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Abstract: The most common thyroid malignancy is papillary thyroid cancer (PTC). Mortality rates from PTC mainly de-
pend on its aggressiveness. Geno- and phenotyping of aggressive PTC has advanced our understanding of treatment fail-
ures and of potential future therapies. Unraveling molecular signaling pathways of PTC including its aggressive forms
will hopefully pave the road to reduce mortality but also morbidity from this cancer. The mitogen-activated protein kinase
and the phosphatidylinositol 3-kinase signaling pathway as well as the family of RAS oncogenes and BRAF as a member
of the RAF protein family and the aberrant expression of microRNAs miR-221, miR-222, and miR-146b all play major
roles in tumor initiation and progression of aggressive PTC. Small molecule tyrosine kinase inhibitors targeting BRAF-
mediated events, vascular endothelial growth factor receptors, RET/PTC rearrangements, and other molecular targets,
show promising results to improve treatment of radioiodine resistant, recurrent, and aggressive PTC.
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INTRODUCTION

The most common well differentiated thyroid cancer
(TC) is papillary thyroid cancer (PTC) and is usually indo-
lent with a 10 year survival rate of approximately 93% [1].
Distant metastases at the time of diagnosis are reported in up
to 4% of patients with PTC [2-4]. After surgery patients with
PTC are followed by basal and thyroid stimulating hormone
(TSH)-stimulated thyroglobulin (Tg) determination, and by
neck ultrasonography [5-7]. Histologic variants of PTC can
show aggressive features, clinically noted as recurrent TC,
resistance to radioactive iodine therapy, propensity to metas-
tasize, and often lower 10 year survival rates, if the aggres-
sive TC is not a microcarcinoma [8]. Interestingly, gene ex-
pression profiles of papillary thyroid microcarcinomas may
not be different from those of PTCs [9]. Also, familial PTC
has a similar clinical and prognostic behaviour, apart from
multifocality, when compared with sporadic PTC [10].

Ganly ef al. [11] recently reported 100% 10 year disease
specific survival rates for patients with classic PTC and 96%
for those with tall cell variant PTC. In that study, 2.4% of
patients with PTCs with tall cell variant of features devel-
oped poorly differentiated or anaplastic TC (ATC). It is im-
portant to consider clinico-pathological aspects in combina-
tion with molecular features [12-14]. In various geographic
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areas of the world, different diagnostic criteria for aggressive
PTC have been used, leading to discrepancies among pa-
thologists and clinicians. More recently, more consensus
regarding the diagnostic criteria of aggressive PTC has been
reached [15-17]. Among the most aggressive types of PTC
are: diffuse sclerosing variant (accounting of up to 6% of all
PTC), tall cell variant (accounting of up to 11% of all PTC),
and insular TC (less than 1% of all PTC) [15].

Molecular signaling (or signal transduction) is important
for the knowledge of the core biological processes in any
type of cancer including TC [18, 19]. The definition of the
responses of normal and cancerous cells to environmental
and endogenous signals may elucidate the intimate mecha-
nisms at the basis of malignancy formation, progression,
invasion and spread to distant metastases. The development
of novel anticancer therapies could be allowed by the de-
tailed knowledge of cancer cell signaling [20-28]. However,
such data should be used in combination with clinico-
pathological data to achieve practical use with hopefully
improvement in the care of cancer patients [12-14, 17]. In
the last decades, the knowledge about signaling pathways in
patients with TC has grown rapidly. One such pathway is the
TSH-dependent signaling system.

The thyroid follicular cell, being an endocrine cell, has
many “identity-specific” signaling systems, pertinent to the
multitude of its endocrine functions and correlated with its
status of differentiation. Malignant transformation (e.g., loss
of Tg or sodium-iodide symporter [NIS] expression) are as-
sociated with specific alterations in these endocrine function-
related systems, that usually coexist with derangements in
signaling pathways unrelated to the endocrine character. In
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this review, we will focus our contribution on aggressive
PTC and membrane receptor-associated signaling systems.
Intracellular (and nuclear) receptor signaling is also an es-
sential part of cell regulation, as emphasized by the role of
the PAXS8/peroxisome proliferator-activated receptor
(PPAR)y oncoprotein in follicular thyroid cancer’s (FTC)
[29] and the presence of thyroid hormone receptors and func-
tional estrogen in PTC’s and FTC’s which can be stimulated
by endocrine disrupting, estrogen mimicking chemicals such
as PCB180 and PCP mixtures [30], but we will not comment
on this subject.

Herein, we categorize signaling in TC cells that occurs
after the activation of plasma membrane receptors and their
downstream effector systems, i.e., (1) enzyme-coupled re-
ceptors and downstream pathway elements and (2) G-protein
coupled receptors (GPCR’s) and associated proteins. Signal
sensing and propagation in TC cells are activated by miscel-
laneous, not yet completely elucidated mechanisms, for ex-
ample, those responsible for responses of thyrocytes to ge-
neric environmental cellular insults (as hypoxia [31] or hy-
drogen peroxide/reactive oxygen species) [32-35]. Overacti-
vation of pyruvate kinase M2 is necessary for aerobic glyco-
lysis and may provide a selective growth advantage for PTC
cells. Reactive oxygen species possibly enhance the phos-
phatidylinositol-3-kinase (PI3K) and mitogen-activated pro-
tein kinase (MAPK) pathways. Hypoxia-inducible factor 1 is
regulated by hypoxia and via growth factor signaling path-
ways including the PI3K pathway [34].

We here review the most important signaling systems
operative in TC cells and their interrelationship with other
elements that control thyrocyte growth, apoptosis, and dif-
ferentiation [36] (Fig. 1).

MOLECULAR SIGNALING VIA PLASMA MEM-
BRANE RECEPTORS IN TC

GPCRs Associated Proteins, and Downstream Effectors
TSH Receptor (TSHR) and G-proteins

TSHR is the par excellence thyroid-specific GPCR, that
contains seven-transmembrane domain receptors, and trans-
duces the signal of ambient TSH (its ligand) to the thyrocyte
[37]. Upon binding onto TSHR, TSH activates thyroid func-
tion, proliferation and differentiation through the activation
of both G-protein- and inositol triphosphate (IP3)/phosphol-
ipase C (PLC)-dependent pathways.

After thyroidectomy, the suppression of endogenous pi-
tuitary TSH production by thyroid hormone treatment in
patients with (papillary) TC leads to decreased morbidity and
mortality. TSH exposure desensitizes TSHR-dependent sig-
naling through the activation of a G-protein-coupled kinase
(GRK), which phosphorylates TSHR [38]. Then, the phos-
phorylated TSHR attracts arrestins (proteins which inhibit
the G- protein dependent signaling cascade) (see below) [39,
40]. If TSHR expression is lost or diminished, as seen in
some TCs, TSH does not influence the growth of these tu-
mors [18].

Activating TSHR mutations are rarely identified in TC
[41-43].

The downstream delivery of the TSHR signal is achieved
via the G-proteins which are submembranic and associated
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with the TSHR. G-proteins consist of an o—subunit and a By—
subunit dimer. Gs a variant is the predominant type of the a-
subunit in thyrocytes. The regulators of G-protein signaling
proteins are able to accelerate the hydrolysis of GTP to GDP,
also enhancing the kinetics of termination of the hormone
signal [44]. From mutations at either of two “hot spots”, i.e.
residues Arg201 or GIn227, it can derive hyperactivity of Gs
o. Gs o mutations have been described rarely in TC and in
autonomously functioning benign thyroid adenomas [45, 46].
The thyroid manifestations of McCune-Albright syndrome, a
sporadic genetic disease caused by a post-zygotic activating
mutation of the Gs a gene, that include TC (such as clear cell
TC), and benign thyroid neoplasms (in particular follicular
adenomas), corroborate these observations [47, 48].

TSHR activation also induces stimulation of Gi. Activa-
tion of the Gi /G0 system through the stimulation of the P2-
purinergic receptor by extracellular adenosine triphosphate
induces activation of phospholipase A2 (PLA2) in thyroid
FRTL-5 cells [49]. PLA2 hydrolyzes the sn-2 ester bond of
cellular phospholipids and produces a free fatty acid and a
lyso-phospholipid, which are both lipid signaling molecules;
once activated, this signaling pathway is a point of “cross-
talk” with pathways activated by mitogens and growth fac-
tors (see below). Arachidonic acid (i.e.,5,8,11,14-eicosatet-
raenoic acid) is the free fatty acid frequently produced,
which is the precursor of the eicosanoid family that includes
prostaglandins, thromboxanes, leukotrienes and lipoxins
[50]. In a model utilizing rat thyroid cells transformed by the
RET/PTC oncogenes, Mariggio ef al. [51] demonstrated that
the control of the cell growth of thyroid tumor is mediated
by PLA2 group IV isoform alpha. Arachidonate 5 lipoxy-
genase expression and activity mediates invasion via metal-
loproteinase-9 induction in aggressive PTC [52]. Cyclooxy-
genase-2 expression increases with age and may play a role
in aggressive PTC [53].

Regarding other G-proteins in thyroid oncogenesis, Me-
tastin signaling does not involve Akt/protein kinase B (PKB)
[54], and its receptor, Gq/11 -coupled receptor, is overex-
pressed in PTC, and activates MAPK in the ATC-derived
cell line ARO.

GRK regulates the homologous desensitization of differ-
ent GPCR. The expression of GRK 2,3,5, and 6 can desensi-
tize the TSHR in vitro. GRK 2 expression was found to be
decreased in cold thyroid nodules when compared to tissue
surrounding the nodules [55].

Protein Kinase A (PKA), Adenylyl cyclase (AC), and cAMP
Response Element-binding Protein (CREB)

AC activation via TSHR signaling leads to production of
cAMP. Some subsets of TC have increased AC activity, oth-
ers decreased cAMP production [18]. cAMP activates PKA,
which belongs to a large family of proteins, that are hetero-
tetramers, and consist of two regulatory (R-) subunits and
two catalytic (C-) subunits. The dissociation of the C-
subunits is caused by the binding of cAMP to the R-subunits.
Serine and threonine residues of various acceptor proteins
are phosphorylated by the catalytic sites on the two dissoci-
ated C-subunits, both in the cytoplasm and the nucleus. Inac-
tivating germline mutations of the PKA Rla subunit gene
occur in a subgroup of TC and in a multiple neoplasia syn-
drome, called Carney complex [56, 57].
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Fig. (1). Molecular mechanisms of oncogenesis for non-medullary thyroid cancers (adapted with permission from Springer publisher).
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PKA phosphorylates several substrates, as the p85 phos-
phoprotein, in thyrocytes, thus leading to enhancement of the
interaction between p21/Ras and PI3K. At the same time,
cAMP can also inhibit Rafl kinase signaling decreasing
Rafl availability to Ras. Once activated, PKA also phos-
phorylates other proteins, as CREB, which is a nuclear tran-
scription factor belonging to the large family of leucine zip-
per DNA binding proteins and binds to cAMP response ele-
ments. In TC, CREB expression is strongly downregulated,
but probably not related to the functional state of differentia-
tion of the malignancy, as evaluated by NIS expression lev-
els [58]. Praja2, a widely expressed really interesting new
gene ligase, degrades the regulatory subunits of PKA,
thereby controls the strength and duration of PKA signaling
in response to CAMP. Praja2 is markedly overexpressed in
differentiated TC and shows an inverse correlation with the
malignant phenotype of the tumor [59].

Protein kinase C (PKC) and PLC

TSHR activation stimulates pathways which depend on
the PLC-y, via coupling of the receptor to members of the
Gq/11 family [60]. The activity of the plasma membrane
PLC is increased in neoplastic thyroid tissue, correlating to

the degree of tumoral de-differentiation [61]. PLC stimula-
tion causes the hydrolysis of phosphatidylinositol 4,5-
biphosphate, which generates diacylglycerol (DAG) and IP3.
IP3 increases the concentration of intracellular ionized cal-
cium (iCat++) permitting its release from the endoplasmic
reticulum, while DAG activates PKC, which in turn, under
certain conditions, can also be activated directly by iCa++ ,
and phosphorylates several target proteins [62]. Usually, the
activation of the PKA pathway antagonizes the PI3-iCa++ -
PKC pathway in thyroid tissue.

Enzyme-coupled Membrane Receptor Systems

The Receptor-tyrosine Kinases (RTK’s) and Their Down-
stream Effectors

RTK’s are membrane receptors with intrinsic tyrosine
kinase (TK) activity. These receptors phosphorylate down-
stream intracellular substrate proteins or can undergo auto-
phosphorylation [63]. The elements of the Ras — MAPK
pathway, PI3K-PKB/Akt system, PLC-y, and RAS/GTPase-
activating proteins are downstream molecules along RTK-
dependent pathways [19, 64].
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Insulin-like growth factor-1 increases the expression of
vascular endothelial growth factor (VEGF) in TC cells,
through both AP-1/hypoxia inducible factor-la- and PI3K-
dependent mechanisms [65]. High expression of VEGF in
TC seems to correlate with an increased risk of recurrence,
lymph node metastases, and advanced tumor stage [66].
Neuropilin-2 is a coreceptor for VEGF-D and correlates with
lymph node metastases in PTC [67].

Epidermal growth factor (EGF) activates the PKC path-
way. Overexpression of the EGF receptor in BRAF wild-
type PTC may represent a biomarker for aggressive PTC
[68]. Of note, another growth factor family member, platelet
derived growth factor (PDGF) receptor B is upregulated in
clinically aggressive PTC [69]. The effects of PDGF ligands
are influenced by inflammatory cytokines. Interleukin (IL)-6
expression is related with aggressiveness in PTC [70]. Inter-
estingly, concomitant Hashimoto’s thyroiditis in patients
with PTC seems to correlate, with low recurrence and less
aggressive clinical stage, whereas Graves’s disease is associ-
ated with larger and multifocal TC [43, 71]. Chemokines and
their receptors appear to be involved in several steps of tu-
morigenesis and progression in TC. Oncogenes can upregu-
late chemokine (C-X-C) motif ligand 10 (CXCL10), thereby
further stimulating proliferation and invasion. PPARy thia-
zolidinediones can inhibit growth of PTC by inhibiting
CXCL10 secretion in thyroid follicular cells [72]. C-X-C
chemokine receptor 4 (CXCR4) expression and BRAF muta-
tion status may in concert lead to a more aggressive pheno-
type in PTC [73]. Young patients with PTC with intense CD-
40 ligand expression often have aggressive, multifocal, and
recurrent TC [74]. The frequency of regulatory T cells and
tumor associated lymphocytes in primary PTC seems to cor-
relate with more aggressive disease [75]. The prevalence of
nuclear location of CD30L and the proportion of CD30L+
cells are involved in aggressiveness of PTC with
CD30L/CD30 signaling being activated especially in an
autocrine fashion [76].

The nuclear factor kappa-B (NF-kB) proteins, transcrip-
tion factors, have an important role in human malignancies
including TC by controlling proliferative and antiapoptotic
signaling pathways. Oncogenic proteins such as RET/PTC,
RAS, and BRAF, can induce NF-kB activation in TC. NF-
kB inhibitors can induce antiproliferative effects and apopto-
sis and may be of great benefit in aggressive TC [77].
RET/PTC3 is markedly prevalent in PTC induced by radia-
tion and associated with a greater tumor size, a more aggres-
sive phenotype, the solid variant, and a more advanced stage
at diagnosis [78].

TC cells also express other RTK’s, as fibroblast growth
factor receptor 1 (FGFR)-1 (or Flg) and FGFR-3, c-erbB-
2/HER-2/neu, hepatocyte growth factor receptor (HGFR)/c-
met, a spliced variant of c-ret, VEGF receptor (VEGFR), and
neurotrophic tyrosine receptor kinase-1 (a.k.a. trkA, or
p75/LNGFR) [18].

Her2/neu protein overexpression in papillary and follicu-
lar TC may predict metastatic disease and the application of
trastuzumab (Herceptin) in such patients may be beneficial
[79, 80].

Occult papillary TC’s (“microcarcinomas’) have been
shown to overexpress HGFR which is perhaps involved in
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early stages of PTC formation [81]. An immunohistochemi-
cal study of thyroid nodules, papillary and other TC revealed
that the combination HGF/c-met/STAT3/pSTAT3/P13K was
expressed by all PTC [82]. In a Middle Eastern population
with PTC, ¢c-MET had been found overexpressed immuno-
histochemically in 37% of cancers and was significantly as-
sociated with more aggressive behaviour [83].

RAS and the MAPK kinase/MAPK Pathway

The family of RAS oncogenes encode 21 kDa G-proteins
that influence MAPK and P13K signaling pathways in TC.
The p21/ras oncogene protein product is Ras, which has in-
trinsic GTPase activity. Point mutations in codons 12, 13,
and 61 of the RAS oncogene have been found in TC. In par-
ticular, point mutations in codon 61 cause repression of
GTPase activity and are correlated with aggressiveness of
PTC. Overall, RAS mutations are found in approximately
10% of PTC and in much higher numbers in progressive TC
[19, 84].

The MAPK pathway is involved in differentiation, cell
proliferation, and survival. Upon activation, subsequent mo-
lecular events further augment the tumorigenic drive of this
pathway (Fig. 1).

The activation of p38/MAPK, a serine/threonine kinase
responsible for the mediation of stress-activated cell re-
sponses, as “generic” responses to ionizing radiation, heat,
ultraviolet light, and osmotic shock, can also depend on RAS
and selected RTK’s [85]. Cytokines and other inflammatory
mediators can activate the p38 MAPK kinase pathway. Ri-
bosome protein S6 kinase-B, nuclear proteins, as CREB and
activating transcription factor are the final effectors of p38
MAPK signaling [86].

The Raf kinases (i.e. Raf-1 and b-Raf) are downstream
from RAS. BRAF is a member of the Raf protein family and
activates the MAPK pathway. Earlier studies have shown a
correlation between BRAF mutation V60OE and aggressive-
ness of PTC but recent studies have challenged this concept,
suggesting that BRAF mutation in PTC is a later subclonal
event and that no correlation between BRAF-positive pri-
mary focus of papillary microcarcinoma and more aggressive
or recurrent disease exists [64, 87-89].

RTK’s can activate not only the RAS-MAPK pathway,
but also PI3K signaling, leading to the generation of D-3-
phosphoinositides, as phosphatidylinositol-3,4,5-trisphos-
phate. The role of this pathway in TC has first been recog-
nized when patients with Cowden syndrome caused by a
germline mutation in the PTEN gene were found to have
FTC. Increased expression and activation of Akt has been
demonstrated to activate the P13/Akt pathway. In this set-
ting, Akt-1 and Akt-2 are the most important genes [19, 90-
92]. Activation of Akt leads to a phosphorylation cascade
with involvement of multiple proteins, including mammalian
target of rapamycin (mTOR), and ultimately to increased cell
growth and reduced apoptosis. Rapamycin, which is a strong
immunosuppressant, inhibits IL-2 dependent T-cell prolifera-
tion. mTOR signaling is activated in aggressive PTC [93].
The occurrence of multiple tumors including PTC in one
patient should make one consider a hereditary tumor syn-
drome [94, 95].
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The TK-associated Receptors (TKAR’s) and Their Down-
stream Effectors

TKAR’s represent a large family of receptors, lacking an
intrinsic TK domain, but able to activate different intracellu-
lar TK’s after ligand binding, thus leading indirectly to the
phosphorylation of downstream target substrates.

Cytokine receptors activation leads to phosphorylation
and activation of Janus kinases (Jak), which subsequently
phosphorylate and activate differentially members of the
signal transducer and activator of transcription (STAT) pro-
teins, leading to the regulation of transcription of specific
genes, along the cascade of the Jak-STAT pathway [18].

IL-6 and its receptor IL-6R have been evidenced in less
than 50% of PTC studied [96]. STAT-3, the downstream
effector of the IL-6R system, appeared much better corre-
lated with the expression of HGFR (MET) in these PTC
[96].

The members of the tumor necrosis factor receptor fam-
ily are closely related to TKAR’s. These heterotrimeric re-
ceptor systems are also collectively known as “death recep-
tors” as are responsible for induction of apoptosis (or pro-
grammed cell death). The caspase recruitment domain is part
of the downstream effectors of the death receptor-dependent
signaling cascade. Caspases constitute the common final
pathway of all apoptotic signals, leading to cell lysis [97].
Fas (or CD95/Apo-1), one of these “death receptors”, in
concert with its ligand (FasL) initiates a number of processes
through the activation of caspases, along the pathway of cell
death [98]. The antiapoptotic protein survivin plays a role in
many human cancers and tumors [99]. The upregulation of
survivin expression has been suggested as a marker of dedif-
ferentiation or aggressiveness in PTC [100]. Similarly, FasL
correlates with a more aggressive phenotype of PTC, when
expressed in high levels [101]. Apoptosis could ensue either
through infiltrating cytotoxic lymphocytes or as part of the
natural course of rapidly growing tumors outstripping their
growth resources, in TC.

The Serine-threonine Kinase (STK) Receptors and Their
Downstream Effectors

The ligands for these receptors are members of the trans-
forming growth factor- B (TGF-B) superfamily. The STK
receptor-dependent signaling systems have an essential role
during embryonic development, and participate in adult tis-
sue homeostasis [102]. The expression of the ligands belong-
ing to this family, and their cognate receptors, including
TGF-B, activin, and bone morphogenetic proteins’s, has been
identified in both normal and neoplastic thyroid tissues [18,
103].

The “downstream” signal transduction cascade includes
the phosphorylation and thus the activation of cytoplasmic
small mother against decapentaplegic (SMAD) proteins
(SMAD-1 to -8). It is believed that the mechanism of TGF-
B-induced growth inhibition (eventually leading to apoptosis)
in normal thyrocytes involves reduction in the levels of
p27/kipl (a cyclin-dependent kinase [cdk] inhibitor), which
is overridden in malignant thyrocytes by NF-«B activation
[104]. Overexpression (immunohistochemically) of cell cy-
cle regulator cyclin D1 and estrogen receptor B and underex-
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pression of p27 may predict lymph node metastases in PTC
[105, 106].

MicroRNAs

Small noncoding RNA genes composed of 21 to 25 nu-
cleotides, called microRNAs, can inhibit expression levels of
genes at the transcriptional and posttranslational levels. In
PTC, miR-221, miR-222, and miR-146b have been identified
as the most upregulated miRNAs and strongly correlate with
extrathyroidal invasion and drug resistance [18, 107, 108].
miR-1 silences chemokine CXCR4, which is important for
lymph node metastases. Through cyclin DI, miR-31 and
miR-130b regulate proliferation, apoptosis, and cell cycle
[109].

Potential Molecular Targets for the Treatment of Aggres-
sive PTC

Considering the high frequency of BRAF mutations in
PTC, the development of BRAF inhibitors is appealing. The
agent BAY43-9006 not only inhibits mutant V6OOEBRAF
but also FLT-3, ¢c-KIT, VEGFR-2, VEGFR-3, and PDGFRf
kinases [19]. Lenvatinib is a TK inhibitor targeting FGFR1-
4, RET, VEGFRI1-3, KIT, and PDGFRp with response rates
around 50%. Various other agents have completed phase II
and/or III studies and are listed and reviewed in [19]. Clini-
cally meaningful increases in iodine uptake and retention in
subgroups of patients with thyroid cancer that is (initially)
refractory to radioiodine, can occur with certain agents such
as MAPK kinase 1 and 2 inhibitor selumetinib, perhaps with
greater effectiveness if TC is RAS mutant (BRAF) positive
[28]. A recent meta-analysis suggested a modest effect of the
VEGF-targeted therapy with sorafenib in patients with ra-
dioiodine-refractory differentiated TC, while it showed a
potential therapeutic effect in Chinese patients with PTC and
radioiodine refractory pulmonary metastases [110, 111].

SUMMARY

One of the most well studied endocrine neoplasms at the
molecular level is PTC. As the mortality rates for TC mainly
depend on its aggressiveness including ineffectiveness of
surgical and radioiodine therapy, it is critical to understand
the molecular pathobiology of cancer cell signaling of this
“model malignancy”, considering that PTC has many
ligands, cognate receptors, and downstream effectors.

The growing knowledge of the elements of these systems
and the interaction between them and other constituents of
the cell proliferation machinery (protein synthesis and deg-
radation, cell cycle, gene transcription) has led to novel
therapies including the use of vandetanib, motesanib, axit-
inib, cabozantinib, sorafenib, sunitinib, pazopanib, len-
vatinib, selumetinib, and others in treating patients with pro-
gressive TC of medullary, papillary and follicular subtypes.

Hopefully, molecular profiling of (aggressive papillary)
TC will help identify patients with advanced TC who could
benefit from new treatment modalities. MAPK kinase inhibi-
tors such as selumetinib increase the effectiveness of ra-
dioiodine therapy, particularly in patients with RAS muta-
tions [3, 27].

Future trials will likely involve combined therapeutics
and targets to overcome drug resistance [112]. The challenge
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of any future TC therapy will remain to unravel cooperative
pathways that influence tumorigenesis and tumor progres-
sion, even in individuals of families with identical genetic
germline defects and/or environmental risk factors [113,
114].
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PTC = Papillary thyroid cancer

TC = Thyroid cancer

TSH = Thyroid stimulating hormone

Tg = Thyroglobulin

ATC = Anaplastic TC

NIS = Sodium-iodide symporter

PPARYy = Peroxisome proliferator-activated receptor
FTC = Follicular thyroid cancer

GPCR’s = G-protein coupled receptors
MAPK = Mitogen-activated protein kinase
PI3K = Phosphatidylinositol-3-kinase
TSHR = TSH receptor

IP3 = Inositol triphosphate

PLC = Phospholipase C

GRK = G-protein-coupled kinase

PLA2 = Phospholipase A2

PKB = Protein kinase B

AC = Adenylyl cyclase

PKA = Protein kinase A

CREB = CcAMP response element-binding protein
PKC = Protein kinase C

DAG = Diacylglycerol

iCat+ = Intracellular ionized calcium
RTK’s = Receptor-tyrosine kinases

TK = Tyrosine kinase

VEGF = Vascular endothelial growth factor
EGF = Epidermal growth factor

PDGF = Platelet derived growth factor

IL = Interleukin

CXCL10 = Chemokine (C-X-C) motif ligand 10
CXCR4 = C-X-C chemokine receptor 4
NF-kB = Nuclear factor kappa-B

FGFR Fibroblast growth factor receptor

HGFR Hepatocyte growth factor receptor

VEGFR VEGF receptor

mTOR Mammalian target of rapamycin

TKAR’s TK-associated receptors

Jak Janus kinases

STAT Signal transducer and activator of tran-

scription

IL-6R IL-6 receptor

STK Serine-threonine kinase

TGF-B Transforming growth factor- 8

SMAD Small mother against decapentaplegic
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