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Abstract

Thyroid cancer is the most common malignancy of the endocrine system with a steadily rising
incidence. The term thyroid cancer encompasses a spectrum of subtypes, namely papillary thyroid
cancer, follicular thyroid cancer, anaplastic thyroid cancer, and medullary thyroid cancer. Each
subtype differs histopathologically and in degrees of cellular differentiation, which may be in

part due to signaling of the Notch pathway. The Notch pathway is an evolutionarily conserved
signal transduction mechanism that regulates cell proliferation, differentiation, survival, stem

cell maintenance, embryonic and adult development, epithelial-mesenchymal transition, and
angiogenesis. Its role in cancer biology is controversial, as it has been shown to play both an
oncogenic and tumor suppressive role in many different types of cancer. This discordance holds
true for each subtype of thyroid cancer, indicating that Notch signaling is likely cell type and
context dependent. Whether oncogenic or not, Notch signaling has proven to be significantly
involved in the tumorigenesis of thyroid cancer and has thus earned interest as a therapeutic target.
Advancement in the understanding of Notch signaling in thyroid cancer holds great promise for
the development of novel treatment strategies to benefit patients.
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INTRODUCTION

Thyroid cancer encompasses a wide range of malignant subtypes that can differentially

arise from various cell types within the thyroid gland. These subtypes include papillary,
follicular, anaplastic, and medullary thyroid cancer. The incidence of these cancers is
steadily increasing, with a parallel increase in mortality rates as well (Morris LGT 2013,
Furuya-Kanamori L 2016, Mao Y 2016). Localized disease is often curable with surgery, but
patients with metastatic disease have limited treatment options.

Since its discovery in the early 20t century, Notch signaling has proven to be a

critical pathway in mammalian development by regulating cell fate decisions, proliferation,
differentiation, and survival (Dexter JS 1914, Mohr OL 1919, Guruharsha KG 2012). Four
transmembrane receptor isoforms termed Notch1-4 are capable of binding to 5 different
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ligands (Delta-like-1, -2, -4, Jagged1, Jagged?2) in a juxtracrine manner (Takebe N 2014).
This interaction initiates intracellular cleavage events that ultimately lead to the transcription
of specific target genes (reviewed in other chapters).

The role of Notch signaling in cancer is particularly complex, as it acts as either

an oncogene or a tumor suppressor. An oncogenic role of Notch signaling has been
reported in: breast cancer (Reedijk M 2005), colon cancer (Sikandar SS 2010), T-cell
acute lymphoblastic leukaemia (T-ALL) (Ellisen L 1991), chronic lymphocytic leukemia
(CLL) (Fabbri 2011, Puente 2011), non-small cell lung cancer (Westoff 2009), pancreatic
adenocarcinoma (Hanlon 2010), clear cell renal cell carcinoma (CCRCC) (Sjélund J 2008),
and in gliomas (Dantas-Barbosa C 2015). On the other hand, Notch signaling has been
shown to limit tumorigenicity. This effect was first described in keratinocytes (Nickoloff
BJ 2002), and has since been observed in other cancers, including: prostate cancer (Shou
J 2001), small cell lung cancer (Sriuranpong V 2001), pancreatic neuroendocrine cancer
(Nakakura EK 2005, Kunnimalaiyaan M 2005), hepatocellular carcinoma (Qi R 2003,
Viatour 2011), cervical cancer (Talora C 2002), B cell malignancies (Zweidler-McKay
2005), myeloid Leukemia (Klinakis A 2011), head and neck squamous cell carcinoma
(Stransky N 2011), and neuroblastoma (Zage PE 2012).

Targeting the Notch pathway for cancer treatment continues to attract interest. In thyroid
cancer, the importance of Notch signaling is only beginning to be understood. In this
chapter, the diverse functions of Notch signaling in thyroid cancer will be discussed, along
with current strategies used to target and modulate Notch signaling as a possible anti-cancer
therapy.

A SPECTRUM OF THYROID CANCER SUBTYPES (figure 1 here)

Thyroid cancer is the most common malignancy of the endocrine system with an increasing
global incidence (Zhang 2017, Seib CD 2019, Schneider DF 2013, Powers AE 2019). The
heterogenous clinical presentations and genetic profiles of thyroid cancer can make this
disease complex in nature. The term “thyroid cancer” encompasses a range of subtypes
that originate from different cell types within the thyroid- namely follicular thyrocytes

and the parafollicular C-cells. Across the various thyroid cancer subtypes, the degree of
cellular differentiation has a strong influence on disease progression, treatment strategies,
and overall patient survival (Jung CW 2017, Yu XM 2016, Yuan L 2019). As these cancers
de-differentiate, they tend to become more aggressive and gain lethality (Ragazzi M 2014,
Cooper DS 2006, Gallo 2018).

Well-differentiated tumors of the thyroid fall on one end of the spectrum and include
thyrocyte-derived papillary thyroid cancer (PTC) and follicular thyroid cancer (FTC). These
subtypes account for over 90% of thyroid cancer cases and are generally associated with
good prognoses and high survival rates (Yu XM 2016, Zhang 2017, Yamashita 2013, Xiao X
2009, Jung CW 2017, Choi D 2016). FTC tends to be more aggressive than PTC; although
local and distant metastases have been reported in both subtypes, leading to poor clinical
outcomes (Xiao X 2009, Lin JD 2004).
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The other end of the subtype spectrum includes less-differentiated thyroid cancers, meaning
that the cells lack thyroid cell-specific characteristics. One of the most lethal human cancers,
anaplastic thyroid cancer (ATC) falls within this group. ATC causes over 50% of thyroid
cancer deaths and carries a 1-year survival rate of less than 20% (Chen J 2008, Hsu

2014, Smallridge RC 2010). Another subtype that lacks differentiation is medullary thyroid
cancer (MTC). This subtype originates from the parafollicular C-cells of the thyroid and is
classified as a neuroendocrine neoplasm (Jaskula-Sztul 2011, Lou | 2017, Roy M 2013).
Localized cases of MTC are often curable, but patients with distant metastases have a 5-year
survival rate less than 50% (Lou I 2017).

There is an evident and urgent need to improve patient outcomes by developing effective
therapeutic options for each thyroid cancer subtype. Among each of them, the Notch
signaling pathway consistently emerges as a therapeutic target due to its frequently observed
dysregulation (Hsu 2014, Takebe N 2014). In this chapter, the highly controversial role and
current breadth of research available regarding Notch signaling in each subtype of thyroid
cancer will be summarized.

NOTCH SIGNALING IN PAPILLARY THYROID CANCER

Papillary thyroid cancer (PTC) is the most common subtype of thyroid cancer and is
considered to be well-differentiated. The role of Notch signaling in PTC is not clearly
defined, as it has been discordantly reported as both oncogenic and tumor suppressive.

In 2011, Park et al. analyzed tissues from patients with PTC and found that the

IHC expression of the Notchl receptor correlated with the increased presence of nodal
metastases, extrathyroidal extension, and greater tumor size. However, they found no
correlation between the presence of the Notch3 receptor and clinic-pathological factors.
Therefore, the authors concluded that in PTC, Notchl expression is correlated with poor
prognostic factors, but Notch3 expression is not. That same year, Geer et al. 2011 found that
Notchl is expressed in normal thyrocytes and has even higher expression in PTC. In support
of the notion that PTC overexpresses Notch receptors, additional studies showed that the
upregulation of Notchl expression was observed in both human PTC tissue and a transgenic
mouse model of PTC (Yamashita 2013, Gallo 2018). Likewise, greater Notch1 and Notch2
expression was also observed in a PTC cell line when compared to normal thyrocytes (Gallo
2018). Interestingly, the Notch3 and Notch4 isoforms were reported to have low, variable
expression levels in PTC cell lines (Gallo 2018). Taken together, these studies conclude that
PTC overexpresses the Notchl and Notch2 isoforms, but the expression of the Notch3 and
Notch4 isoforms in PTC is variable. The higher levels of Notchl and Notch2 in PTC appear
to be correlated with more aggressive disease factors.

A recent meta-analysis of 421 patients with PTC conducted by Yuan et al. revealed

a significant correlation between an upregulation of Notchl signaling and the presence
of nodal metastasis, tumor size, clinical stage, and capsular invasion (Yuan L 2019).
Importantly, the authors concluded that greater Notch1 signaling in PTC could contribute
to a poor prognosis for patients, emphasizing an oncogenic role of Notch signaling in
PTC. A separate study performed an extensive immunohistochemical analysis of Notchl
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expression in 106 thyroid neoplasms and similarly discovered that Notchl expression was
associated with PTC; however, somewhat contrary to the previously mentioned studies, this
study found that Notch1 expression was seen exclusively in the tumor cells, highlighted by
results that showed normal thyroid tissues were consistently negative for Notchl expression
(Piana 2019).

In contrast to a possible oncogenic role of Notch signaling in PTC that was been discussed
in this chapter thus far, several studies have shown that a re-activation, or an overexpression,
of the Notch pathway mediates a tumor suppressive effect by suppressing the growth of PTC
cells. Such studies showed that Notchl is highly expressed in normal human thyroid tissue,
but minimally present in both resected human metastatic PTC tissue and metastatic PTC
cells /n vitro (Xiao X 2009, Yu XM 2016). Furthermore, a significantly higher rate of PTC
recurrence was observed in patients with low levels of Notchl expression (Yu XM 2016).

In a study conducted by Xiao X and colleagues, the pharmacological induction of Notchl
protein expression resulted in a dose-dependent growth reduction of PTC cells /n vitro. In
accordance with these observations, the re-activation of Notch signaling in PTC has been
speculated as a therapeutic strategy.

The role of Notch signaling in PTC lacks a definitive consensus, thereby demanding further
investigation. This disparity suggests that the mechanisms of Notch signaling in PTC are
contextually-dependent, with the degree of cellular differentiation playing a potentially
critical role in the determination of how Notch signaling affects cells. Additionally, it
appears that the individual Notch receptor isoforms can have different implications on PTC
cells, although the direct mechanisms are yet to be resolved.

NOTCH SIGNALING IN FOLLICULAR THYROID CANCER

Follicular thyroid cancer (FTC) carries a similar degree of well-differentiation as PTC,
although these two subtypes are histopathologically different. The primary behavior of
Notch signaling in FTC has been documented as tumor suppressive. Current research has
shown that in comparison to normal thyroid tissue, FTC cells have a lower level of Notch
receptor expression, along with lower levels of the Notch signaling target gene, HesZ, thus
suggesting minimal pathway activity (Feretti 2008, Xiao 2009, Somnay 2017). In fact,

one study discovered that the expression level of the Notch3 receptor was highest in both
normal human thyroid tissue and in normal thyroid cells grown in vitro, when compared
against resected human FTC tissue and FTC cells grown /n vitro (Somnay 2017). Moreover,
it has also been shown that metastatic FTC expresses even lower levels of Notch1 than
primary FTC, even when comparing metastatic versus primary cells taken from the same
patient (Xiao 2009). In summary, these studies demonstrate that normal thyroid cells retain
expression of the Notchl and Notch3 receptors, but FTC lacks expression of Notchl and
Notch3 (Notch2 and Notch4 have yet to be investigated in FTC). These findings have led to
the hypothesis that upregulating Notch signaling in FTC could cause tumor suppression.

In order to modulate Notch pathway activity in FTC for an anti-cancer effect, efforts
have been made to increase, or reinstate, Notch signaling in these cells. Overexpressing
the intracellular domain of either Notch1 or Notch3 by /n vitro plasmid transfection
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demonstrated the ability to reduce FTC growth while simultaneously increasing markers
of thyrocyte differentiation (Feretti 2008, Somnay 2017). In a complimentary fashion,
knocking down the expression of the Notch3 intracellular domain in FTC cells using
silencing ribonucleic acid (SiRNA) led to an expected increase in cell migration and
reduction of thyrocyte differentiation markers (Somnay 2017). This tumor suppressive
effect was also observed after pharmacological modulation of Notch signaling. Several
compounds classified as histone deacetylase (HDAC) inhibitors, which result transcriptional
upregulation due to chromatin relaxation, have been employed to increase the expression
of the Notch1 receptor (Xiao 2009). A higher level of Notch1 expression in FTC was
subsequently linked to various anti-cancer effects. This included a reduction in FTC

cell proliferation /n vitro, growth inhibition by cell cycle arrest, and increased apoptosis
exemplified by the induction of apoptotic markers (Xiao 2009, Yu 2016).

Current evidence heavily supports a tumor suppressive role of Notch signaling in FTC.
Studies that investigated Notch signaling in tumor samples from patients with FTC found
that lower expression levels of Notch receptors were associated with more aggressive, less-
differentiated disease and that Notch expression could potentially be used as a prognostic
marker to predict patient outcomes (Yu 2016, Somnay 2017).

NOTCH SIGNALING IN MEDULLARY THYROID CANCER

The third subtype of thyroid cancer is medullary thyroid cancer (MTC), a malignancy of

the neuroendocrine system. This subtype can be characterized by hormone secretions that
cause debilitating side effects in patients (Greenblatt DY 2007, Cook M 2010). Unlike the
controversial role of Notch signaling described in PTC, the role of Notch signaling in MTC
has been consistently reported to be tumor suppressive. Many studies have shown that the
expression of Notchl is down-regulated in both tumor tissue from patients with MTC and in
MTC cell lines (Cook M 2010, Jaskula-Sztul R 2011, Ning L 2008). More specifically, MTC
features an upregulation of achaete-scute homolog-1 (ASCL1), a transcription factor critical
for normal development of parafollicular cells and is transcriptionally repressed by HesZ, a
target gene of the Notch pathway (Jaskula-Sztul R 2011, Ning L 2008).

To investigate the effects of Notch1l, and subsequently ASCL1 expression, a doxycycline-
inducible-Notch1-intracellular domain model was developed in vitroto study MTC (Jaskula-
Sztul R 2011). The artificial induction of Notchl resulted in a dose-dependent down-
regulation of ASCL1 expression, a decrease in MTC cell proliferation, and a reduction in the
secretion level of a hormone named calcitonin (Jaskula-Sztul R 2011). This effect was also
observed /in vivo, where MTC xenografts that underwent Notchl induction by doxycycline
had an average reduction in tumor volume by 57% when compared to MTC xenografts
without Notchl induction (Jaskula-Sztul R 2011).

Interestingly, the extent of MTC growth inhibition was directly proportional to the amount
of Notchl protein present. The mechanism of MTC cell growth inhibition upon Notchl
activation has been speculated to occur through cell cycle arrest at the G1/S phase due to

the upregulation of p21, phosphor-Cdc2, and cyclin D1 (Jaskula-Sztul R 2011). Accordingly,
the mechanism by which ASCL1 protein decreases upon Notchl activation may be due to
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transcriptional silencing of ASCL1, likely by Hes1, which is known to transcriptionally and
translationally inhibit ASCL1 (Chen H 1997, Sriuranpong V 2002, Sueda R 2019, Jaskula-
Sztul R 2011). Notably, the overexpression of the Notchl intracellular domain was also
correlated with a dose-dependent decrease in chromogranin-A (CgA), a hormone known to
be widely expressed in neuroendocrine neoplasms (Jaskula-Sztul R 2011). Therefore, one
could conclude that activating Notch signaling through the Notch1 receptor in MTC, where
Notch signaling is innately low, has the potential to decrease the oncogenic neuroendocrine
phenotype.

In addition to the Notch1 receptor, the Notch3 receptor has also been identified a potential
therapeutic target in MTC. In 2017, Lou | and colleagues created a doxycycline-inducible
MTC cell line to specially overexpress the Notch3 intracellular domain. When this model
was tested /n vivo, induction of Notch3 did not prevent tumor formation, but did show an
anti-proliferative effect in which led authors to conclude that activating Notch signaling
through the Notch3 receptor could serve as a potential treatment option for patients with
metastatic MTC (Lou | 2017). In summary, currently available research has demonstrated
that Notch signaling is diminished in MTC and upregulating the pathway can reduce the
oncogenic attributes of MTC.

NOTCH SIGNALING IN ANAPLASTIC THYROID CANCER

Anaplastic thyroid cancer (ATC) is the least differentiated subtype and harbors the least
favorable patient outcomes out of all thyroid cancer subtypes. Most of the currently available
research reports the Notch pathway as tumor suppressive in ATC. This section will describe
what is known about Notch signaling in ATC.

The first step in elucidating the role of Notch signaling in ATC warrants an exploration

into the basal expression levels of the various Notch receptor isoforms. To this extent,
multiple studies report a loss of Notchl expression in ATCs (Feretti 2008, Patel P 2014,

Yu XM 2013). Moreover, it has been shown that as thyroid cancer cells become less
differentiated, they also lose Notchl expression (Feretti 2008, Somnay 2017, Piana 2019).
Such evidence has led to the conclusion that a lack of Notch signaling is correlated with
more aggressive thyroid tumors, such as ATC. In further support of this conclusion, Notchl
has been experimentally overexpressed in ATC cells with results showing a reduction

in cell proliferation and migration, along with an increase, or reinstitution, of thyrocyte
differentiation markers (Feretti 2008, Yu XM 2013, Patel P 2014). These studies that have
described a tumor suppressive mechanism of Notch signaling in ATC suggest that the Notch
pathway may not be solely responsible for causing ATC progression, but it definitely acts
to suppress growth and is involved with cellular differentiation. Therapeutically activating
Notch signaling has been thought to be a potentially effective treatment strategy for ATC,
which is currently considered to be an incurable disease.

The investigation into Notch signaling in ATC is far from complete. Despite the evidence
previously described, one paper has reported an oncogenic role of the Notch pathway in
ATC. This paper contradicts the aforementioned ATC studies in two ways. The first is by
stating that ATC expresses higher levels of both the Notchl receptor and the active Notchl
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intracellular domain when compared to PTC (Kim 2016). The second is that the knockdown
of Notchl, and consequently Notch signaling, reduced ATC cell proliferation and migration
(Kim 2016). When Notch1 expression was knocked down, the reduction of ATC cell growth
and migration could be confounded by the reported greater amount of cell death. The
majority of available literature dedicated to understanding the role of Notch signaling in
ATC shows agreement with each other. There is however a single publication that directly
opposes the studies that have shown that the overexpression of Notchl was significantly
associated with decreased cell growth and migration in ATC cells (Feretti 2008, Yu XM
2013, Patel P 2014). This discordance necessitates further investigation of Notch signaling in
ATC.

MODULATING NOTCH SIGNALING IN THYROID CANCER USING NATURAL
COMPOUNDS

Although the role of Notch signaling in thyroid cancer has yet to be clearly defined, it
clearly holds significance. As previously discussed, many studies have shown that Notch
signaling is lower in thyroid cancer cells and the re-activation of the pathway yields a
tumor-suppressive effect. Based on this observation, various natural compounds have been
identified that induce Notch signaling in thyroid cancer. In this section, several different
compounds shown to modulate Notch signaling as an anti-cancer mechanism will be
discussed in detail.

The first compound that will be discussed herein is thiocoraline, a thiodepsipeptide
bisintercalator found in marine bacteria. This compound has demonstrated cytotoxic effects
in different cancers, including lung, breast, colon, renal, and melanoma (Romero F 1997,
Erba E 1999, Negri A 2007, Wyche TP 2014). The precise mechanism of action in which
thiocoraline works is not fully elucidated, but several studies have shown that it can induce
G1 cell cycle arrest. However, it has also been shown to activate the Notch pathway in MTC
cells as demonstrated by elevated levels of Notch1 and Notch?2 after treatment (Rashid FA
2017, Tesfazghi S 2013). This activation was further supported by increased mRNA levels of
the downstream targets: Heyl, HeyZ2, Hes1, and Hes2 (Rashid FA 2017, Tesfazghi S 2013).
Conclusively, thiocoraline treatment lead to anti-proliferative effects on MTC cells /n vitro,
as well as the downregulation of markers correlated with poor prognoses, which could be
attributed to the activation of the Notch signaling pathway (Tesfazghi S 2013).

Another compound that has demonstrated a Notch-activating effect is resveratrol, a
polyphenolic compound found naturally in grapes and berries, along with other plants

(Yu XM 2013). Resveratrol has primarily been studied for Notch pathway induction in
ATC cells. /n vitro studies revealed that it was capable of suppressing growth in ATC

cells through cell cycle arrest in addition to causing apoptosis (Yu XM 2013). Moreovetr,
resveratrol activated Notch1 signaling but no there was no apparent change in the active
forms of Notch2 or Notch3, suggesting that resveratrol is likely specific to regulating the
Notchl isoform. Resveratrol also increased the transcription of the thyrocyte differentiation
markers: 77TF1, TTF2, PAX8, and the sodium/iodide symporter (N/S). Finally, resveratrol
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was tested /n vivo and significantly reduced the tumor volume of ATC xenografts as
compared to untreated control groups (Yu XM 2013).

In the context of ATC, these cells were also sensitive to induction of Notch signaling upon
treatment with a compound named hesperetin (Patel P 2014). Hesperetin is a naturally
occurring flavanone found in citrus fruits. Similar to resveratrol, hesperetin has been shown
to activate Notchl signaling, cause cellular apoptosis, and induce thyrocyte differentiation.
More specifically, in vitro studies on an ATC cell line resulted in growth inhibition

after treatment with hesperetin. Analysis of apoptotic markers suggested that the primary
mechanism of the observed reduction in growth was attributed to apoptosis. Furthermore,
hesperetin was shown to dose-dependently increase the amount of Notchl protein and the
downstream markers HesI and HeyI present in ATC cells, indicating a functional increase
in Notch signaling. This compound, similar to resveratrol, dose-dependently increased
thyrocyte-specific transcription factors, namely 77F1, TTFZ, PAXSE, TSHR, and NIS (Patel
P 2014).

Another compound shown to activate Notch signaling in ATC is chrysin (Yu XM 2013).
Chrysin is a natural flavonoid found in honey that inhibited ATC cell growth in a dose-
and time-dependent manner. /n vitro experiments showed that chrysin activated the Notchl
signaling pathway at micromolar concentrations. /n7 vivo, chrysin reduced ATC xenograft
volume. The tumors showed markers of apoptosis, indicating chrysin likely caused cell
death through this mechanism (Yu XM 2013).

ATC is particularly difficult treat for many reasons, including the fact these tumors do not
concentrate radioiodine due as a result of their undifferentiated features (Patel P 2014).
During the process of dedifferentiation, thyrocytes lose the expression of the TSH receptor
and thyroglobulin, making the cells unable to absorb radioiodine (Xiao X 2009). The loss of
radioiodine is strongly associated with larger tumors and the presence of distant metastases
in thyroid cancer (Xiao X 2009, Schlumberger MJ 1998). Therefore, a potential treatment
strategy would include inducing re-differentiation in these cells to promote the uptake of
iodide. In fact, this strategy has previously been employed by using retinoic acid to induce
re-differentiation to promote radioactive iodide uptake in thyroid cancer, as well as breast
cancer (Kogai T 2006, Schmutzler C 1997, Grunwald F 1998, Gruning T, 2003).

The final class of compounds shown to modulate Notch signaling in thyroid cancer are
histone deacetylase inhibitors (HDAC inhibitors), specifically valproic acid (VPA), suberoyl
bis-hydroxamic acid (SBHA), and trichostatin A (TsA) (Damaskos C 2016, Adler JT 2010,
Spartalis E 2019, Jang S 2015). In preclinical studies, these HDAC inhibitors decreased
thyroid cancer cell growth and induced Notch signaling, primarily shown through an
increase in the Notch1l isoform. Due to the abundance of evidence showing the efficacy

of HDAC inhibitors to have an anti-cancer effect in thyroid cancer, these compounds have
been further tested in several clinical trials. The results of such trials will be discussed in the
next section.
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CLINICAL IMPACT OF NOTCH SIGNALING IN THYROID CANCER

Most well differentiated thyroid cancers have good prognoses and low mortality rates. These
well differentiated and often localized tumors are usually curable by surgery, radioiodine
ablation, chemotherapy, or thyroid-stimulating hormone (TSH)-suppressive therapy (Hsu
KT 2014). However, these treatments are ineffective for patients with poorly differentiated
or metastatic thyroid cancer, making most treatment options palliative (Kim H 2016,
Smallridge RC 2010, Hsu KT 2014).

Beyond preclinical studies, targeting and modulating the Notch pathway in thyroid cancer
has also been explored in a clinical setting. Notch-targeting mechanisms that have been
explored clinically include: anti-Notch receptor antibodies, silencing RNA against Notch
genes, and -y-secretase inhibitors (GSIs) to prevent the S3 cleavage of the Notch intracellular
domain (Jin S 2016). One study showed that directly inhibiting the Notchl receptor using

a monoclonal antibody against the negative regulatory region inhibited cancer cell growth,
but simultaneously inhibiting the Notch1 and Notch2 receptor caused severe gastrointestinal
toxicities /n vivo (Wu Y 2010). It is important to note that this study was not conducted

in any thyroid cancer models. A reversible, non-competitive and selective small molecule
designed as a GSI was administered to a patient with advanced PTC. This patient achieved
complete remission with decreased levels of HES4 in peripheral blood, indicating a down-
regulation of Notch signaling (Messersmith WA 2015).

Several Phase | and Phase Il clinical trials have been conducted to explore the efficacy of
HDAC inhibitors in patients with advanced thyroid cancer. All of these trials used HDAC
inhibitors to reduce tumor burden and induce differentiation in the thyroid cancer cells, in
addition to the goal of increasing radioactive iodide uptake.

One Phase Il clinical trial investigated the use of the HDAC inhibitor valproic acid

(VPA) in patients with advanced stage thyroid cancer of follicular origin that had not
responded to conventional treatments (Nilubol N 2010). VPA is currently approved by the
Food and Drug Administration (FDA) for the treatment of epilepsy and bipolar disorder.
Numerous preclinical studies have shown that VVPA is capable of reducing thyroid cancer
cell growth and inducing re-differentiation for increased radioiodine uptake, possibly due
to the upregulation of Notch signaling (Fortunati N 2004, Catalano MG 2004, Greenblatt
DY 2008, Shen WT 2005, Catalano MG 2006). Two objectives cited for this study were to
first determine if VPA could reduce tumor growth and cause cancer cell death and secondly
determine if VVPA increased the uptake of radioiodine by thyroid cancer cells. The results
of the trial were disappointing, in that none of the ten patients who completed 10 weeks of
treatment had increased radioiodine uptake by their thyroid tumors. No partial or complete
responses were observed and six of the ten patients had disease progression. The conclusion
of this study was that VPA does not have anti-cancer activity in patients with advanced
thyroid cancer originating from follicular thyroid cells. Likewise, VPA does not increase
radioiodine uptake in these patients.

Other clinical trials have assessed the effect of HDAC inhibitors on thyroid cancer with
variable results. In a Phase | clinical trial using vorinostat (suberoylanilide hydroxamic
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acid [SAHA]), one patient had a partial response and five patients, including one patient
with MTC, had stable disease (Kelly WK 2005). Notably, this study also reported that

one patient had higher radioiodine uptake after receiving the drug. A subsequent Phase 11
clinical trial also investigating the efficacy of vorinostat in patients with advanced thyroid
cancer showed that none of the nineteen patients enrolled had neither a partial nor complete
response (Woyach JA 2009). This same study examined sixteen patients with differentiated
thyroid cancer and three patients with MTC with the overall conclusion that vorinstat is

not effective for the treatment of advanced thyroid cancer. Similarly, a Phase |1 clinical

trial that tested another HDAC inhibitior, romidepsin, also ended with disappointing results
when none of the sixteen patients with advanced thyroid cancer had neither a partial

nor complete response, in addition to only two of the sixteen patients having increased
radioiodine uptake (Sherman EJ 2013). Conclusively, HDAC inhibitors have shown promise
in preclinical settings, but have not manifested any beneficial clinical effects. Taking these
results into consideration, in addition to the strong evidence that HDAC inhibitors activate
the Notch pathway, a deeper understanding of Notch signaling in thyroid cancer could lead
to improved studies and clinical trials that yield better outcomes for patients.

CONCLUSION

Notch signaling is a multifunctional pathway that canonically plays a critical role in
mammalian development. It has also emerged as a key player in many different cancers
with various roles ranging from carcinogenesis to cancer cell differentiation. To layer the
complexity of Notch signaling, it is widely accepted that the role of this pathway is cell
type and context-dependent while also harboring variations in outcomes between the four
different receptors and five different ligands. To this extent, Notch signaling has been
described to be oncogenic (Reedijk M 2005, Sikandar SS 2010, Ellisen L 1991, Fabbri 2011,
Puente 2011, Westoff 2009, Hanlon 2010, Sjélund J 2008, Dantas-Barbosa C 2015) and
anti-oncogenic in various types of cancer (Nickoloff BJ 2002, Shou J 2001, Sriuranpong
V 2001, Nakakura EK 2005, Kunnimalaiyaan M 2005, Qi R 2003, Viatour 2011, Talora C
2002, Kunni M 2006, Morimura T, Zweidler-McKay 2005, Klinakis A 2011, Stransky N
2011, Zage PE 2012, Rangarajan A 2001). The discrepancy between tumor-promoting and
tumor-reducing effects of Notch signaling exists amongst the different subtypes of thyroid
cancer.

The most differentiated thyroid cancer subtype, PTC, is most commonly reported to have a
high level of Notch signaling (Yamashita 2013, Gallo 2018, Yuan L 2019, Piana 2019). The
elevated activity of Notch in this subtype could be in part due to the well differentiated status
of the cells, supported by the widely accepted concept that Notch signaling can directly
promote cellular differentiation (Lobry C 2011). Although, a handful of studies conversely
report that PTC can be characterized by a low level of Notch signaling (Xiao X 2009,

Yu XM 2016). Ultimately, the controversial findings regarding Notch signaling in PTC
highlight the complexity of the pathway and the need for continued investigation.

In thyroid cancer subtypes that can be characterized as less differentiated, it appears that
Notch signaling is decreased. This observation is supported by evidence that demonstrates
lower levels of Notch signaling in FTC, MTC, and ATC in addition to a significant
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association found between low levels of Notch receptors and more aggressive cases of
thyroid cancer (Feretti 2008, Xiao 2009, Yu 2016, Somnay 2017). ATC, the most poorly
differentiated subtype, has the lowest expression of the Notch1 receptor when compared to
more differentiated thyroid cancers and normal thyroid cells (Feretti 2008, Patel P 2014, Yu
XM 2013, Somnay 2017, Piana 2019).

The majority of literature that describes Notch signaling in thyroid cancer focuses on the
Notchl isoform, followed by the Notch3 isoform. There is minimal investigation into the
other two known Notch receptors (Notch2 and Notch4). One study on MTC reported that
the natural compound resveratrol was able to increase Notch signaling through an induction
of Notch2, which is consistent with the study that reported a similar effect on Notchl
(Truong M 2011, Yu XM 2013). The individual and synergistic roles of each Notch receptor
(Notch1-4) have yet to be understood in thyroid cancer. A deeper understanding of each
receptor and the interplay between them could greatly advance what is known about Notch
signaling and potentially lead to new strategies for modulating the pathway.

The paradoxical balance between oncogenic Notch and tumor suppressive Notch impacts
the modulation strategy. Various natural compounds have been identified that induce Notch
signaling in thyroid cancer, thus exploiting a suspected anti-cancer effect by high levels

of Notch (Rashid FA 2017, Tesfazghi S 2013, Yu XM 2013, Patel P 2014, Yu XM 2014,
Damaskos C 2016, Adler JT 2010, Spartalis E 2019, Jang S 2015). Such compounds have
demonstrated promising preclinical data, but have yet to be explored in a clinical setting.
Compounds that have been tested clinically to increase Notch signaling in thyroid cancer,
primarily HDAC inhibitors, have resulted in disappointing findings. The use of HDAC
inhibitors as a monotherapy for the treatment of thyroid cancer has largely been ineffective.
The inconsistency between promising preclinical results and disappointing clinical results
could be attributed to additional mechanisms of action by which HDAC inhibitors effect
thyroid cancer cells that have yet to be understood. Further understanding how Notch
signaling functions in thyroid cancer could lead to advancements in the design of clinical
trials that target the pathway. Notch pathway has been cited as a potential prognostic marker
in patients with thyroid cancer, although this would also require a more definite role of
Notch signaling in these tumors (Jung CW 2017).
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Figure 1. Hypothesized relationship between Notch signaling and thyroid cancer differentiation.
Although the role of Notch signaling is controversial, a majority of investigative efforts have

shown that as thyroid cancer cells lose differentiation, Notch signaling also decreases. The
directionality of this relationship is not clear, but the canonical role of Notch signaling in
mammals suggests that a loss of Notch signaling would contribute to a reduction in cellular
differentiation.
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