected mutually exclusive RAS and
RET mutations, but no other commonly occurring driver
mutations.!'®! Exome sequencing of MTCs associated
with MEN2A also identified the expected RET mutations,
but also suggested that low frequency mutations such as
those found in EIF4G1 may also play a role in MEN2A-
associated tumorigenesis by indirectly altering the RET
pathway.['¥1 A similar study was undertaken by Smith
et al.' in MTCs lacking an identifiable RET mutation.
Interestingly, this group found a recurrent mutation in
the ESR2 gene which encodes the estrogen receptor beta
(ER). Estrogen receptor alpha (ER) and ER can form
heterodimers and bind to estrogen response elements
to regulate gene expression.l'®” Alternatively, ER can
antagonize the transcriptional activity of ER.I'®'1% The
RET gene contains three ERE sites that were shown to
be actively regulating RET gene expression in vitro. The
authors propose that this may be a novel mechanism by
which the RET gene is regulated in RET mutation-negative
familial MTC.!'"*! Heilmann et al.l'® performed genomic
profiling of MTC cases during the course of clinical
care and in addition to the expected RET mutations,
also identified amplifications of CCND1, FGF3, FGF19
and CDKN2A. The authors propose that these may be
cooperating driver mutations impacting chemoresistance
and disease outcomes.

Cancer stem cells have been identified in MTC cell lines
that are strongly positive for the cell surface antigen
CD133 by immunohistochemistry.l's! Interestingly, cell
lines with the M918T RET mutation produce the highest
number of CD133" stem-like cells.['] This population of
stem-like cells may also be involved in chemoresistance.
In a study by Kucerova, CD133" cells from MTC cell lines
were no more chemoresistant than the parent population of
cells. However, once the CD133" cells were implanted in
mice as xenografts and treated with 5-fluorouracil (5-FU),
there emerged a new CDI133" stem-like cell population
that was resistant to subsequent 5-FU therapy and retained
these chemoresistant properties in culture.['® MTCs are
relatively resistant to the radioactive iodine therapies used
for follicular and poorly differentiated thyroid cancers,
and one group treated MTC stem cells with all-trans-
retinoic acid (ATRA) to sensitize these cells to radioiodine
therapy. The stem cells identified and treated with ATRA
increased their uptake of iodine by 8 fold, suggesting
that ATRA pre-treatment followed by radioactive iodine
therapy may be a new treatment modality for MTC.!”
Finally, co-expression of CD133 and CD44 in MTC by
immunohistochemistry was correlated with decreased
overall survival in a cohort of 51 MTC patients, compared
to those with no co-expression of these two markers
implying that CD133 and CD44 can be used as prognostic
markers for overall survival.['68]

At the molecular level, MTC cells express a variety of

proteins including calcitonin and chromogranin A, as well
as ASCLI (also important in pulmonary NETs). Notch is
one of the pathways regulating the production of ASCL1,
especially during development. Notch1 expression is absent
in MTC and overexpression of the Notch intracellular
domain decreases proliferation of MTC cell lines,
consistent with its role as a tumor suppressor. Activation of
Notch in MTC by pharmaceutical means became possible
when valproic acid was reported to activate Notch in
neuroblastoma cells!!*” and subsequent work demonstrated
that valproic acid increased Notchl signaling and induced
apoptosis in MTC cells.l'™ Using a mouse model system,
Jaskula-Sztul et al.l'""! demonstrated that activation of the
Notch signaling pathway may be a therapeutic strategy for
MTC. This same group expanded our knowledge of Notch
signaling in MTC by upregulating Notch3 in vitro and in
vivo via NICD3 and the pharmacological HDAC inhibitor
ABA3. They demonstrated that Notch3, like Notchl, can
alter the neuroendocrine phenotype in MTC, resulting
in decreased proliferation and loss of NET markers.!'™
Resveratrol treatment of MTC cells suppresses growth,
induces apoptosis and reduces expression of chromogranin
A and ASCLI as a result of upregulation of Notch2.['3! In
similar studies, thiocoraline treatment in vitro increases the
expression of Notchl and Notch2 isoforms, as well as the
downstream Notch target genes HES1, HES2 and HEY 1,
while expression of HES6 decreased.['’ Taken together,
these studies indicate a clear role for Notch signaling in
MTC therapy.

CONCLUSION

The role of Notch signaling in NETs remains incompletely
understood. Further study is required to understand how
this pathway impacts tumorigenesis and chemoresistance
in this diverse tumor group. There is evidence that different
Notch isoforms act as tumor suppressors in some NETs
but not others and paralog specific effects are understudied
and remain unclear. The significant genetic heterogeneity
of NETs suggests that individual molecular subtypes must
be studied separately to dissect the roles of Notch signaling
components and their potential therapeutic implications.
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