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Abstract: Target therapy with various kinase inhibitors (KIs) has been extended to patients with
advanced thyroid cancer, but only a subset of these compounds has displayed efficacy in clinical use.
However, after an initial response to KIs, dramatic disease progression occurs in most cases. With the
discovery of cancer stem cells (CSCs), it is possible to postulate that thyroid cancer resistance to KI
therapies, both intrinsic and acquired, may be sustained by this cell subtype. Indeed, CSCs have
been considered as the main drivers of metastatic activity and therapeutic resistance, because of their
ability to generate heterogeneous secondary cell populations and survive treatment by remaining in
a quiescent state. Hence, despite the impressive progress in understanding of the molecular basis
of thyroid tumorigenesis, drug resistance is still the major challenge in advanced thyroid cancer
management. In this view, definition of the role of CSCs in thyroid cancer resistance may be crucial to
identifying new therapeutic targets and preventing resistance to anti-cancer treatments and tumor
relapse. The aim of this review is to elucidate the possible role of CSCs in the development of
resistance of advanced thyroid cancer to current anti-cancer therapies and their potential implications
in the management of these patients.

Keywords: thyroid cancer; stem cells; kinase inhibitors; ERK pathway; tumor relapse

1. Introduction

The incidence of thyroid cancer has steadily increased over the past decades, with an annual
percent change of +4.7 for both genders in the period between 2004 and 2013 [1]. Although this
increased incidence may be due to improved diagnostic scrutiny [2], some evidence supports a real
increase. Indeed, along with small tumors, both larger (i.e., >4 cm) and metastatic tumors have
also increased. As a consequence, thyroid cancer-related mortality has also increased in the United
States [3]. Hence, the burden of possible carcinogenic factors has been hypothesized, though, to date,
the only well-recognized factors are radiation exposure, low-iodine diet and family history of thyroid
cancer [4,5]. Approximately 95% of thyroid cancers, classified as differentiated thyroid cancers (DTCs),
have an excellent prognosis with a 10-year survival rate of 85% [6]. Indeed, surgery and radioiodine
are effective for the large majority of patients with thyroid cancer, even for those with a tumor
relapse (at local or distant sites). However, some patients with distant metastases are not responsive
to radioiodine treatment and their 10-year survival rate falls to about 10% [7]. Moreover, poorly
differentiated thyroid cancer (PDTC) and anaplastic thyroid cancer (ATC) that are usually diagnosed
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at an advanced stage, with local invasion of the soft tissue of the neck and distant metastasis, also
fail to uptake radioactive iodine (RAI). About 5% and 2% of all thyroid cancers (PDTC and ATC,
respectively), because of their aggressive clinical behavior and intrinsic resistance to RAI and other
therapeutic approaches, are responsible for 40-50% of thyroid cancer-related death [8]. For several
decades, therapeutic options for patients with metastatic thyroid cancer have been limited to systemic
chemotherapy, such as doxorubicin alone or in combination. The response rate (i.e., including patients
with partial and complete responses) to these regimens is about 20-25%, with median survival of
approximately 18 months in advanced DTC [9]. The use of new agents targeting specific molecular
pathways has only partially met the medical needs of patients with advanced progressive thyroid
cancer in recent years [10-12]. Sorafenib and lenvatinib are the most used multi-tyrosine kinase
inhibitors (MKIs) approved by the Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) for the treatment of locally recurrent or metastatic, progressive DTC refractory to
RALI treatment. Sorafenib was approved based on the results of a phase 3 multicenter study that
documented an improvement in the progression-free survival (PFS) of five months compared to placebo
(10.8 vs. 5.8 months) [13]. The efficacy of lenvatinib was documented by a multicenter study showing
an improvement in the PFS of 15 months compared to placebo (18.3 vs. 3.6 months) [14]. Despite these
promising results, both drugs are associated with severe grade 3—4 adverse events, including hand-foot
skin reaction, hypertension, diarrhea, fatigue and weight loss. Moreover, within 18 months from the
initiation of sorafenib and lenvatinib, half of the patients displayed a progressive disease. While in
patients with PDTC and ATC, unfortunately, most MKIs have shown limited or negligible activity,
and the combination of two targeted drugs, dabrafenib and trametinib, is the one FDA-approved
treatment for the patients with BRAF V600E mutation-positive ATC.

The mechanisms of this resistance have been partially elucidated and include the up-regulation
of multidrug resistance and antiapoptotic proteins [15-17] and the activation of pro-angiogenic
signaling pathways [18]. However, the majority of biological mechanisms leading to impressive tumor
dedifferentiation, aggressiveness and relapse remain to be unraveled to date.

Recent experimental evidence has demonstrated the presence of a small subpopulation of cells
within the tumor mass, namely cancer stem cells (CSCs), which may play a role in tumor initiation,
growth and metastatic spread [19]. These CSCs, which may be functionally considered DNA packaging
cells due their ability to arrest in GO, are very resistant to the genotoxic effect of chemotherapy [20].

In this regard, we reviewed the possible role of CSCs in promoting progression and resistance to
current anti-cancer treatment in advanced and PDTCs.

2. Thyroid Tumor Features

2.1. Thyroid Cancer Histotypes

The thyroid gland may give rise to several histological tumor types and subtypes that differ in
cellular shape, molecular profile, biological behavior and prognosis. Based upon histopathological
features, thyroid cancer is divided into four main subtypes: papillary; follicular; anaplastic, which
is follicular-derived thyroid cancer; and medullary thyroid cancer (MTC), which originates from the
neuroendocrine C-cells. Papillary (PTC) and follicular (FTC) thyroid cancers are usually classified as
differentiated thyroid cancers (DTCs), as they maintain several histological features of follicular cells.
DTC is three times more frequent in women than in men and has a peak incidence in the third and
fourth decades [1]. Approximately 90% of all thyroid cancers are PTCs, with a good overall prognosis
and spread to loco-regional lymph nodes (and less frequently to the lungs). The second most common
subtype is FTC, which represents 5% of all thyroid cancers and metastasizes by bloodstream to distant
sites, especially to lung and bone. DTCs often retain the ability to entrap iodine and are therefore usually
sensitive to RAI treatment. PDTC is histologically distinct from well-differentiated thyroid carcinoma
and displays aggressive behavior, which is intermediate between differentiated and undifferentiated
thyroid cancers. Anaplastic thyroid cancer (ATC) is one of the most aggressive and deadly cancers
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in humans. This rare cancer type (<1% of thyroid cancer) displays a peak onset at around 65 years
or older [1]. At the time of diagnosis, many patients already have advanced disease, including a
large cervical expanding mass that requires tracheostomy to maintain airway patency, and distant
metastases (lungs, bones and brain), which determine a short survival (approximately 5-6 months) [21].
Furthermore, MTC is a rare thyroid tumor, accounting for 1-2% of all thyroid cancers [1]. It is derived
from para-follicular C-cells, capable of secreting calcitonin and carcinoembryonic agent (CEA), which
represent clinically useful markers for diagnosis and follow-up. This tumor is typically more aggressive
than DTC, spreads to lymphatic and blood vessels and metastasizes to cervical lymph nodes, lungs
and liver.

2.2. Genetics of Thyroid Cancer

DNA sequencing studies have identified the most relevant genetic alterations in thyroid
carcinomas. Several of these mutations occur in genes with kinase activity, which are involved
in the mitogen-activated protein kinase (MAPK), the phosphatidylinositol 3-kinase (PI3K) pathways or
both. These signaling cascades transmit growth signals to the nucleus and their aberrant activation
has been implicated in the onset, progression and aggressiveness of thyroid cancer. The increasing
knowledge about these molecular alterations has allowed the development of new drugs targeting
these pathways, such as multi-tyrosine kinase inhibitors (MKIs) [22].

2.2.1. Differentiated Thyroid Cancer (DTC)

The Cancer Genome Atlas (TCGA) program [23] has recently completed the whole genomic
analysis in about 500 PTCs. These studies largely confirmed previous data about the frequency of key
mutations in this disease, mostly belonging to the MAPK signaling pathway. In addition, many novel
mutations were discovered, for example, BRAF mutations other than BRAFV600E, novel RET partners,
many forms of BRAF fusions and BRAF indels [24]. In PTCs, TGCA identified BRAF mutations in
61.7% of cases, RAS mutations in 12.9%, RET fusions in 6.8% and BRAF fusions in 2.7% [24]. These
alterations are nearly mutually exclusive, supporting the concept of the absence of a positive selective
pressure toward progressive DNA damage accumulation in a single cell. These data support the
idea that these aberrant genes encode for proteins operating in convergent pathways [25]. The most
frequent mutation in DTC is the BRAF T1799A mutation, resulting in a mutant BRAF V600E kinase,
present in PTC and papillary-derived ATC. Mutations in the RAS family of oncogenes are frequent in
FTC and the follicular variant of PTC.

As BRAF and RAS mutants are the predominant driver of oncogenes, they determine two different
signaling patterns and tumor phenotypes. Tumors with true papillary architecture are characterized by
BRAFV600E mutations and RET fusions and are classified as “BRAFV600E-like”, which display higher
MAPK transcriptional output and lower expression of genes involved in iodine metabolism. On the
other hand, tumors with follicular architecture are characterized by RAS mutations and classified as
“RAS-like”, with a lower MAPK signaling output and relatively preserved expression of iodine-related
genes [24]. Thirty percent of FTCs harbor chromosomal translocations resulting in a fusion gene
between the thyroid transcription factor PAXS8 gene and the PPARy gene (PAX8-PPARY) [26], while
RET oncogene rearrangements are present in about 7% of PTCs [23]. BRAF mutations have been
involved in a greater clinical aggressiveness, as well as TERT mutations, that are found in 7.5% of
PTCs, 17.1% of FTCs, 29.0% of PDTCs and 33.3% of ATCs [27].

2.2.2. Poorly Differentiated Thyroid Cancer (PDTC) and Anaplastic Thyroid Cancer (ATC)

TCGA genomic study in PTCs, along with some recent next-generation sequencing studies
performed in PDTCs and ATCs, support a gradual tumor progression from well-differentiated to poorly
differentiated and ultimately to ATCs through the accumulation of key additional genetic alterations.
While RAS and BRAF V600E mutations remain the main drivers in PTCs and PDTCs, other mutations
such as TERT and TP53, as well as alterations of the PI3K/AKT pathway are more frequent in ATC [28].
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2.2.3. Medullary Thyroid cancer (MTC)

Most MTCs display a mutation in the RET proto-oncogene, while rarely H-RAS, K-RAS or N-RAS
mutation [29]. RET mutation may be either sporadic or germline, with autosomal dominant inheritance.
There are three familial patterns: multiple endocrine neoplasia 2 A (MEN 2A), MEN 2B and familial
medullary cancer, without any association with other endocrine tumors (FMTC) [30].

3. The Multi-Step Carcinogenesis Model

Along with other malignances, experiments based upon the exposure to chemicals led to
hypothesizing the multi-step carcinogenesis model in thyroid cancer. According to this model, thyroid
cancer cells arise from the gradual accumulation of genetic alterations within normal thyroid epithelial
cells, leading to progressive acquisition of increased proliferation and an invasive phenotype [31]
(Figure 1).
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Figure 1. Schematic representation of multistep carcinogenesis in thyroid cancer. This model suggests
a stepwise dedifferentiation process from mature thyroid cells, to well-differentiated cancer, up to
poorly differentiated and anaplastic thyroid cancer, as the result of progressive accumulation of somatic
genetic alterations (H&E stain, original magnification: 200x). Abbreviations: FTC = follicular thyroid
cancer, TP53 = tumor protein p53, PAX8/PPARG = paired box 8/peroxisome proliferator-activated
receptor gamma fusion protein, RAS™Ut = rat sarcoma viral oncogene homolog mutations, RET/PTC =
rearranged during transfection/papillary thyroid carcinoma fusion protein, BRAF™¢ = v-raf murine
sarcoma viral oncogene homolog B1 mutations, PTC = papillary thyroid cancer, TP53™ = tumor
protein p53 mutations, PDTC = poorly differentiated thyroid cancer, ATC = anaplastic thyroid cancer,
H&E stain = hematoxylin and eosin stain.

In this respect, mutations in both tumor suppressor genes and proto-oncogenes are crucial
in the carcinogenesis model (driving mutations). As discussed above, a key mutation in PTC is
V600EBRAF [32], and RAS point mutations are present in adenomas, follicular carcinomas and
follicular variant of PTCs. Chromosomal rearrangements are also frequently found in DTCs [33] and
RET proto-oncogene rearrangements and activation are present in early stages of PTCs, particularly
common in patients exposed to ionizing radiation and in pediatric cancer [34]. On the other hand,
PAX8-PPARY rearrangement is important for the progression of follicular adenoma to follicular
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carcinoma [35]. According to this multi-step model, undifferentiated and poorly differentiated thyroid
carcinomas originate from either dedifferentiated follicular or papillary cancers harboring inactivated
tumor suppressors, such as p53 [36]. Nevertheless, this multi-step carcinogenesis model does not fully
explain some clinical and molecular features of thyroid cancer (i.e., how the low proliferation rate of
normal thyrocytes may support the increased thyroid cancer risk in adults?). Moreover, if ATCs derive
from DTCs by accumulation of further genetic abnormalities, why are BRAF mutations and RET/PTC
and PAX8/PPARY rearrangements typical in DTCs seldom present in ATCs? Hence, the multistep
carcinogenesis model does not fully fit into the development of a consistent number of PDTCs.

4. A New Paradigm in TC Origin and Progression: From the Multi-Step Carcinogenesis Model to
the Cancer Stem Cell (CSC) Hypothesis

Development of either pre-existing or acquired resistance is based upon either the presence or
progressive accumulation of specific molecular alterations in thyroid cancer (TC) cells. Identifying
molecular abnormalities that underlie tumor onset and progression may be helpful to better depict the
multi-step carcinogenesis model and also analyze those mechanisms responsible for drug resistance.

On the other hand, several studies, indicating that the cancer cell population is heterogeneous and
molecular alterations are not present in the whole tumor bulk, were allowed to depict the “cancer stem
cell hypothesis”. This hypothesis was firstly established by the previous observation that leukemia
may contain hierarchical multi-lineage cells [37]. In this view, it is reasonable to suppose that a
subpopulation of tumor cells may be involved in the pathogenesis, progression and evolution of
human solid tumors. Several observations also indicate that these cancer cell subtypes share many
properties with stem cells, including self-renewal and indefinite growth [38,39].

In this perspective, some authors hypothesized that thyroid cancer may be a cancer stem cell
driven disease [40-42]. A debate about the origin of thyroid stem cells in adult human thyroid is still
open and several possible sources have been hypothesized [43,44] (Figure 2a).

The presence of adult stem/progenitors within the thyroid gland was first postulated by Dumont
who estimated the theoretical number of 1 stem cell every 1000 mature thyroid follicular cells [45].
Later, immunohistochemical studies indicated the presence of a cell population within thyroid tissue
positive for stem cell markers, such as octamer-binding transcription factor 4 (Oct-4), GATA Binding
protein 4 (GATA-4) and hepatocyte nuclear factor 4 alpha (HNF4«) [46]. A possible source of thyroid
stem cells was postulated by Harach, who described the presence of ultimobranchial body nests in
fetal thyroid tissue displaying a similarity with adult thyroid solid cell nests (SCNs) [47]. A possible
role of ultimobranchial multipotential stem cells in the histogenesis of thyroid carcinomas, such as
mucoepidermoid thyroid carcinoma, was first evidenced in 1995 [48] and later on [49]. A further
source of thyroid stem cells may be allogenic, from remnant fetal cells present in tissues of multiparas.
This phenomenon is called microchimerism and is due to the bidirectional trafficking and persistence
of a small number of allogenic cells in genetically different organisms. Hence, these fetal cells could be
a possible alternative source of thyroid stem/progenitor cells. Although they have been detected in
normal thyroid tissues and follicular adenomas in multiparas [50], their role in cancer stem cell origin
has not yet been demonstrated.

Finally, the observation that patients who received hematopoietic stem cell transplantation have an
increased risk of thyroid cancer led to the hypothesis that hematopoietic stem cells from bone marrow
may migrate to thyroid tissue and reside there for a long time [51]. However, with respect to the
thyroid gland, it was difficult to prove the existence of stem cells, with proliferation and differentiation
abilities in adult [46,52]. Several approaches to isolate thyroid stem cells were attempted, but to date,
no standardized method has been established. The first method to isolate TSCs was performed by
generating thyrospheres from adult thyroid tissue. These thyrospheres were obtained by the exposure
of single thyroid cell suspension to growth factor stimulation (bFGF and EGF) in serum-free medium
and non-adherent culture conditions. Exposure of these thyrospheres to serum and TSH induced
differentiation into thyrocytes [53], while the addition of insulin, insulin-like growth factor (IGF) or both,
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stimulated the growth of TSCs and thyrosphere volume [54]. Thyroid stem cells are supposed to be
involved in tissue regeneration and repair after injury, such as thyroid follicle proliferation after partial
thyroidectomy in mice [55]. Three types of thyroid stem cells have been described: the progenitor of
follicular cells (of endodermal origin); the progenitor of C-cells, originating in the ultimo-branchial
bodies (neural crest origin); and bipotential progenitors, giving rise to both follicular and C-cells,
as indicated by immunofluorescence studies. The transition of stem cells into mature cells is stimulated
by growth factors and cytokines present in the microenvironment of the stem niche.
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Figure 2. The possible origin of thyroid stem cells (SCs). (a) Different hypotheses about the origin of
thyroid SCs: (1) from ultimobranchial body cell nests; (2) from stem cells migrating from different
tissues (e.g., bone marrow) and (3) from remnant fetal cells present in tissue of multiparas. (b) TCSs
may originate either from transformation of normal thyroid stem cells or through de-differentiation
of thyroid cancer cells which assume CSC characteristics. According to this model, CSCs are a key
component of tumor heterogeneity.

According to this view, a given tumor may behave as an organoid containing both cancer stem
cells and cancer differentiated cells. These CSCs may originate from either normal stem cells (NSCs)
through a transformation process or from differentiated cancer cells as the result of a dedifferentiation
process [40] (Figure 2b). The CSC model may have important implications for both the diagnosis
and treatment of thyroid cancer, especially for the management of poorly differentiated, recurrent or
rapidly growing diseases, refractory to RAI therapy.

The fetal cell carcinogenesis hypothesis in thyroid cancer previously proposed by Takano is in
line with this notion. Indeed, he postulated an initial carcinogenetic event occurring in fetal thyroid
cells, which are present during the fetal life until childhood [56]. This mutational event may occur
in thyroid precursors at different stages of differentiation: thyroid stem cells (TSCs), thyroblasts and
prothyrocytes, giving rise to the different TC histotypes. According to this view, ATC takes its origin
from TSCs (expressing TTF-1 e NKX-1), PTC and FTC from thyroblasts (cells responsible for thyroid
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growth during the development expressing TG), and follicular adenomas from prothyrocytes (fetal
thyroid cells that form follicles, but not still committed to produce thyroid hormone) [57] (Figure 3).

THYROID PRECURSORS THYROID CANCERS

@/&—> &‘:% ATC

thyroid stem cells

thyroblast

QF — G

Figure 3. Schematic representation of fetal carcinogenesis in thyroid cancer. According to this

prothyrocyte

model, thyroid cancer cells derive from the transformation of the three types of fetal thyroid cells,
namely, thyroid stem cells, thyroblasts and prothyrocytes, which may give rise to ATC, PTC and FTC,
and follicular adenoma, respectively.

This hypothesis implies that the carcinogenetic event occurs in the early phases of thyroid
development and the transforming potency of BRAF and RET oncogenes mostly depends on the
inhibition of differentiation of thyroid precursors. On the other hand, this model is in accordance with
the low proliferation rate of thyroid cells, the late appearance of the tumor in adult age and is partially
supported by recent molecular studies [57-61]. The CSC model and multistep carcinogenesis model
may be not mutually exclusive, but rather, they may coexist and explain the extreme variability in the
behavior of TC. In this regard, it is reasonable to hypothesize that the “multistep carcinogenesis model”
may be applied to adult stem cells [62] and to the “fetal cell carcinogenesis model” [57].

5. Normal and CSCs: Characteristics and Classification

To explain the possible involvement of thyroid cancer stem cells in chemoresistance, the peculiar
features of both normal and cancer stem cells are described below. Normal stem cells display two
hallmark properties: (a) self-renewal (i.e., the capacity to maintain the lineage by generating daughter
cells that remain stem cells) and (b) potency (i.e., the ability to differentiate into specialized cells) [63].
As a consequence, the peculiar properties of stem cells are unlimited division in an un-differentiated
state. In order to maintain a cell population lineage with the same characteristics, stem cells undergo
two types of cell division: (a) symmetric division, generating two identical cells with stem cell features
and (b) asymmetric replication, giving rise to one daughter cell identical to the mother and the other
daughter cell undergoing a differentiation program. During both normal development and tumor
progression, stem cell division and differentiation rates are influenced by the microenvironment, which
plays a crucial role in stem cell biology and survival [64]. Stem cells may be classified as totipotent,
when they differentiate into both embryonic and extraembryonic cell types; pluripotent, deriving from
totipotent cells and differentiating into cell types belonging to the three germ cell layers (ectoderm,
endoderm and mesoderm); multipotent may differentiate into a defined number of cell types, which are
closely related to the original cell type; oligopotent can differentiate into only a few cell types, such as
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lymphoid or myeloid stem cells; and unipotent cells produce only a distinct cell type, maintaining the
self-renewal capability. NSCs may be also classified as embryonic (ESCs), germinal and adult (somatic)
stem cells (§5Cs) with a different proliferative potential. SSCs or progenitor cells are limited in their
proliferative and differentiation potentials lying in an undifferentiated state in the majority of adult
tissues as quiescent cells that replicate themselves only for renewal or after injury [65]. Stem cells may
be isolated from adult tissues by clonogenic methods in vitro that evaluate their ability of self-renewal,
differentiation, and expression of molecular markers [46]. Different molecular pathways regulate stem
cell self-renewal in different tissues, and the same pathway may be used by both NSCs and CSCs to
regulate proliferation and differentiation. Studies of these common pathways may be crucial for the
identification of molecular targets in anti-cancer therapies.

Similar to NSCs, CSCs are a subpopulation within a tumor mass with long-term self-renewal and
the ability to generate a progeny differentiating into different tumor cells that variably contribute to
tumor expansion [66]. After isolation, these CSCs are able to generate the same tumor phenotype
when implanted into animal models [67]. Due to common features with NSCs, CSCs are resistant to
the common anti-cancer treatments and are responsible for tumor relapse and metastasis. Indeed,
traditional chemotherapy is usually able to kill cancer differentiated and proliferating cells, but not the
slow dividing subpopulation of CSCs that is resistant and eventually sustains tumor relapse. Therefore,
the emerging topic in anticancer research is the development of specific therapies targeted against
CSCs, especially in those patients with advanced and relapsing disease. Tumor progression may be
explained by these two main models: the multistep (or stochastic) and the stem cell (or hierarchical)
model. According to the first model, tumor growth is sustained by each tumor cell while, according
to the second, tumor cells are organized hierarchically along different subtypes, while a restricted
subpopulation drives the overall tumor progression and growth. These two different theories are not
mutually exclusive, as the plasticity of cancer may be based upon a transition from non-CSCs to CSCs
and vice versa, in accordance with different conditions in the tumor microenvironment. Similar to NSCs,
isolation of CSCs from tumor tissues, including thyroid cancers, have been performed by different
approaches, including antigen-directed FACS sorting, side population and Aldefluor assay [52,68].
Although in vitro culture and maintenance of CSCs is difficult, the continuous development of
new technologies has allowed the CSC culture as cell floating spheroids in non-adherent plates
or 3D culture in reconstituted basal membranes (Matrigel) [69,70]. An important feature of CSCs,
at various limiting dilution, is the ability to reproduce the original tumors in vivo. Compared to
NSCs, CSCs express a specific set of cell markers and exhibit dysregulated signaling pathways and
abnormal phenotypes. The dysregulated pathways in CSCs include Wnt, Hedgehog and Notch
signaling, which are involved in self-renewal of NSCs. Recent evidence indicates that CSCs are
involved in cancer cell epithelial to mesenchymal transition (EMT) and, as a consequence, in tumor
invasiveness and distant metastasis. In this view, EMT arises from the generation of thyroid CSCs with
mesenchymal cell properties [71]. With respect to thyroid cancer, Lan et al. found that the majority of
ATC cells display an EMT phenotype and share biological and molecular features common to NSCs
and CSCs. These authors also showed that the content of CSCs in the ATC cell population directly
correlates with the presence of EMT. They concluded that the emergence of a CSC-like phenotype
is a consequence of EMT onset in epithelial thyroid cancer cells. Experimental evidence indicates
that hypoxia in the thyroid tumor microenvironment is able to activate the Wnt/f3-catenin signals,
thereby inducing the EMT program [72]. Further characterized CSC pathways include, Sonic hedgehog
(Shh)/Patched (Ptch)/Smoothened (Smo) [73], Notch/Delta-like ligand (DLL) [74], CXC chemokine
receptor 1-2/CXCL8/FAK [75] and Wnt [76]. These pathways may also modulate downstream effectors,
including transcription factor activators and transcription factors, such as (3-catenin, STAT3 [77]
and Nanog [78,79]. Moreover, some reports indicate that undifferentiated phenotype and tumor
aggressiveness in PTC is dependent on a selective upregulation of a set of genes in CSCs. This alteration
is concomitant with the up-regulation of Wnt and Notch signaling and with increased EMT and
chemoresistance [79]. Todaro et al. [61] demonstrated that activation of AKT, c-Met and 3-catenin,
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along with downregulation of E-cadherin, confers motile and invasive behavior to undifferentiated
thyroid CSCs. Similar to CSCs originating from other tumors, thyroid CSCs display high ALDH activity,
along with increased clonogenic and self-renewal abilities [61]. Many other biomarkers have been
proposed to distinguish thyroid CSCs from the bulk of tumor cells in order to facilitate their isolation
and characterization in vitro. In PTCs, CD44- and ALDH-positive cells have been correlated to BRAF
mutation and extrathyroidal extension in node-positive patients [80]. Further studies indicated that
CXCR1 is expressed in PTC tissues, where it sustains an IL-8 autocrine loop that regulates thyroid CSC
behavior. Moreover, there is evidence that CD34 is overexpressed in thyrospheres, which stimulates
the sphere-forming ability and tumorigenicity of thyroid cancer cells [81]. Nevertheless, the urgent
need to find functional molecules with a critical role in CSC survival and self-renewal, rather than
simply markers, has led to the identification of specific signaling pathways increasing the possibility of
developing clinical strategies. This is the case of the JAK/STAT3 and NF-kB pathways whose activation
has been discovered to be able to confer CSC properties to ATC cells [82].

A growing body of evidence highlights the importance of the IGF system in the biological behavior
of thyroid CSCs [54,83]. Several features of cancer cells, such as increased proliferation, stemness,
metabolic reprogramming and resistance to therapies, are associated with IGF system activation [84-87].
Specifically, both IGF2 and the fetal A isoform of IR are frequently overexpressed in cancers, resulting
in the activation of a loop that leads to a potentiation of cancer phenotype. In addition, the cross-talk
of IR with its cognate receptor IGF-1R gives rise to the formation of hybrid receptors (HR-A or HR-B),
further enhancing the IGF signaling in cancer cells. More recently, a functional cross-talk between
IR-A and a non-integrin collagen receptor, discoidin domain receptor 1 (DDR1), has been described,
adding more complexity to the system [88-91]. Nonetheless, the specific role of these pathways in PTC
spheres and in thyroid tumor progression is still under investigation.

6. Role of CSCs in the Development of Resistance to Thyroid Cancer Treatments

Resistance to therapy continues to be the main challenge in achieving long-term remission or
cure in patients with advanced thyroid cancer. Multiple underlying mechanisms have been identified
over the past several years. For example, the mutations in downstream effector molecules of tyrosine
kinase receptors [92,93], the activation of compensatory signaling pathways [94,95], the secondary
acquired mutations [96-98] and the tumor microenvironmental features [99] are all potential causes
of failures of molecular-targeted therapy. In the last two decades, attention has been focused on the
role of CSCs. Current views favor the model that the differentiated cancer cells or non-CSCs undergo
apoptosis after treatment with anti-cancer therapies, whereas the CSCs exhibit characteristics of therapy
resistance, thereby escaping apoptotic cell death. Then, the remaining CSCs can re-establish tumor
growth and cause relapse from therapies. Thyroid CSCs have been shown to be highly resistant to
most of the available anti-cancer therapies, including conventional chemotherapy and radiotherapy.
Currently, few findings have been reported implying that CSCs contribute to KI resistance in advanced
thyroid cancer. The mechanisms by which the thyroid CSCs contribute to therapy resistance, with an
emphasis on molecular-targeted inhibitors, are mentioned below in detail and summarized in Figure 4.
Furthermore, we outlined some potential therapeutic strategies to overcome therapy resistance of
thyroid CSCs.

6.1. CSCs: “The Survivors” to Conventional Anti-Cancer Therapy

Thyroid cancer is historically refractory to chemotherapy and radiotherapy. Since their
identification and characterization in thyroid cancer, CSCs have emerged as the possible main
player in cancer for the resistance to conventional therapies. Indeed, CSCs exhibit a quiescent state
characterized by slow cell cycling. Thus, it is possible that, unlike the highly proliferating cells,
the CSC subpopulations may not be eradicated by chemotherapy and radiotherapy, causing the
relapse of the disease. This hypothesis is reinforced by the observation by Giuffrida et al. [100] who
treated thyroid CSC-enriched spheres with different chemotherapy drugs, including bortezomib, taxol,
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cisplatin, etoposide, doxorubicin and vincristine. In those experiments, CSCs were more resistant
than their parental differentiated PTC cells to chemotherapy [100]. Li and colleagues [101] have
reported an increase in resistance to cisplatin in SP cells of various thyroid cancer lines compared with
non-SP cells. Similarly, the CD133+ CSC population isolated from both human ATC cell lines and
primary patient ATC specimens (ATC-CD133+ cells) displayed enhanced resistance to conventional
chemotherapeutic drugs and ionizing radiation as compared to a differentiated non-CSC population
(ATC-CD133-). Interestingly, the inhibition of a pivotal factor for the self-renewal of thyroid CSCs,
STAT3 signaling, with cucurbitacin I significantly increased sensitivity to both radiotherapy and
chemotherapy and suppressed self-renewing abilities by inducing apoptosis in ATC-CD133+ cells [82].
Thus, the eradication of CSC populations may significantly reduce the therapy-resistant phenotype
and prevent tumor relapse.

Activation of the bypass

pathways
Overexpression of MAP3KS8
s BRAF inhibitors—| BRAFV600E |

. ..v%% Efficient ‘ : .

Survival and
® e drug eCiep proliferation LncRNA
p and
@ ) )
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- transporters
-
Drug from the ABC gene family cell-to-cell

communication

Activated stemness
EMT signaling
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transcription factors (TFs)
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Figure 4. Molecular mechanisms underlying thyroid cancer stem cells (CSCs) resistance to therapy with
kinase inhibitor. Resistance of CSCs to kinase inhibitor (KI) may be caused by different mechanisms,
including epithelial-to-mesenchymal transition, increased drug efflux efficiency, activation of the
bypass pathways, IncRNA and exosomes mediated cell-cell communication and deregulation of the
stem cell signaling pathways. Abbreviations: MAP3K8 = Mitogen-Activated Protein Kinase Kinase
8, BRAF = v-raf murine sarcoma viral oncogene homolog B1, BRAFV600E = valine-to-glutamic acid
substitution at amino acid residue 600 of BRAF protein, MEK = Mitogen-Activated Protein Kinase
Kinase, ERK = Extracellular Signal-Regulated Kinase, LncRNA = Long non-coding RNA, PTCH1/2 =
Patched1 and 2, SMO = Smoothened, GLI = glioma-associated oncogene family zinc finger, Twist =
Twist-related protein 1, Snail = zinc finger protein SNAI1, ZEB 1/2 = Zinc finger E-box binding protein
1 and 2, TF = transcription factor, EMT = epithelial-mesenchymal transition, FGFR = fibroblast growth
factor receptor.
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6.2. Over-Expression of ATP-Binding Cassette

It is well-known that CSCs have an increased ability to extrude drugs via several multidrug
resistance-related ABC transporters, including ABCB1/P-gp and ABCG2/BCRP, which confer drug
resistance to the cell. A significant increase in the SP has been detected in a doxorubicin-resistant
thyroid cancer cell subline, Hth74R, enriched with Oct4-positive cancer stem-like cells with respect to
the parental Hth74 cell line. Furthermore, pharmacological inhibition of ABC transporters restored
the sensitivity of Hth74R cells to doxorubicin [20]. Carina and colleagues [102] also reported that the
silencing of SOX2 sensitized ATC-CSCs to chemotherapeutic agents by directly suppressing ABCG2.
Whether these data suggest that the over-expression of ABC transporter proteins is probably one of
the most important mechanisms of CSC-mediated resistance to conventional drugs in thyroid cancer,
their potential impact in the therapeutic outcome of Kls in thyroid cancers has not yet been adequately
explored. Unfortunately, it is still unknown whether chronic administration of Kls leads to CSC
phenotypes characterized by ABC transporter’s up-regulation and reduced cell accumulation of drugs
that result in acquired resistance to therapies and tumor relapse. However, it is reasonable to speculate
that the intrinsic over-expression of ABC transporters in thyroid CSCs may explain the poor response
to Kls in patients with thyroid cancer, but the underlying mechanisms among transporters, thyroid
CSCs and Kls need to be determined.

6.3. Dysregulation of Growth Signaling Pathways of CSCs

One of the most important mechanisms by which CSCs survive cancer treatment is represented by
deregulation of signaling pathways involved in stem cell self-renewal [103]. The activation of growth
and survival signaling pathways, such as Hedgehog, Notch, JAK/STAT and Wnt/[3-catenin, together
with transcriptional regulators, including OCT4, SOX2 and YAP/TAZ, play a significant role in the
expansion of CSCs and hence the resistance to therapy. Unfortunately, few reports have been published
concerning the therapy resistance of thyroid CSCs. In particular, Heiden et al. [104] reported that the
Sonic Hedgehog (Shh) signaling pathway, which is required for self-renewal of CSCs, is deregulated
in ATC cell lines by Glil-mediated up-regulation of Snail. Moreover, inhibition of the Shh pathway
enhanced the radiation sensitivity of ATC CSCs, as well as impaired their self-renewal capacity [104].
Carina and colleagues [102] observed that the knockdown of SOX2 enhanced doxorubicin and cisplatin
sensitivity via the inhibition of ABCG2 expression in SW1736, a thyroid cancer cell line with enriched
CSC phenotypes. Finally, the inhibition of STAT3 signaling by cucurbitacin I was found to cause a
decrease in CSC-like properties, and thereby sensitized ATC-CD133+ cells to chemoradiotherapy [82].
Similarly, curcumin has been observed to promote apoptosis and enhance the anticancer activity of
cisplatin in thyroid CSCs by targeting STAT3 signaling [105]. Although no experimental data are
available for thyroid cancer, it is likely the activation of growth signaling pathways in thyroid CSCs may
have a considerable impact on the response of kinase inhibitors as reported for others cancers [106,107].
Taken together, these studies endorse the existing relationship between CSCs and resistance to therapies,
suggesting that targeting CSCs could be a promising approach to overcoming resistance.

6.4. Activation of the Bypass Pathways

Another factor contributing to the therapy resistance of CSCs is the activation of the bypass
pathways to therapeutic insult. Our recent report indicates that treatment with the BRAF inhibitor
vemurafenib causes a paradoxical stimulatory effect on mutant BRAF V600E in thyroid cancer stem
cells, differing from their parental monolayer cultures. Indeed, while the of BRAFV600E activity
inhibition by vemurafenib resulted in decreased ERK phosphorylation and inhibition of cell growth
in a mutant BRAFV600E whole thyroid cancer cell population, it induced a re-activation of ERK
and a progressive increase in AKT activation in a CSC subpopulation. Importantly, we found that
the resistance of thyroid CSCs to vemurafenib depends on the higher MAP3KS8 expression. Indeed,
pharmacological inhibition of MAP3KS sensitizes thyroid BRAFV600E mutant CSCs to treatment with
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vemurafenib, suggesting therefore that this cell subpopulation can be involved in the failure of the
therapies targeting BRAFV600E in advanced thyroid cancer [108].

6.5. Phenotypic Alterations

EMT has also been shown to promote resistance to treatment with kinase inhibitors, establishing
a link with the resistant phenotype of CSCs [109]. As discussed in the above paragraphs, during
EMT, epithelial cells lose their junctions and apical-basal polarity and acquire an invasive phenotype,
as well as stemness properties. In a recent report, Lee et al. [110] identified a potential mechanism
of EMT induction mediated by the activation of FGFR signaling, which was more pronounced in
ATC compared to PTC patient-derived thyroid cancer cell lines. Interestingly, combined treatment
with lenvatinib (in contrast to sorafenib), a multi-target kinase inhibitor of FGFR 1-4, and HNHA,
a histone deacetylase inhibitor, triggers additive/synergistic anti-tumor response in patient-derived
thyroid cancer cell lines. The combined treatment induced higher rates of apoptosis compared to
each single compound by the suppression of EMT induction via FGFR signaling. Similar results
were obtained in vivo in an orthotopic xenograft mouse model [110]. In addition, Dima et al. [111]
observed that the treatment with crizotinib, a dual ALK/c-MET inhibitor, with additional activity on
ROS1 kinase (c-ros), was less effective in thyroid CSCs overexpressing EMT-related genes than in
their monolayer counterpart. The limited cell response to crizotinib may probably be associated with
increased levels of RTK-related EMT phosphorylation observed in CSCs upon treatment with the
inhibitor [111]. Collectively, these studies point to a reciprocal relationship between CSCs and EMT
that could determine the development of drug resistance in advanced thyroid cancer.

6.6. Non-Coding RNAs and Exosome-Based Mechanisms

At the same time, many non-coding RNAs (ncRNAs), including long non-coding RNAs (IncRNAs),
are reported to promote drug resistance by regulating the EMT process and specific signaling pathways
in CSCs [112]. LncRNAs are non-protein coding transcripts longer than 200 nucleotides, which play
crucial roles in regulating gene expression at transcriptional, post-transcriptional and epigenetic
levels [113]. The aberrantly expressed IncRNAs have been implicated in the development, progression
and resistance to therapy of various cancers, including thyroid cancer, regulating even EMT and cancer
cell stemness [114-117]. Although the roles of IncRNA in thyroid CSCs are not fully understood,
studies have revealed that several IncRNAs are involved in the regulation of CSCs in thyroid cancer.
For instance, the IncRNA FOXD?2 adjacent opposite strand RNA 1 (FOXD2-AS1) was found to be
up-regulated in thyroid cancer tissue, and a higher expression was associated with poor recurrence-free
survival in patients with DTC. In addition, the knockdown of FOXD2-AS1 suppressed the CSC-like
phenotype and anoikis resistance of thyroid cancer cells through sponging mir-7-5p with consequent
increase of telomerase reverse transcriptase (TERT) expression [118]. Interestingly, mir-7-5p has
been characterized as a tumor suppressor in various cancers, regulating the differentiation and EMT
processes, and its over-expression significantly reduced the proliferation, migration and invasion of
sorafenib-resistant cells in human hepatocellular carcinoma [119]. These data suggest that expression
of FOXD2-AS1 and miR-7-5p may predict the outcomes/responses of patients to sorafenib.

Most importantly, the interactions of IncRNA with signaling pathways can regulate the therapy
resistance property of thyroid CSCs. For example, papillary thyroid carcinoma susceptibility candidate
3 (PTCSC3) is a recently recognized tumor-suppressive IncRNA whose expression has been found to be
strongly down-regulated in thyroid cancer tissue compared to healthy counterparts. PTCSC3 has been
reported to regulate thyroid cancer cell proliferation and migration via modulating Wnt/3-catenin
signaling [120]. Moreover, the forced re-introduction of PTCSC3 resulted in the suppression of stem
cell properties and restored sensitivity to doxorubicin in ATC cells by regulating the STAT3/INO80
pathway, a well-known promoter of thyroid CSC growth [121,122].

BRAF-activated non-coding RNA (BANCR) has been observed to be over-expressed in cancer
tissue compared with the adjacent normal tissue in patients with thyroid cancer, which promotes the
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growth of thyroid cancer cells and CSC-like phenotypic characteristics via the RAF/MEK/ERK signaling
pathway [123]. Given that BANCR is strongly associated with BRAF V600E and the only approved
treatment for patients carrying BRAF-mutated ATC is the combination of dabrafenib (BRAFi) and
trametinib (MEKi), the role of BANCR as a possible valid biomarker for monitoring and predicting
responsiveness to inhibitors could be investigated.

Accumulating evidence has suggested that the well-described oncogene nuclear enriched abundant
transcript 1 (NEAT1) plays a significant role in the therapy resistance of various tumors, including
thyroid cancer [124]. Yan and colleagues [124] have reported an increased expression of NEAT1 in
ATC tissue and cell lines, and the silencing of NEAT1 sensitized ATC cells to cisplatin and enhances
apoptosis by suppressing miR-9-5p sponging and regulating sperm-associated antigen 9 (SPAG9).
Recently, higher NEAT1 expression was noted in sorafenib-resistant hepatocellular cancer cells, and its
anti-sorafenib activity has been observed to be promoted by modulating miR-335 expression, which in
turn regulates the activity of c-MET/AKT signaling [125]. As mentioned above, c-MET/AKT signaling
is one of the most important mechanisms in the self-renewal of CSCs in thyroid cancer, suggesting that
the over-expression of NEAT1 in ATC could explain the limited efficacy of sorafenib for the treatment
of patients with ATC. So far, the eventual role and mechanism of how NEAT1 regulates resistance to
KIs in thyroid cancer CSCs remain unknown.

Interestingly, IncRNAs can also be packaged into exosomes, a subset of multi-vesicular bodies
(MVB), and act as modulators in cell-cell communication [126]. In a recent study, Hardin et al. [127]
observed that exosomes from thyroid CSCs induced EMT in non-cancerous thyroid cells by the transfer
and expression of the IncRNAs MALAT1 and linc-ROR, as well as the EMT marker SLUG and the
stem cell transcription factor SOX2. Moreover, the exosomes of the CSCs significantly increased the
proliferation and invasiveness of the treated normal thyroid cells compared to the control cells [127].
These data would suggest that the intercellular cross-talk mediated by the exosomes of the CSCs and
their content could significantly contribute to the production of different subpopulations of cells in a
tumor microenvironment characterized by a different phenotype (i.e., resistant to treatment) [128,129].

7. CSC-Based Therapy

The ability of CSCs to be resistant to current anti-cancer therapies, suggests the needed development
of novel and effective therapeutic strategies to eradicate CSCs specifically. A promising strategy
could be the inhibition of specific CSC-generating and CSC-expanding pathways, such as the Wnt,
Shh, JAK/STAT3 and PI3/AKT signaling pathways, which regulate thyroid CSC self-renewal and
tumor growth. Although encouraging preclinical findings have suggested that the agents that inhibit
CSC pathways suppress thyroid cancer cell growth and indeed enhance cellular sensitivity to both
targeted and conventional therapy. Unfortunately, there are no ongoing clinical trials targeting CSCs in
advanced thyroid cancer. The inhibition of mTOR, a component of the PI3K/AKT signaling pathway,
has shown limited activity in advanced or metastatic thyroid cancer [130], while the effects of other
inhibitors of CSC-regulating pathways have not yet been evaluated [131]. It is important to note that
the alternative signaling through pathways cross-talk and the multiple heterogeneous phenotypes of
CSCs could complicate the development of effective CSC-targeting therapy for an individual patient.
Recently, a high-throughput siRNA screen was conducted by Shiraiwa and colleagues [132] using a
library collection of 719 human kinases to identify specific regulators of thyroid CSCs. The authors
found that both JAK/STAT3 and NF-KB signaling pathways regulate the properties of CSCs in ATC cells,
and combined treatment with their specific pharmacological inhibitors triggers an additive/synergistic
anti-tumor response in ATC sphere formation, speculating the cross-talk between the STAT3 and NF-KB
signaling pathways [132]. Thus, targeting these signaling pathways may be a promising therapeutic
approach to treating patients with advanced thyroid cancer.

Finally, the effective eradication of CSCs will require a better understanding of the properties
of CSCs, including IncRNA and exosome-mediated cell-cell communication. Several IncRNAs have
been shown to contribute to the mechanisms of anti-cancer therapy resistance in thyroid CSCs.
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However, further research is needed to determine whether IncRNAs may represent a therapeutic
approach to overcome resistance in thyroid cancer. Interestingly, modified exosomes delivering
therapeutic agents, such as pro-apoptotic proteins, ncRNAs, and drugs could be used to treat cancer.
Thus, the understanding of resistance mechanisms involving exosome-mediated cell-to-cell
communication needs to be addressed by future therapeutic strategies for advanced thyroid cancer.

8. Conclusions

The vast majority of thyroid carcinomas are cured well by surgery and radioiodine, while a
minor but consistent group are refractory to radioiodine therapy and, unfortunately, very resistant
to conventional chemotherapy. This carcinoma subgroup is often progressive and may cause patient
death in the short term. Molecular studies identifying mutations driving thyroid cancer progression
allowed the use of selective inhibitors targeted to deregulated pathways. To date, however, these drugs
have not provided any significant and durable effect, and their actions are often cytostatic rather than
toxic. In addition, selective inhibitor use in the long term often results in the progressive development
of tumor resistance and sometimes in impressive tumor dedifferentiation and relapse.

Recently, the identification of normal stem cells in human thyroid and, more specifically, cancer
stem cells within thyroid carcinomas has shed light onto a possible mechanism of thyroid cancer
progression, dedifferentiation, relapse and chemoresistance due to their great ability for DNA repair
and sustaining epithelial to mesenchymal transition. Hence, understanding the mechanisms regulating
thyroid cancer stem cell proliferation and survival may provide valuable tools for tumor targeting
that may be adjuvant in the treatment of aggressive thyroid carcinomas. In this light, studies aimed
at describing pathways specifically activated in thyroid cancer stem cells and responsible for the
interaction with the stem cell niche microenvironment are useful to developing novel drugs for these
lethal tumors. Moreover, evaluation of the mechanisms underlying the differentiation process of
both normal and cancer thyroid stem cells may prove useful for tailoring re-differentiating therapies
aimed at restoring radioiodine uptake in less differentiated forms. It is also reasonable to suppose that
isolation of thyroid cancer stem cells ex vivo after tumor surgery and debulking may provide a useful
preclinical model for testing more selective and effective drugs.

Although these are promising and intriguing results, several issues and limitations should be
better addressed. A comparative analysis of the characteristics of CSCs from different types of tumors
and thyroid carcinomas has not yet been performed. Moreover, the in vivo models used in these
studies do not recapitulate the biological complexity of tumors. Most studies on CSCs in general,
and in thyroid CSCs in particular, addressing the ability to form tumors and to respond to therapies
were performed in immune-deficient mice, in the absence of an active immune response. It should
also be taken into account that thyroid CSCs live in a specific niche that sustains their survival. Most
studies were performed with isolated CSCs devoid of the microenvironment present in the whole
patient. Hence, the environmental factors in thyroid CSC niches that could influence the response
to the different specific therapies are not well understood and should be studied in detail. A limit
to studying isolated thyroid CSCs is also to ignore the possibility that CSCs share some signaling
pathways with normal stem cells in vivo. Hence, not all the regulatory pathways that contribute to
the biology of CSCs are appropriate targets in cancer treatment because of the important side effects.
Another open question is whether CSCs should be activated or arrested by cancer therapy, because
this action is dependent on tumor type and histotype and may be crucial for the restoration of RAI
uptake. In conclusion, despite the compelling evidence in this field, targeting thyroid cancer stem cells
at bedside is not available to date. However, this therapeutic option remains a useful possibility to
prevent tumor relapse and progression, as well as to restore RAI uptake. Clinical trials in this direction
should be encouraged.
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