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Parafollicular C-cell-derived medullary thyroid cancer (MTC) comprises 3% to 4% of all thyroid cancers. While cytotoxic
treatments have been shown to have limited efficacy, targeted molecular therapies that inhibit rearranged during transfection
(RET) and other tyrosine kinase receptors that are mainly involved in angiogenesis have shown great promise in the treatment
of metastatic or locally advanced MTC. Multi-tyrosine kinase inhibitors such as vandetanib, which is already approved for the
treatment of progressive MTC, and cabozantinib have shown distinct advantages with regard to rates of disease response and
control. However, these types of tyrosine kinase inhibitor compounds are able to concurrently block several types of targets, which
limits the understanding of RET as a specific target. Moreover, important resistances to tyrosine kinase inhibitors can occur, which
limit the long-term efficacy of these treatments.Deregulated cellular signaling pathways and genetic alterations inMTC, particularly
the activation of theRAS/mammalian target of rapamycin (mTOR) cascades andRET crosstalk signaling, are now emerging as novel
and potentially promising therapeutic treatments for aggressive MTC.

1. Introduction

Medullary thyroid carcinoma (MTC) is a rare neuroen-
docrine cancer that originates from thyroid parafollicular cal-
citonin-(CT-) producing cells. MTC accounts for approxi-
mately 4% of all thyroid malignancies; approximately 75% of
these cases occur in the sporadic form, and 25% occur in
the hereditary form [1–3]. MTC usually has a favorable
prognosis, with a 10-year survival rate of 70%–80%, if it
is diagnosed and treated at an early stage when the tumor
is confined to the thyroid [4]. Unfortunately, most cases
of MTC present at diagnosis with metastases to the local
and regional lymph nodes and to distant organs, especially
the lungs, liver, and bones [5]. Patients with metastatic
MTC have a 10-year over-all survival rate of 40%, and
metastasis is the main cause of death in patients with MTC
[4, 6]. Locally advanced and distant metastatic diseases are
incurable, as surgical resection and conventional radio- and
cytotoxic chemotherapies are not effective against metastatic
MTC [7, 8]. Clinical trials of various combinations of

chemotherapeutic drugs have yielded unsatisfactory results
[9, 10]. However, research over the last years has led to
a good understanding of the genetic defects and altered
molecular pathways that are associated with the development
of MTC. Thus, multiple promising therapeutic agents that
target these genetic alterations have been developed to
treat progressive and advanced MTC. Activating mutations
of the tyrosine kinase receptor (TKR) rearranged during
transfection (RET) are believed to be the primary oncogenic
event in a majority of MTC cases. This discovery has led
to the development and introduction of targeted therapies,
such as tyrosine kinase inhibitors (TKIs) that target RET.
Several TKIs directed toward RET kinase have been tested in
vitro, preclinical, and clinical studies with promising results.
Unfortunately, these agents are not likely to be curative, as
the longest duration of response observed was approximately
4 years, and the maintenance of agent-dependent effects
may require continuous therapies [7], which are not without
important side effects. The main reasons for the failure of
these agents to cure MTC are the development of resistance
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to TKIs that target the RET and other cell receptors and
the activities of other signal transduction pathways that are
involved in MTC tumorigenesis and progression but not
directly targeted by TKIs. In recent years, the discovery of
mechanisms of resistance to TKIs and of several other mole-
cular events that contribute to MTC transformation and
metastasis suggested that combinatory therapy may result in
a more significant tumor growth inhibition. This has led to
the development of novel compounds that have been used in
several clinical trials, including TKIs that can target multiple
TKRs simultaneously in addition to RET and agents that can
target other altered signaling pathways. Other studies have
demonstrated the potential for immunotherapy in combi-
nation with agents that target signal transduction pathways
that are important for MTC growth [5]. Because the aim of
these targeted therapies is to extend lifespan and increase
the quality of life, it is very important to limit the toxicities
of therapeutic agents, either alone or in combination. The
possibility of testing these novel drugs in vitro (in primary
thyroid cancer cells) and in vivo may help to improve the
personalization of treatments [11].

2. Key Cellular Signaling Pathways and
Alterations in MTC

2.1. RET Pathway. The role of the RET oncogene in the
tumorigenesis of MTC has been characterized extensively
[12]. The RET gene encodes a transmembrane tyrosine
kinase that binds to glial cell line-derived neurotrophic
factor (GDNF) family ligands [13]. RET signaling leads to
the activation of the RAS/mitogen-activated protein kinase
(MAPK) and the phosphatidylinositol 3 kinase (PI3K)/Akt
pathways and has key roles in cell growth, differentiation,
and survival. Activating point mutations of the TKR RET
have been reported in nearly all hereditary cases of MTC;
some of these mutations are included in theMEN2A, familial
MTC, or MEN2B syndromes in which there is a geno-
typic/phenotypic correlation between the type of RET muta-
tion and clinical features. RET mutations are also found in
30%–50% of sporadicMTCs. Germlinemutations in the RET
proto-oncogene are responsible for hereditary MTC, while
somatic RET mutations are responsible for sporadic MTC
[14]. These data provide a strong rationale for targeting RET
in selective cancer therapy. However, this paper will mainly
focus on additional cellular signaling pathways other than
RET responsible of MTC tumorigenesis and progression and
potential targeted approaches for the treatment of advanced
or metastatic MTC.

2.2. Additional Signaling PathwaysThat AccelerateMTC Prog-
ression. Although activating mutations of the TKR RET are
believed to be the primary oncogenic event in the deve-
lopment of amajority ofMTC cases, it is clear that RET coop-
erates with other signal transduction pathways to promote
MTC tumorigenesis.

2.2.1. Tyrosine Kinase Receptors other than RETAre Implicated
in MTC Tumorigenesis. In addition to RET, other kinase

receptors may play a role in the development and progression
of MTCs [15].

Similar to the RET receptor, the epidermal growth factor
receptor (EGFR) is a TKR that is associated with the regula-
tion of cell growth, proliferation, and apoptosis. Dimerization
of the receptor following ligand binding results in transphos-
phorylation and the subsequent activation of several down-
stream signal pathways. EGFR has been shown to be fre-
quently overexpressed in various types of thyroid carcinomas,
including MTC, and to play a role in cancer development
and progression [16]. In contrast, a recent report analyzing
different MTC on tissue microarrays has demonstrated that
only 20% of cases revealed moderate to strong reactivity for
EGFR, whereas the majority of the cases revealed weak and
very focal positivity [17]. A different study has shown that
EGFR-activating mutations are rare in MTC. With respect to
the numbers of EGFR gene copies in MTCs, the researchers
did not detect amplifications but did find polysomes in 15% of
the examined tumors [18]. Additionally, EGFR was activated
in a subset of MTCs, which suggests that this subset of
patients might benefit from drugs that target also EGFR.
Recent findings have shown that the ligand-induced activa-
tion of EGFR can stimulate RET activation beyond signaling
and growth stimulation [19]. Several EGFR inhibitors have
been shown to markedly inhibit the growth of the MTC TT
and MZ-CRC-1 cell lines. Because RET activation seems to
be influenced by EGFR, a recent study investigated whether
EGFR activation could be related to specific RET mutations
in MTCs. The researchers found that tumors with the most
aggressive RET mutations (in codons 883/918) exhibited
reduced EGFR expression compared to otherRETmutations.
It could be speculated that themost aggressiveRETmutations
are less dependent on EGFR activation [18]. In fact, in the
work by Croyle et al. [19], in which cell lines with RET
mutations in codon 634 and codon 918 were compared, the
effect of EGFR inhibition on the codon 918 mutated cell line
appeared to be reduced, in agreement with the previous data.
Because the activation status of EGFR seems to be related
to RET activation, EGFR activation has been examined in
RET-negative tumors [18]. However, no differences have
been found in EGFR activation between RET-positive and
-negative tumors, which likely indicates that other molecular
mechanisms lead to RET activation, such as increased RET
gene copy numbers, altered promoter activity, or increased
transcription in the RET mutation-negative tumors. These
data suggest that EGFR status determination in MTCs might
be important but certainly deserves further investigations.

The vascular endothelial growth factor receptor (VEGFR)
pathway is also important in the pathogenesis of MTC.There
are three transmembrane receptors that mediate the angio-
genic and lymphogenic effects ofVEGF:VEGFR-1, VEGFR-2,
and VEGFR-3. VEGFR-2 is thought to be implicated pri-
marily in tumor growth and metastasis. Overexpression of
VEGF and VEGFR-2 has been found in MTC compared to
normal thyroid tissue [20]. The VEGF proteins (VEGF-A, B,
C, and D), which are secreted by tumor cells, act as ligands
for theVEGFR-2 receptors on endothelial cells and promote a
signaling cascade through different pathways, such as PLC-𝛾-
PKC-Raf-MEK-MAPK and PI3K-Akt, that stimulate cellular
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proliferation, migration, and survival and induce neoangio-
genesis [21]. Angiogenesis is an essential alteration in cell
physiology that predisposes the development of malignancy
and is fundamental in tumor growth and metastasis [22].
Similarly to EGFR, the overexpression of VEGFR-2 in MTC
has been shown to correlate with metastasis [18].

Several multitargeting tyrosine kinase inhibitors that
blockVEGFRhave shownpromising clinical antitumor activ-
ity; unfortunately, inmost thyroid carcinomas and other solid
tumors, the antiangiogenic effects are often only transitory
and really often may have late paradoxically protumorigenic
effects. Additionally, it seems that a modest significant asso-
ciation has been observed between VEGFR-2 expression and
RET mutation status in primary tumors [18].

The MET proto-oncogene codes for the TK receptor for
the hepatocyte growth factor (HGF).TheHGF-MET interac-
tion activates signaling pathways that mediate cell adhesion
andmotility. MET hyperactivation reportedly correlates with
the metastatic abilities of tumor cells [23]. MET and HGF
coexpression has been observed in a subset of MTC tumors
and is associated with multifocality in MTC [24], which
makes this interaction a potentially important target. In one
report, mutations in the MET RTK were detected in MTC
[25]. Importantly, RET can induce the overexpression of c-
MET in this type of thyroid tumor [26].

The fibroblast growth factor receptor 4 (FGFR4) has also
been reported to be overexpressed in MTC cell lines. Inhibi-
tion of FGFR phosphorylation with the small molecule FGFR
inhibitor PD173074 resulted in an arrest of cell proliferation
and tumor growth [27]. Moreover, the dual inhibition of RET
and FGFR combined with tyrosine kinase inhibitors resulted
in greater suppressions of cell proliferation in vitro and tumor
control in vivo than that whichwas achievedwith either agent
alone. These data highlight RET and FGFR4 as therapeutic
targets and suggest a potential role for the use of combined
tyrosine kinase inhibitors in the management of inoperable
medullary thyroid cancers [28].

Finally, the platelet-derived growth factor receptor
(PDGFR) also seems to play a role in differentiated thyroid
cancer [29], although its role and function have not been
fully investigated in MTC.

2.2.2. Other Signaling Pathways That Contribute to MTC
Tumorigenesis. Several other signal transduction pathways
have been implicated as contributors to MTC tumor growth,
as illustrated in two recent studies [5, 30]. These pathways
include RET interactions with pRB, p53, p18, and p27 as
well as the phosphatidylinositol 3-kinase/AKT/mTOR and
Ras/Raf/MEK/ERK pathways.

RET Interactions with Tumor Suppressor Genes

(a) pRB and p53.The tumor suppressor genesRB1 (retinoblas-
toma; pRB protein) and TP53 (p53 protein) are frequently
mutated in human cancers, and it appears that, in cancer,
both pathways must be inactivated to overcome senescence
or apoptosis. There is extensive genetic evidence that the
pRB and p53 pathways are involved in MTC in rodents. For
example, RB1-deficient mice developed MTC [31]. Further,

the loss of TP53 further increased MTC formation in RB1-
deficient mice [32, 33]. It has been shown that in mice, RET
cooperates with the inactivation of pRB/p53 to cause experi-
mental MTC. pRB+/−/p53+/− mutant mice have been shown
to acquire RET mutations that are analogous to activating
germline mutations that are observed in humanMEN2A and
familial medullary thyroid carcinoma (FMTC).This suggests
that murine MTC requires mutational dysregulations within
both the RET and nuclear tumor suppressor gene pathways
[34]. However, mousemodelsmay notmimic human disease,
and a systematic analysis of the genes in the RB1 and TP53
pathways in human samples will help to clarify their roles in
human MTC formation. This information may be important
for the development of novel targeted therapeutic approaches
for MTC.

(b) p18 and p27. Thyroid tumors show low expression of the
cyclin-dependent kinase inhibitor (CDKI) p27 (Kip1), and
recent evidence demonstrates that p27 is downregulated by
the active RET mutant, RET/PTC1, which is found in papil-
lary thyroid carcinomas. These data implicate decreased p27
activity as an important event during thyroid tumorigenesis.
However, p27−/− mice develop MEN-like tumors only in
combination with the loss of p18 (Ink4c), another CDKI.This
suggests that p18 and p27 are functional collaborators in the
suppression of tumorigenesis, that the loss of both is critical
to the development of MEN tumors, and that both p18 and
p27 are regulated by RET [35].

PI3K-AKT-mTOR Pathway. The PI3K-AKT-mammalian tar-
get of the rapamycin (mTOR) cascade is important in tumori-
genesis due to its ability to promote cell growth, proliferation,
and survival. Several examples provide evidence to support
a role for the activation of the PI3K/AKT/mTOR signaling
cascade in medullary thyroid cancer [36–38].

Several mechanisms have been shown to be involved
in the activation of PI3K signaling in medullary thyroid
cancer.

A mutation of MEN2A (RET-MEN2A) has been shown
to activate PI3K and its downstream effector, the serine/
threonine kinase AKT/protein kinase B [35]. Previous studies
have demonstrated that a mutation of Tyr-1062, which is
the intracellular docking site for Shc and Enigma on RET,
abolishes the RET-MEN2A transforming activity [39]. These
studies further revealed that the mutation of Tyr-1062 abro-
gates the binding of the p85 regulatory subunit of PI3K
to RET-MEN2A and subsequent stimulation of the PI3K/
AKT pathway. Furthermore, retroviral transduction of rat
fibroblasts with a dominant-interfering form of PI3K was
shown to suppress RET-MEN2A-dependent transformation,
whereas the overexpression of AKT enhanced RET-MEN2A
oncogenic potential. In summary, these data are consistent
with the notion that RET-mediated cell-transforming effects
are critically dependent on the activation of the PI3K/AKT/
mTOR pathway [36].

In cell lines, the PI3K-AKT/mTOR pathway has been
shown to be important in the pathogenesis of MEN2B
[40]. RET-MEN2B (RET M918T) is more effectively auto-
phosphorylated at RET Y1062 than is RET-MEN2A, which
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subsequently leads to increased constitutive activation of
the Ras/mitogen-activated protein kinase (MAPK) and PI3K/
AKT/mTOR signaling cascades [41].

Furthermore, previous data report other possible mech-
anisms of PI3K activation in thyroid carcinomas, such as the
overexpression of RAI (ShcC/N-Shc), which is a substrate of
RET oncoproteins [5, 42].

Finally, the loss of expression of the phosphatase and
tensin homologue (PTEN) gene, a tumor suppressor gene,
may have a role in the activation of PI3K/AKT in thyroid
tumors. The absence of functional PTEN protein expression
has been observed in various cancer cells and has led to
the constitutive activation of downstream components of the
PI3K pathway, including the Akt and mTOR kinases. Pre-
clinical models showed that inactivation of these kinases is
able to reverse the effects of PTEN loss [43]. These data raise
the possibility that drugs that target either these kinases or
PI3K itself might have significant therapeutic activity against
PTEN-null cancers.

Mutations in major nodes of this signaling cascade have
been observed in human cancers; these mutations include
gain-of-function mutations and amplifications of the genes
encoding PI3K and AKT [44, 45]. No systematic genetic
analysis of PI3K pathway components has been reported in
MTC. However, a recent study on a series of 49 MTCs has
shown that the PI3K genes were not mutated, and that the
activation of the PI3K pathway was significantly associated
with the status of RET mutations [46]. In fact, using protein
expression analysis, the same authors confirmed that the
AKT/mTORpathwaywas highly activated inMTC, especially
in cases with germline RET mutations. Interestingly, this
association was not dependent on the type of mutation (in
either the codons of the juxta-membrane or of the tyrosine
kinase portion of the receptors) but was dependent on the
hereditary nature of the mutation. In contrast, medullary
carcinomas with sporadic RET mutations or with wild-
type RET were observed with heterogeneous expression of
AKT/mTOR pathway molecules, which suggests the need for
further elucidation of alternative activationmechanisms [46].
In a recent study, the PI3K/AKT/mTOR pathway was shown
to be activated in MTC, particularly in the metastatic lymph
nodes, and this pathway was shown to sustain malignant
features of different MTC cell models [47]. Moreover, it
has been shown that the selective inhibition of the mTOR
pathway in a germline-RET-mutated MTC cell line can
effectively decrease cell viability and block the phosphory-
lated status of mTOR signaling molecules, which confirms
previously published in vitro data [48]. Another study used
metformin, which is an antidiabetic agent that decreases the
proliferation of cancer cells through the 5-AMP-activated
protein kinase-dependent inhibition of mTOR, in MTC
cell lines to show that the growth-inhibitory effects on the
cells were associated with the downregulation of both the
mTOR/6SK and pERK signaling pathways [49]. Altogether,
these results strongly suggest that mTOR might be a very
efficacious target in patients with advanced or metastatic
MTC.

Noteworthy, mTOR inhibitors are currently being used
in clinical trials for the treatment of medullary thyroid car-
cinoma.

Ras-Raf-MEK-ERK Pathway. Unlike hereditary MTC, in
which RET mutations are the critical events, in sporadic
MTC, the genetic or molecular biomarkers have not been
fully established. Ras is a frequently mutated oncogene in a
broad spectrum of human tumors, including thyroid carci-
noma, mainly in the follicular forms [50]. In this context,
investigators aimed to determine whether mutations in the
Ras oncogene could play a possible role in the carcinogenesis
of sporadic MTC. The initial study analyzed 15 sporadic
MTCs for mutations in known hot spots (codons 12, 13, and
61) of the H- and K-Ras oncogenes by a direct sequencing
technique, although no Ras mutations were detected in any
of the examined tumors [50]. A different study on 49 MTC
confirmed that Ras mutations are a rare event in this type
of tumor, regardless of RET mutational status [46]. By con-
trast, different studies have demonstrated the presence of
Ras mutations in MTC. A mutational screening for H-, K-,
N-RAS, and BRAF in 13 sporadic and inherited MTCs
revealed one sporadic RET-negative MTC (stage III) with
a mutation in the H-Ras codon 13 (G13R) [51]. Another
study analyzed 188 hereditary and sporadic MTCs for Ras
mutational status, revealing a low prevalence of mutations,
which were confined only to RET-negative sporadic MTC
[52]. Furthermore, recent studies have reported a quite high
prevalence of Ras mutations in sporadic MTC, particularly
in RET-negative MTC; 68% (17 of 25) of the RET-negative
MTCs had mutations of Ras compared to only 2.5% (1/40) of
the RET-positive MTCs [53]. These findings were confirmed
by a different study that analyzed 17 sporadicMTCs by exome
sequencing and found dominant and mutually exclusive
oncogenic mutations in RET and RAS (H- and K-Ras) genes
in 17 sporadic MTCs [54]. As expected, most Ras mutations
corresponded to mutational hot spots in exons 2 and 3,
although some mutations were also detected in exon 4. This
study confirms that RET and Ras mutations are mutually
exclusive, and that they are probably 2 different oncogenic
driver events in MTC [55]. These results suggest that the
activation of the proto-oncogenes Ras and RET represents
alternative genetic events in sporadic MTC tumorigenesis,
and that more sensitive sequencing techniques such as next
generation sequencing are necessary to detect mutations. For
decades, the Ras and Raf families of oncogenes have been
known to be transforming genes. However, in many normal
cultured cell types, the sustained expression of activated Ras
or its downstream effector, Raf, can elicit cell cycle arrest
or senescence. The Ras/Raf-mediated growth arrest has been
proposed as a defense mechanism against the inappropriate
activation of the Ras/Raf signal transduction pathway [56,
57]. According to this hypothesis, spontaneous mutations
in Ras genes, which may occur stochastically in all cell
types, would be innocuous for the organism because these
mutations would lead to growth arrest or senescence. Hence,
for carcinogenesis to occur in response to Ras/Raf activation,
the growth arrest response must be inactivated. Thus, cell
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transformation may involve additional events. The growth
arrest response to Ras/Raf activation is not limited to normal
cells. Several tumor cell lines that were derived from different
tumor types, including medullary thyroid carcinoma, also
experienced growth arrest, usually accompanied by differ-
entiation or senescence [58–60]. These findings indicate
that some tumors retain a capability for growth arrest in
response to Ras/Raf activation. The mechanism by which
Ras or Raf activation can induce growth arrest is not com-
pletely understood. Some investigators have reported that
Ras or Raf activation could induce the expression and
secretion of a protein that mediated differentiation and G1
cell cycle arrest in MTC cells. By protein purification and
mass spectrometry, this protein has been identified as the
leukemia inhibitory factor (LIF). STAT3 activation was nec-
essary for LIF-mediated growth arrest and differentiation
in MTC cells. In addition, the Ras/Raf/MEK/ERK pathway
could also mediate growth arrest and differentiation by a
second mechanism that is independent of LIF/JAK/STAT3.
This novel autocrine-paracrine mechanism, which mediates
crosstalk between the Ras/Raf/MEK/ERK and the JAK-STAT
pathways, defines a novelmechanism of Ras/Raf-induced cell
growth arrest [61, 62].

Raf-1 activation in human MTC TT cells resulted in the
phosphorylation of GSK-3beta. The inactivation of GSK-
3beta in TT cells by well-known GSK-3beta inhibitors, such
as lithium chloride (LiCl) and SB216763, is associated with
both growth suppression and a significant decrease in neu-
roendocrinemarkers, such as human achaete-scute complex-
like 1 and chromogranin A. Growth inhibition by GSK-
3beta inactivation was found to be associated with cell cycle
arrest due to an increase in the levels of cyclin-dependent
kinase inhibitors, such as p21, p27, and p15. Additionally,
TT xenografts mice, treated with LiCl, showed a signifi-
cant reduction in tumor volume compared with those that
were treated with a control. Therefore, GSK-3beta is a key
downstream target of the Raf-1 pathway in TT cells, and the
inactivation of GSK-3beta alone is sufficient to inhibit the
growth of TT cells both in vitro and in vivo [63].

𝛽-Catenin Pathway. 𝛽-Catenin is a ubiquitously expressed
multifunctional protein that plays an important role in
cellular adhesion. A novel RET-𝛽-Catenin signaling pathway
was found to be a critical contributor to enhanced cell pro-
liferation and tumor progression in thyroid cancer. Gujral
et al. showed that RET could induce 𝛽-Catenin-mediated
transcription, cell proliferation, and transformation in vitro
and that 𝛽-Catenin nuclear localization and subsequent
mediation of 𝛽-Catenin by RET are key secondary events
in tumor growth and metastasis in vivo [64]. This novel
interaction suggests a mechanism that may underlie the
broad and early metastatic potential of MTC.These data sug-
gest an unrecognized role for 𝛽-Catenin signaling that may
have implications for tyrosine kinase-mediated tumorigen-
esis in multiple tumor types and provide another potential
target for therapeutic agents. In support, a recent study per-
formed on tissue microarray observed that WNT pathway

proteins, including Wisp-1, Wisp-2, and 𝛽-Catenin, were
actively expressed in MTC [17].

NF-𝜅B Pathway. The nuclear factor kappa-B (NF-𝜅B) pro-
teins, a family of transcription factors that are found virtually
in all cells, are known to play crucial roles in the growth of
many human malignancies. The ability of NF-𝜅B to target
a large number of genes that regulate cell proliferation,
differentiation, survival, and apoptosis provides clues towards
its dysregulation during the processes of tumorigenesis,
metastatic progression, and therapeutic resistance of tumors.
NF-𝜅B is constitutively active in MTC through the RET-
induced phosphorylation, ubiquitination, and proteosomal
degradation of inhibitors of NF-𝜅B (IkB), which allows NF-
𝜅B to enter the nucleus and bind to DNA [65]. NF-𝜅B is
frequently activated in MTC, and the activation of RET by
somatic or germline mutations may be responsible for NF-
𝜅B activation in these tumors [5]. These results suggest that
the NF-𝜅B pathway may be an important target for drug
development in MTC.

Novel Protein Targets. A recent study examined the expres-
sion of proteins involved in angiogenesis, inflammation,
apoptosis, cell cycle, cell-to-cell contact, and carcinogenesis
using high-throughput tissue microarrays from 23 patients
with MTC. These authors identified several novel potentially
important protein targets such as COX-1/2, Bcl-2a, Gst-𝜋,
Gli-1, Gli-2, Gli-3, and Bmi-1 that may be therapeutically
targeted in MTC. For example, COX-1 and COX-2, which
are two inflammation-related factors, were significantly
expressed in these cases, suggesting that nonsteroidal anti-
inflammatory drugs may provide benefit in some patients
with MTC. Then, the finding of antiapoptotic Bcl-2a and
Gst-𝜋 overexpression in MTC suggests that Bcl-2a and Gst-
𝜋 inhibitors might be a treatment option for patients with
advanced or metastatic MTC. The same is applied to Gli-1,
Gli-2, and Gli-3, members of Sonic Hedgehog Homolog
(SHH) pathway, and Bmi-1, a cell-cycle marker that resulted
overexpressed in theseMTC samples [17].The studies of these
markers, particularly the members of the SHH, may improve
our understanding of mechanism of resistance to current
chemotherapeutic and/or TKI regimens and identify novel
potential therapeutic approaches.

3. Potential Targeted Therapies for MTC

3.1. Tyrosine Kinase Receptor Inhibitors. Due to increased
knowledge of the molecular pathogenesis of MTC, thera-
peutic agents that target specific altered pathways have
been developed (Figure 1). Because the alterations of protein
kinases and their pathways are involved in MTC develop-
ment, several tyrosine kinase receptors inhibitors (TKIs) have
been tested in vitro, preclinical, and clinical studies [66]. RET
is certainly an attractive target for several types of tumors
particularly for parafollicular C-cells-derived tumors, which
are addicted to RET and its activity [66]. TKIs are small
organic compounds that affect tyrosine kinase-dependent
oncogenic pathways by competing with ATP-binding sites
of the tyrosine kinase catalytic domains [67]. Occupation
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Figure 1: This figure schematically shows the tyrosine kinase receptors, such as RET, EGFR, FGFR, MET, KIT, VEGFR, PDGFR, and
some of their downstream effectors. The two most important oncogenic signaling pathways are PI3K/AKT/mTOR and Ras/Raf/MEK/ERK.
The activation of the pathways may transduce different transcription factors and induce tumor and endothelial cell proliferation, survival,
migration, with subsequent tumor growth, lymphangiogenesis/angiogenesis, and metastasis. Moreover, the main tyrosine kinase inhibitors
and their targets are shown.

of these sites inhibits autophosphorylation and activation of
the tyrosine kinases and prevents the further activation of
intracellular signaling pathways. TKIs can be specific to one
or several homologous tyrosine kinases.

Several TKIs that are directed against RET kinase have
been developed for the treatment of MTC, but there is no
currently available tyrosine kinase inhibitor specific to RET.
However, several multitargeted tyrosine kinase inhibitors
have demonstrated significant activity against RET (Table 1),
including vandetanib, sorafenib, motesanib, imatinib, and
sunitinib [66, 68]. The inhibition of only one kinase receptor
may induce the compensatory activation of other TKs and
consequent resistance to treatment with TKIs [69, 70].There-
fore, the simultaneous inhibition of multiple activated TKs
may be the best way to approach MTC [71–73]. TKIs that are
currently undergoing testing in clinical trials are described as
follows.

Vandetanib (ZD6474) is an oral TKI that targets RET,
VEGFR-2, and -3, and at higher concentrations, EGFR [74].

Vandetanib selectively inhibits pathways that are critical for
tumor growth and angiogenesis without leading to direct
cytotoxic effects on tumor or endothelial cells [75]. Most of
the mutant RET oncoproteins have demonstrated sensitiv-
ity to vandetanib, while mutations in which valine 804 is
substituted by either leucine or methionine (as observed in
some cases ofMEN2A) rendered the RET kinase significantly
resistant to vandetanib. This resistance is likely due to
steric hindrance, as the Val804Gly mutation increased the
sensitivity of RET to vandetanib [76]. When RET activity
was inhibited, overstimulation of EGFR was able to partially
compensate for RET through a partial rescue of MAPK path-
way activation. The inhibition of EGFR by vandetanib has
been shown to prevent this rescue of MAPK pathway acti-
vation. These data support the idea that the dual inhibition
of RET and EGFR is important, as it may overcome the
risk of an escape by MTC cells from a blockade of RET
through the compensatory overstimulation of EGFR [69]. In
addition, the expression of EGFR has been demonstrated in
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tumor-associated endothelial cells [77]. In this respect, anti-
EGFR agents have been shown to block the proliferation
and migration of endothelial cells. Therefore, the anti-EGFR
activity of vandetanib might result in an additional direct
antiangiogenetic mechanism. One phase II clinical trial
showed the antitumor activity of vandetanib (300mg/day)
in patients with hereditary MTC. In this study, 20% of the
patients showed a partial response to vandetanib (>30%
reduction in tumor diameter), while an additional 53% of
patients presented with disease stability at 24 weeks. Only
1 patient showed disease progression while receiving this
agent. Of interest, this patient was not affected by any of
two RET mutations correlated to vandetanib resistance in
which valine 804 is substituted by leucine or methionine,
but by Y791F RET germline mutation [78]. Another clinical
trial, in which 19 patients with hereditary MTC were treated
with vandetanib (100mg/day), showed similar results [79].
Vandetanib is the only TKI approved for the treatment of
symptomatic or progressive MTC in patients with unre-
sectable locally advanced or metastatic disease [80]. The
approval of vandetanib inApril 2011 by theUS Food andDrug
Administration (FDA) was based on the results of the phase
III clinical trial, “Study D4200C00058,” in which 331 patients
with unresectable locally advanced or metastatic MTC were
randomly assigned to receive vandetanib (231) or a placebo
(100). This study showed that the median progression-free
survival duration (PFS) was 11 months longer in the group
that received vandetanib than in the placebo control group
and that 45% of the patients had an objective response rate
(ORR). Common adverse events (any grade) occurred more
frequently with vandetanib compared to the placebo and
included diarrhea (56% versus 26%), rash (45% versus 11%),
nausea (33% versus 16%), hypertension (32% versus 5%), and
headache (26% versus 9%) [81].The impact of overall survival
of MTC patients treated with this compound is presently
unknown.

XL184 (cabozantinib) is an oral selective inhibitor of
RET, c-MET, andVEGFR-2. c-MET activation triggers tumor
growth and angiogenesis. A phase I trial has shown clinical
benefits of XL184 in patients with MTC [82]. These results
have led to the expansion of anMTC-enriched patient cohort.
Thephase I trial results indicated that cabozantinib is active in
patients withMTC, including those who harbor somatic RET
mutations and are potentially at high risk for progression and
death [83]. A global phase III pivotal study inMTC is ongoing
(http://www.ClinicalTrials.gov/ number NCT00704730).

Sorafenib (BAY 43-9006)is a multikinase inhibitor that
targets BRAF, VEGFR-2, VEGFR-3, KIT (a stem cell growth
factor proto-oncogene involved in cell survival and differen-
tiation), and PDGFR. This drug has been shown to strongly
inhibit RET kinase activity in vitro [84]. A phase II clinical
trial, in which sorafenib (400mg/twice daily) was given to
21 patients with metastatic medullary carcinoma, reported
that of the patients with sporadic MTC, 87.5% achieved dis-
ease stability and 6.3% demonstrated partial responses. The
median PFS was 17.9 months.The treatment was prematurely
terminated in MTC hereditary patients due to slow accrual
[85]. In a similar trial, all 5 patients treated with sorafenib
exhibited partial responses [86]. Recently, a study of sorafenib

was conducted on advanced thyroid carcinoma patients, and
partial responses were reported in six out of the 12 (50%)
patients with MTC, although the small number of patients
requires further prospective studies [87].

Sunitinib (SU011248) is a small molecule inhibitor that
targets many of the same protein kinases as sorafenib, includ-
ingVEGFR, PDGFR, KIT, andRET. In a phase II clinical trial,
33 patients with either well-differentiated thyroid carcinoma
or MTC were treated with sunitinib. One patient had a
complete response, 28% of the patients had partial responses,
and 46% of the patients exhibited disease stability [88]. The
intermediate results of the phase II THYSU study also showed
the efficacy of sunitinib in advanced medullary thyroid car-
cinoma. The final results are yet to be released [89].

Motesanib (AMG 706) is a multikinase inhibitor that tar-
gets VEGFR receptors 1, 2, and 3, PDGFR, andKIT and exerts
antiangiogenic and direct antitumor activities [90]. A phase
II study performed in 91 patients with locally advanced or
metastatic, progressive or symptomatic, MTC demonstrated
that although the objective response ratewas low, a significant
proportion of theMTCpatients (81%) achieved disease stabil-
itywhile receivingmotesanib [91]. A recent study investigated
the effects ofmotesanib onwild-type andmutant RET activity
in vitro and on tumor xenograft growth in a mouse model of
MTC. The results of this study demonstrated that motesanib
inhibited thyroid tumor xenograft growth, predominantly
through the inhibition of angiogenesis and possibly via the
direct inhibition of VEGFR2 and RET, which were expressed
in tumor cells. These data suggest that angiogenic pathways
and specifically the VEGF pathway are still important for
MTC cells [92].

Imatinib (STI571) is a TKI that inhibits RET, PDGFR,
and KIT. A phase II trial in which imatinib was tested in
metastatic MTC patients yielded disappointing results. The
patients showed no objective responses; however, a minority
of patients achieved disease stability [93].

Several TK inhibitors have been tested in clinical trials,
but the most effective inhibitor and whether there is any
specificity for particular RET mutations remain unknown.
A recent study compared the effects of four TKIs (axitinib,
sunitinib, vandetanib, and XL184) on cell proliferation, RET
expression and autophosphorylation, and ERK activation in
cell lines that express MEN2A (MTC-TT) andMEN2B (MZ-
CRC-1) mutation. The findings showed that the inhibitors
were specific for different mutations, with XL184 being the
most potent inhibitor against the MEN2A mutation and
vandetanib the most effective against the MEN2B mutation
in vitro. No TK inhibitor was superior for all tested cell
lines, which indicates that mutation-specific therapies could
be beneficial in MTC treatment [94].

3.2. Other Emerging Therapies for Medullary Thyroid Cancer

3.2.1. Sensitization of Medullary Thyroid Carcinoma to Con-
ventional Cytotoxic Treatments. Conventional chemotherapy
has shown limited efficacy against metastatic MTC. One of
the mechanisms for the resistance of MTC to chemothera-
peutic drugs is multidrug resistance (MDR) [95]. MDR in
cancer cells has been attributed to the overexpression of

http://www.ClinicalTrials.gov/
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several plasma membrane ATP-dependent efflux pumps,
such as MDR-1 [96]. The enzyme cyclooxygenase (COX-2)
has been shown to regulate MDR-1 expression in rat mesan-
gial cells [97]. Furthermore, a study has shown that in vitro
treatment of anMTC-derived cell line with rofecoxib, a COX-
2 inhibitor, was able to sensitize MTC cells to doxorubicin
[98]. A recent study, performed in vitro, has shown that
celecoxib, another COX-2 inhibitor, was able to induce both
MTC cell apoptosis and sensitization to vinorelbine, thus
enhancing the chemotherapeutic effect of this drug [99].
A clinical trial, in which the in vivo activities of celecoxib
were explored in MTC patients who cannot benefit from
available treatments, would be desirable after accounting for
the possible cardiovascular risks of this drug.

3.2.2. Drugs That Inhibit MTC Tumorigenesis Targets other
than TKRs. Several other therapeutic agents are being inves-
tigated for their uses in the treatment of thyroid carcinomas,
includingMTC.These agents inhibit targets that are involved
in development of MTC other than the tyrosine kinase
receptors. We previously discussed that RAS operates in
a complex signaling network with multiple activators and
effectors, which allows them to regulate many cellular func-
tions such as cell proliferation, differentiation, apoptosis, and
senescence. Phosphatidylinositol 3-kinase (PI3K) is one of
the main effector pathways of RAS, regulating cell growth,
cell cycle entry, cell survival, cytoskeleton reorganization,
and metabolism. The presence of Ras mutations in spo-
radic MTC and most importantly the frequent activation
of the PI3K/AKT/mTOR pathway in several aggressive and
metastatic MTCs strongly suggest that this cellular signaling
pathway is a good candidate for targeted therapies against
MTC. In fact, several in vitro evidences have demonstrated
that the indirect blocking of this pathway, by PI3K inhibitors
[100], or direct inhibition of mTOR [48] can mediate the
induction of apoptosis and a decrease in cell viability in the
MTC TT cell line. Currently, there are several clinical trials
in which patients with radioiodine-refractory differentiated
and medullary thyroid carcinomas were recruited to test
the efficacy of everolimus (RAD001), a novel inhibitor of
mTOR, in combination with other drugs (NCT01625520
and NCT01270321). Everolimus has demonstrated antitumor
efficacy in various cancer types, including MTC. Recently,
researchers have developed a liposomal form of everolimus
and have demonstrated the anticancer efficacy of this for-
mulation against TT cells [101]. Studies have shown that
metformin can decrease the proliferation of cancer cells
through 5-AMP-activated protein kinase-(AMPK-) depen-
dent inhibition of mTOR. Some researchers have reported
growth inhibitory effects of metformin against MTC cell
lines (TT and MZ-CRC-1), which were attributable to the
downregulation of bothmTOR/6SK and pERK signaling.The
expression of the molecular targets of metformin in human
MTC cells suggests that this drug may be potentially useful
in the treatment of MTC [49].

PI3K-AKT-mTOR and RAF-MEK-ERK signaling have
been shown to be important in the resistance of thyroid
cancer cells to apoptosis and the promotion of tumor pro-
gression. In this context, targeted anti-VEGFR therapy or

RAF inhibition may be ineffective if PI3K signaling remains
intact. Therefore, two promising drugs, RAF265, a RAF
inhibitor that is active against VEGFR2, and BEZ235, a PI3K
inhibitor, were tested alone and in combination in preclinical
MTCmodels that represented the key genotypes observed in
refractory thyroid cancers. The study findings showed that a
combination treatment with agents that inhibited both RAF
and PI3K pathways strongly inhibited growth both in vitro
and in vivo. In addition, the investigators showed for the first
time that RAF265 potently inhibits the constitutively active
𝑅𝐸𝑇
𝐶634𝑊, a form of the kinase that is observed in MEN2A

[102].
Persistent RET activation, a frequent event inMTC, leads

to the activation of the PI3K/AKT/mTOR, ERK/MAPK, and
JAK/STAT3 pathways. Recently, the efficacy of the JAK1/2
inhibitor AZD1480 against the growth of thyroid cancer
was tested in vitro and in vivo in thyroid cancer cell lines
that expressed oncogenic RET. The findings showed that
AZD1480 efficiently inhibited the growth and tumorigenesis
of thyroid cancer cell lines that harbored oncogenic RET
alterations, likely through the inhibition of PI3K-AKT signal-
ing; this result supports the use of this inhibitor in patients
with thyroid cancer, particularly in those with advanced
MTC, for whom there are no effective therapeutic options
[103].

Several MTCs display a rich but heterogeneous expres-
sion of somatostatin receptors (sst1–5) [104]. Thus, somato-
statin (SRIF) peptide analogues in combination with TKIs
may be a promising approach for the treatment of these
tumors. The presence of different combinations of SRIF
receptor (SSTR) subtypes in a given patient may explain the
variable clinical response to SRIF analogues andmaypromote
the search for more selective drugs with different affinities
to the various receptor subtypes [105]. The currently avail-
able somatostatin analogues (octreotide and lanreotide) act
preferentially through the somatostatin receptor subtype 2
(sst2). In MTC, these compounds have been reported to
exert antisecretive effects on calcitonin but unfortunately
are not reported to have antiproliferative effects. Pasireotide
(SOM230) is a new somatostatin analogue that has a peculiar
binding profile with high affinity for sst1, sst2, sst3, and
sst5. Preliminary data from a phase II study of patients with
metastatic carcinoma show that SOM230 is effective, and
some clinical trials are exploring the efficacy of SOM230
alone or in combination with RAD001 in patients with MTC
(NCT01625520 and NCT01270321).

The NF-𝜅B pathway is also a potential target for drug
development, and a number of compounds have been devel-
oped to inhibit this pathway at different levels in cancer cells.
Studies have demonstrated that the proteosome inhibitor
bortezomib exerted a promising antitumor effect in human
MTC cells through the inhibition of I𝜅B degradation, which
led to the inactivation of the transcriptional factor NF-𝜅B
[106]. Patients are currently being recruited for a phase I/II
trial to study the combination of vandetanib plus bortezomib
(http://www.ClinicalTrials.gov/). PatientswithMTCwill par-
ticipate in the phase II study [21].

http://www.clinicaltrials.gov/
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3.2.3. Immunotherapy andRadioimmunotherapy. Immuniza-
tion with tumor antigen-pulsed autologous dendritic cells
(DCs) resulted in protective immunity and the rejection of
various established human tumors. Specifically, vaccination
immunotherapy with calcitonin and/or carcinoembryonic
antigen (CEA) peptide-pulsedDCswas shown to result in the
induction of a cellular, antigen-specific immune response in
patients with MTC, which led to clinical responses in some
patients.Therefore, for the first time, a potential DC vaccina-
tion therapy was developed for patients with metastatic MTC
[107]. Another study, which was performed in a transgenic
MTC mouse model, has confirmed this finding [108].

Papewalis et al. have reported on the in vitro findings of
a vaccination trial in 5 MTC patients, who were treated with
DCs that were generated using a new protocol, which con-
sisted of granulocyte-macrophage colony-stimulating factor
and interferon-alpha (IFN-DCs).These investigators demon-
strated that immunization with IFN-DCs led to a tumor
epitope-specificTh1 immune response inMTCpatients [109].
Furthermore, a pilot trial of 10 patients has assessed the
safety and efficacy, in terms of immune responses and clinical
activities, of the DCs. In this study, DCs were injected into
groin lymph nodes at 3-week intervals. Monitoring of the
patients included serial measurements of calcitonin tumor
markers, radiological imaging, and immunological in vitro
tests, including T-cell interferon-gamma detection and cyto-
toxicity assays. DC vaccinations were determined to be well
tolerated and safe. After a median followup of 11 months
(range 7–26), 3 (30%) of the 10 patients exhibited disease
stability, while 7 (70%) of the patients progressed during
treatment. A combined treatment with different tumor cell
lysate-pulsed DCs increased the likelihood of a calcitonin
tumor marker response and should therefore be preferred
over monotherapy with DCs pulsed with a single lysate [110].

Thus, immunotherapy may be a promising alternative
therapy in combination with agents that target specific signal
transduction pathways for aggressive forms of MTC that are
resistant to classical therapies.

A significant antitumor effect was also observed with
radioimmunotherapy using an anti-CEA 131I-F6 monoclonal
antibody in MTC-bearing nude mice. Nevertheless, no
complete responses were observed. Similarly to chemother-
apy, drugs that target the tumor microenvironment might
improve the efficacy of radioimmunotherapy.This hypothesis
was confirmed by a recent study in which pretreatment of
mice grafted with the TT human medullary thyroid cancer
cell line with antiangiogenic therapies was found to improve
the efficacy of radioimmunotherapy with acceptable toxicity
[111]. Another independent study, which was conducted in
a mouse model of MTC, has found similar results with the
angiogenesis inhibitor bevacizumab [112]. Future investiga-
tions will be performed to better understand how antiangio-
genic agents enhance the efficacy of radioimmunotherapy.

3.2.4. Epigenetic Therapy. Epigenetic drugs are expected to
target the two main mechanisms of epigenetic alterations,
DNA methylation and acetylation, and are regarded with
increasing interest by both endocrinologists and oncologists.

Concluded trials of such drugs have shown that few patients
with advanced thyroid cancer responded completely, which
suggests that these treatments were effective at stabilizing
progressive disease. Therefore, definitive results from clinical
trials will clarify the true effectiveness of epigenetic drugs in
these tumors. Epigenetic drugs, when used in combination
with other target molecules, might significantly increase res-
ponse rates to treatment in advanced thyroid cancer patients,
either by relaxing the chromatin structure to make DNA
more accessible to the effects of a DNA targeting drug or
by acting synergistically with antimitotic drugs [113]. Thus,
epigenetic therapymay be a promising novel approach for the
treatment of some cases of MTC.

3.3. Potential Mechanisms of Resistance to Therapy in MTC.
Tumor cells often devise strategies to bypass the effects of
antineoplastic agents, and the selection of therapy-resistant
clones is frequently the reason for treatment failure. One
characteristic of endocrine cancer is a general resistance to
conventional chemotherapies or radiotherapies that would
normally lead to apoptosis of the cancer cells. MTC can
develop resistances to cytotoxic drugs due to the expression
of the multidrug resistance (MDR) 1 gene. Drugs that can
oppose this mechanism of resistance to traditional chemo-
therapies may increase the sensitivity of MTC tumor cells
to chemotherapy. For example, celecoxib, a COX-2 inhibitor,
has been shown to potentiate the chemotherapeutic effect of
vinorelbine in MTC [99]. Therefore, the synergistic actions
of a cytotoxic drug and a compound that increases the
sensitivity of MTC cells to such a drug could provide a
treatment method for patients who cannot benefit from
TKIs. However, the most promising results in patients with
chemotherapy and radiotherapy-unresponsive MTC were
obtained with TKIs. The inhibition of a single RTK may
engage compensatory signaling that maintains cell growth.
Multitargeted tyrosine kinase inhibitors, which inhibit mul-
tiple RTKs simultaneously, including RET, have been devel-
oped to bypass this potential resistance mechanism. One
complication is that such inhibitors may not only be more
effective for targeting receptors in tumor cells but may also
exhibit greater toxicity. Thus, the challenge is to balance the
increased efficacy of these inhibitors with the potential for
a broader array of side effects [7]. Moreover, some MTC
patients cannot take advantage of these therapies due to
specific RET mutations that confer resistance to TKIs (e.g.,
RET V804 confers resistance to vandetanib) [76, 114]. Finally
an important study reported the existence of cancer stem-
like cells in MTC, which exhibit the features of self-renewal
and of multiple lineage differentiation that is dependent on
RET proto-oncogene receptor activity suggesting a potential
mechanism of resistance to cytotoxic or TKIs agents [115].

4. Conclusions

Most cases of metastatic MTC are incurable due to resis-
tance to conventional chemo- and radiotherapies. In recent
decades, the identification of genetic defects and altered
cellular signaling pathways involved in humanMTC tumori-
genesis have led to the development of targeted therapies,
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of which the most important are tyrosine kinase inhibitors.
However, the low rates of partial responses or complete res-
ponses and the short duration of responses in MTC patients
who were observed while taking these drugs prompted
researchers to develop new drugs and alternative therapies
to be combined with multi-TKIs and to reduce potential
cross-toxicity effects. To this end, a recent study has shown
synergistic effects with a combination of sorafenib and the
MEK inhibitor AZD6244 against a human MTC cell line.
Concomitant use of a RAF inhibitor, RAF265, and a dual
PI3K/mTOR inhibitor, BEZ-235, was another effective com-
binatorial therapy against thyroid cancer in xenograft mouse
models [102]. The mTOR cascade is emerging probably as
one of the most important deregulated pathways in advanced
and metastatic MTC and certainly deserves further study.
Targeting mTOR in combination might be efficacious in
patients with this tumor types.

However, a complete overview of all signaling pathways,
including their interactions, role of the activating gene muta-
tions that contribute toMTC tumorigenesis, andmechanisms
of intrinsic and acquired resistance to treatments, is required
and will permit us to identify the best therapy for each
patient. Novel combined or sequential therapies request a
further step in the knowledge of the cellular signaling of
this tumor. Finally, larger multi-institutional clinical trials to
fully understand the clinical benefits of these therapies are
warranted.
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[10] H. Scherübl, F. Raue, and R. Ziegler, “Combination chemother-
apy of advanced medullary and differentiated thyroid cancer.
Phase II study,” Journal of Cancer Research and Clinical Oncol-
ogy, vol. 116, no. 1, pp. 21–23, 1990.

[11] A. Antonelli, P. Fallahi, S. M. Ferrari et al., “RET TKI: potential
role in thyroid cancers,” Current Oncology Reports, vol. 14, no.
2, pp. 97–104, 2012.

[12] M. B. Lodish and C. A. Stratakis, “RET oncogene in MEN2,
MEN2B, MTC and other forms of thyroid cancer,” Expert
Review of Anticancer Therapy, vol. 8, no. 4, pp. 625–632, 2008.

[13] M. S.Airaksinen andM. Saarma, “TheGDNF family: signalling,
biological functions and therapeutic value,” Nature Reviews
Neuroscience, vol. 3, no. 5, pp. 383–394, 2002.

[14] M. Drosten and B. M. Pützer, “Mechanisms of disease: cancer
targeting and the impact of oncogenic RET for medullary
thyroid carcinoma therapy,” Nature Clinical Practice Oncology,
vol. 3, no. 10, pp. 564–574, 2006.

[15] Z. Liu, P. Hou, M. Ji et al., “Highly prevalent genetic alter-
ations in receptor tyrosine kinases and phosphatidylinositol 3-
kinase/Akt and mitogen-activated protein kinase pathways in
anaplastic and follicular thyroid cancers,” Journal of Clinical
Endocrinology and Metabolism, vol. 93, no. 8, pp. 3106–3116,
2008.

[16] C. S. Mitsiades, V. Kotoula, V. Poulaki et al., “Epidermal growth
factor receptor as a therapeutic target in human thyroid carci-
noma: mutational and functional analysis,” Journal of Clinical
Endocrinology and Metabolism, vol. 91, no. 9, pp. 3662–3666,
2006.

[17] B.M. Erovic, D. Kim, C. Cassol et al., “Prognostic and predictive
markers in medullary thyroid carcinoma,” Endocrine Pathology,
vol. 23, no. 4, pp. 232–242, 2012.
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