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Abstract: In recent years, the clinical validation of molecular targeted therapies inhibiting the action of 

pathogenic tyrosine kinase (TK) has been one of the most exciting developments in cancer research. In this 

context, medullary thyroid carcinoma (MTC) represents a promising model. It is well known that in MTC, the 

RET receptor TK and its signal transduction pathways, lead to subsequent neoplastic transformation. Several 

strategies aimed at blocking the activation and signaling of RET have been preclinically tested. The most 

advanced results have been obtained by competitive inhibition of RET-TK activity by tyrosine kinases inhibitors 

(TKI). However, although the inhibition of the RET pathway is actually one of the most studied for therapeutic 

purposes, other signal transduction pathways have been recognized to contribute to the growth and functional 

activity of MTC and are considered attractive therapeutic targets.  

To date, surgery represents the only curative treatment of MTC. Despite promising initial results, studies on 

targeted agents are in early stages and several issues regarding preclinical evaluations and clinical trials of 

new targeted agents in MTC are still unresolved. Now, available mouse models bearing mutations of RET or 

other genes, which spontaneously develop MTC, promise to improve preclinical evaluation of activity of 

targeted compounds. Furthermore, the rarity of the disease and the number of patients available for enrolment 

may lessen the relevance of clinical trials. A major effort needs to be made by endocrinologists and oncologists 

to refer their patients for multi-institutional trials in order to optimize them, perform translational studies and 

expedite the availability of novel beneficial selective therapies.  

Keywords: Tyrosine kinase inhibitors, medullary thyroid carcinoma, multiple endocrine neoplasia, RET, targeted 
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INTRODUCTION 

Thyroid carcinomas account for approximately 1% 
of all human malignancies, which represents 3 in every 
100,000 people in Europe and the U.S. [1]. Medullary 
thyroid carcinoma (MTC) arises from calcitonin (CTN)-
producing neural crest derived parafollicular C cells of 
the thyroid and currently accounts for 5%–8% of all 
thyroid cancers [2]. Prognosis of patients affected by 
MTC mainly depends on the stage of the tumor at the 
time of diagnosis, with an estimated mean 10-year 
survival of 60–70% [3, 4]. The clinical course of MTC 
varies from an extremely indolent tumor and survival of 
several years, to an aggressive variant associated with 
a high mortality rate. MTC is sporadic in about 75% of 
cases; in about 25% it is a component of the inherited 
type 2 multiple endocrine neoplasia (MEN-2) 
syndromes [5]. MEN-2 are autosomal dominant 
inherited diseases characterized by a strong 
predisposition to develop endocrine tumors (Table 1).  

The three distinct clinical varieties, MEN-2A, MEN-
2B and familial MTC (FMTC) are all characterized by  
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the occurrence of MTC, which represents an 
aggressive histotype responsible for death in most of 
these patients [6]. MEN-2-associated MTC is bilateral 
and generally emerges from a multifocal/multicentric 
origin, and it is usually preceded by multifocal C-cell 
hyperplasia (CCH) [7]. RET is mutated in more than 
95% of MEN-2 families. The sporadic cases are 
characterized by a unifocal clonal tumor cell population. 
Somatic RET mutations in the tumor tissue of sporadic 
MTC (S-MTC) have been reported at different rates, in 
the range 40-50%. Around 7-10% of apparently 
sporadic MTC are also found to have germline RET 
mutations [8, 9].  

The natural history of MTC is variable and the main 
factors influencing survival are: the stage of the 
disease at the time of diagnosis, tumor size, lymph 
node involvement, age and sex of the patients, 
calcitonin doubling time and clinical variety of the MTC. 
Patients with MEN-2A show a better survival rate 
compared to patients with sporadic disease [10]. 
Patients with FMTC undergoing screening are younger 
and the disease is diagnosed at an earlier stage. 
Patients with MEN-2B have the highest risk of 
advanced-stage disease at presentation [10] and have 
a worse prognosis than do patients with MEN-2A and 
FMTC at a similar stage of the disease.  
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Table 1. Classification of Multiple Endocrine Neoplasia Type 2 
 

 MTC % PHEO % PHP % Associated Diseases 

MEN-2A 90 40-50 10-20 Hirschsprung’s disease, cutaneous lichen amyloidosis 

MEN-2B 100 50  Marfanoid habitus (midface hypergnathism, elongated long bones, scoliosis, 
slipped femoral head epiphysis, pectus and joint deformities), intestinal 

ganglioneuromatosis, mucosal neuromas 

FMTC 95   Rare 

Classification of MEN-2, including MEN-2A, MEN-2B and familiar medullary thyroid cancer (FMTC) with the occurrence of medullary thyroid cancer (MTC), 
pheocromocytoma (PHEO), primary hyperparathyroidism (PHP) and other diseases. From: reference [17].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (1). Structure of RET. 

RET is a single-pass transmembrane receptor belonging to the TK superfamily. In the extra-cellular domain, there are four 

cadherin-like domains and a juxtamembrane cysteine-rich region. In the intracellular region there are two tyrosine kinase 

subdomains that are involved in the activation of several intracellular signal transduction pathways. The glial cell-line-derived 

neurotrophic factor (GDNF) is a ligand of RET receptor: RET is activated by the interaction between ligand of the GDNF family 

and specific glycosyl-phosphatidylinositol-anchored coreceptors (GFR 1-4) [145]. 
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PATHOPHYSIOLOGY OF RET 

The RET proto-oncogene is located on 
chromosome sub-band 10q11.2 and comprises 21 
exons. RET is mainly expressed in neuronal crest-
derived and urogenital progenitor cells. It is required for 
the development of the enteric nervous system, kidney 
morphogenesis and differentiation of spermatogonia [9, 
10]. RET encodes a typical single pass receptor 
tyrosine kinase (RTK) constituted by an extra-cellular, a 
transmembrane and a cytoplasmic domain [11] (Fig. 1).  

Activation of the RET receptor normally requires the 
construction of a complex including RET and 
coreceptors of glial cell line-derived neurotrophic factor 
(GDNF) (GFR1-4) [12]. This represents the functional 
multimolecular substrate for ligands of the GDNF family 
(GDNF, neurturin, persephin and artemin) which induce 
RET dimerization and mutual trans-autophos-
phorylation activity. Several tyrosine residues in the 
intracellular part of the RET molecule become 
phosphorylated upon receptor activation and provide 
“docking sites” for a number of signaling and adaptor 
proteins. This activation, in turn, leads to the assembly 
of different signaling complexes, which activate various 
signal transduction pathways. Particularly, Tyr1062 
seems involved in the majority of cellular functions 

regulated by the RET receptor and in the transforming 
potential of RET oncoproteins as well [10]. Several 
RET binding proteins have been identified, such as 
Shc, ShcC, Grb2 and Grb7/10, PLCg, Enigma, IRS1/2, 
FRS2, DOK1/4/5/6, c-Src, SH2-Bb, PKCa, Shank3, 
and STAT3. The recruitment of such signaling and 
adaptor proteins eventually results in the activation of 
downstream pathways involving RAS/RAF/ERKs, 
PI3K/AKT, JNKs, p38, ERK5 and PLCg, which, in turn, 
leads to gene expression regulation and biological 
response processes such as proliferation, survival, 
differentiation, migration and chemotaxis [10, 11, 13]. 
Recently, a direct interaction between RET and -
catenin signaling has been described in 2A-RET and 
2B-RET transfected cell lines and in human papillary 
thyroid carcinoma (PTC) cell lines [14, 15]. 

Different alterations of the RET proto-oncogene 
correspond to specific human diseases. It has been 
demonstrated that ‘‘loss-of-function’’ mutations have a 
causative role in the development of Hirschsprung’s 
disease, a polygenic disorder characterized by 
congenital absence of parasympathetic innervation in 
the lower intestinal tract [13]. 

By contrast, ‘‘gain-of-function’’ mutations, leading to 
aberrant activation of RET, are specific oncogenic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Normal and oncogenic activation of RET.  

In physiological condition, RET activation requires the binding of the GDNF ligand to glycosylphosphatidylinositol-anchored co-

receptors (GFR 1). Ligand binding leads to RET dimerization, kinase activation and signaling to the nucleus. In MEN-2A 

mutations there is a ligand independent homodimerization through the formation of a covalent intermolecular disulfide bond in 

the cysteine-rich extra-cellular domain. As a consequence, dimerized RET mutants are constitutively activated without ligand 

stimulation. On the other hand, MEN-2B mutations activate the RET receptor in monomeric state, inducing increased 

phosphorylation of tyr1062 and altering the specificity of the thyrosine kinase domain. 

From reference [1]. 
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events in the thyroid gland contributing to the 
progression of inherited and non-inherited medullary or 
follicular thyroid cancer. Somatic gene rearrangements 
of RET have been found in PTC and S-MTC and 
germline point mutations in MEN-2A and 2B and 
FMTC. 

In physiological conditions, RET kinase activation is 
dependent on ligand binding. Conversely, mutated RET 
in MTC and PTC cells shows a constitutive ligand-
independent tyrosine kinase (TK) activity associated to 
transforming activity [10, 11, 13] (Fig. 2). Germline 
dominant activating mutations in the extra-cellular or 
TK domains of RET have been identified as the 
initiating events in MEN-2 [10] (Fig. 2). The mechanism 
of RET activation is different among the different 
syndrome subtypes. 

MEN-2A 

MEN-2A syndrome is the most common form of 
MEN-2 and is characterized by MTC (90%) in 
combination with pheochromocytoma (40-50%) and/or 
parathyroid hyperplasia or single adenoma (10-20%) in 
a single patient, or the presence of two or more tumor 
types in multiple members of a single family [16]. MTC 
is generally the first manifestation of MEN-2A and 
develops between the ages of 5 to 25 years [17]. A 
variant of MEN-2A associated with lichen amyloidosis 
has an earlier onset [18]. Mutations in RET codon 634, 
and to a lesser extent in RET codons 609, 611, 618 
and 620 are related to a classic MEN-2 phenotype [19]. 
Mutations in RET codons 630, 790, 791, 804 and 891 

are capable of producing the MEN-2A phenotype [19]. 
Mutations at codon 634 (exon 11) occur in 85% of 
cases with C634R being the most frequent RET 
alteration in MEN-2A [20]. Mutations at exon 10 
account for a further 10–15% of cases, whereas 
mutations at other exons are rare (Fig. 3; Table 2). 

Mutations identified in patients with MEN-2A affect 
one of six cysteine residues in the cysteine-rich region 
of the RET extra-cellular domain which is substituted 
by another amino acid. Cysteine residues are normally 
matched in intramolecular disulfide bonds and their 
loss by mutations may cause the formation of inter-
molecular bonds through the partner cysteine residues, 
thereby causing ligand-independent homodimerization. 
This homodimerization results in the constitutive 
activation of the RET kinase, which, in turn, leads to 
permanent downstream signaling (Fig. 2) [1, 21].  

MEN-2B 

MEN-2B syndrome is the less common, but the 
more aggressive form of MEN-2 (5-10% of cases). The 
onset of disease usually occurs during the first year of 
life. MEN-2B is characterized by MTC and 
pheochromocytoma, usually without hyperparathy-
roidism. Other components of the syndrome are 
mucosal neuromas, intestinal ganglioneuromas, and 
marfanoid habitus with skeletal deformations and joint 
laxity, but without the vascular and ophthalmologic 
abnormalities that may be seen with other 
phakomatoses, such as von-Hippel Lindau syndrome. 
The skeletal abnormalities of MEN-2B may be due to 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). RET codon mutations in MEN-2 syndromes and in FMTC. In round brackets associated hereditary MTC clinical 

varieties are indicated. On the basis of which RET codon is mutated, three levels of risk stratification to predict MTC 

development and aggressiveness are known. Highest risk mutations, suggesting preventive thyroidectomy before 6 months of 

age are written in red; for high risk mutation (blue color), total thyroidectomy is recommended before 5 years. Recommended 

age for thyroidectomy in least high mutations (green color) is 5-10 years.  
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overexpression of chondromodulin, a regulator of 
cartilage and bone growth, which is reduced in this 
syndrome [19]. Patients affected by MEN-2B often lack 
a family history of MTC and harbor a de novo mutation 
[17].  

In contrast with MEN-2A, mutations found in the 
RET gene of patients with MEN-2B primarily affect 
residues in the intracellular TK domain of the protein. 
These missense mutations result in the activation of 
the RET receptor in its monomeric state, thereby 
changing the conformational state of the TK domain 
catalytic core and its substrate specificity [13]. More 
than 95% of patients harbor a mutation at codon 918 
(M918T, exon 16), whereas a few patients (<5%) may 
have a mutation at codon 883 (A833F, exon 15) (Fig. 
3). Moreover, increased autophosphorylation of tyr1062 
has been described in patients with MEN-2B while 
MEN-2B cases associated with double germline 
mutations, have also been reported [22-24].  

FAMILIAL MTC 

FMTC is considered the mildest variant of MEN-2, 
with a clinical course more benign than MEN-2A and 

MEN-2B. Patients have a strong predisposition to 
develop MTC, but a very low incidence of other 
manifestations of MEN-2A. Typically, FMTC patients 
have a late onset and their prognosis is relatively good. 
The diagnosis of FMTC can be made on the basis of at 
least four family members being affected. Yet a family 
history is often inadequate in establishing diagnosis of 
familial disease, and biochemical plus genetic 
screening often reveal FMTC in patients originally 
thought to have the sporadic form of the disease.

 
Many 

of the mutations at extra-cellular cysteines responsible 
for MEN-2A are also found in FMTC (>80% of FMTC 
families). In patients with FMTC, the mutations 
identified in RET affect the cysteine-rich region of the 
extra-cellular domain as well as the TK domain, leading 
to low-level activation of the RET kinase. This aspect 
may explain the indolent penetrance phenotype of 
FMTC [10, 25]. Aggressive MTC tumors, though, have 
been reported in some cases harboring codon 804 
mutations [26]. The International RET Mutation 
Consortium Analysis reported that only 10% of FMTC 
families showed a germline mutation in the intracellular 
domain of the RET

 
[8], while the French Calcitonin 

Tumors Study Group found that a mutation located 

Table 2. RET Mutations Associated with RET Syndrome 
 

Codon Frequency Risk Degree Recommended Age for Surgery:  
Thyroidectomy Before Age (Years) 

MEN-2A 

634 

620 

618 

611 

609 

630 

768 

804 

891 

 

87 

6 

3 

2 

< 1 

 

High 

High 

High 

High 

High 

High 

Least high 

Least high 

Least high 

 

5 

5 

5 

5 

5 

5 

5-10 

5-10 

5-10 

MEN-2B 

918 

883 

804 

891 

 

94 

5 

< 1 

 

Highest 

Highest 

Least high 

Least high 

 

0.5 

0.5 

5-10 

5-10 

 

FMTC 

618 

634 

620 

768 

609 

804 

790 

791 

883 

611 

 

30 

26 

21 

8 

4 

3 

 

High 

High 

High 

Least high 

High 

Least high 

Least high 

Least high 

Highest 

High 

 

5 

5 

5 

5-10 

5 

5-10 

5-10 

5-10 

0.5 

5 
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within the intracellular domain of RET (at codons 768, 
790, 791-exon 13, or codon 804-exon 14) is present in 
about half of FMTC families [27].  

SPORADIC MTC 

Approximately 80% of S-MTC have at least one 
subpopulation with the RET codon 918 mutation as a 
somatic mutation. In addition, other mutations at extra-
cellular cysteines have been described [10, 13]. The 
functional significance of such somatic RET mutations 
in the pathogenesis of S-MTC and its role in cancer 
onset/progression is unclear [28]. It has been 
demonstrated that the presence of a somatic RET 
mutation correlates with a worse outcome of S-MTC 
patients in terms of presence of lymph node 
metastases at diagnosis, persistence of metastatic 
disease, and lower survival rate in a long-term follow 
up [29]. In these studies, however, patients with MTC 
were screened for only a few specific mutations, mainly 
in codon 918, without evaluating the correlation 
between the type of RET mutation and the patients’ 
clinicopathological features.  

This correlation was recently described by Moura et 
al. [30] who analyzed RET exons 5, 8, 10-16 in 51 S-
MTCs, finding somatic mutations in 65% of tumors. 
Among the RET-positive cases, exon 16 was the most 
frequently affected (60.6%). Two novel somatic 
mutations in exon 11 were identified: a heterozygous 
point mutation at codon 630 (Cys630Gly) and a 18 bp 
deletion at nucleotide c.1881 associated with the same 
allele with a silent nucleotide substitution at codon 634 
(Cys634Cys). 

According to specific mutational patterns, a sub-
classification for S-MTC consisting of three prognostic 
groups has been proposed. In Group 1, patients with 
mutations in RET exons 15 and 16 were included; in 
group 2, patients had other RET mutations; in group 3, 
patients did not have any RET mutations. Group 1 had 
higher prevalence (P=0.0051) and number of lymph 
node metastases (P=0.0017), and presented more 
often multifocal tumors (P=0.037) and persistent 
disease at last control (P=0.0242) than group 2. 
Detectable serum CTN levels at last screening and 
stage IV disease were significantly more frequent in 
group 1 than in the other groups. In particular, among 
the S-MTC, patients with RET mutations in exons 15 
and 16 are associated with the worst prognosis. 
Tumors with other RET mutations have the most 
indolent course, and those with no RET mutations have 
an intermediate risk [30]. 

When pangenomic DNA microarrays were used to 
analyze the transcriptome of 4 familial and 9 S-MTC, 
the gene expression pattern allowed to distinguish 2 
groups of sporadic tumors. The first group displayed an 
expression profile similar to that expressed by inherited 
RET 634 tumors. The second one presented an 
expression profile close to that displayed by inherited 
RET 918 tumors and included tumors from patients 
with distant metastases. In particular, genes involved in 

proliferation and invasion (PTN, ESM1, and 
CEACAM6) or matrix remodeling (COL1A1, COL1A2, 
FAP) were overexpressed [31]. 

Further studies, however, are needed to investigate 
the exact clinical role of genetic abnormalities recently 
described for S-MTC subtypes. 

MOLECULAR PATHOGENESIS OF MTC 

The pathogenesis of MTC is far from being 
thoroughly elucidated and there are probably several 
other genetic events in association with RET mutations 
that could be responsible for the different features of 
the disease. However, these additional mutations in 
both hereditary and S-MTC development are largely 
unknown. Recently, a co-causative role of other 
protooncogenes, such as RAS or BRAF, identified as 
having a role in thyroid carcinogenesis, has been 
proposed for MTC. Initially, gene sequencing analysis 
of RAS family members and BRAF did not reveal any 
mutation [32-35], excluding that RAS/BRAF gene 
mutations might exert a role in MTC development. 
Contrarily, a recent study on 17 patients affected by 
MTC showed that KRAS and BRAF are mutated in 
41% and 68% of cases, respectively [36]. 

Similarly, loss-of-function mutations of tumor 
suppressor genes, such as retinoblastoma protein 
(pRb), tumor protein p53 and PTEN, or of cell cycle 
inhibitors (p27Kip1 and p18-INK4c) seem to predispose 
to MTC in rodents, but their role remains to be 
confirmed in humans [37]. Also loss of heterozygosity 
in the von-Hippel–Lindau (VHL) disease tumor-
suppressor locus has been demonstrated to occur at 
the somatic level in FMTC [38]. 

For MTC, several studies suggested that the first 
genetic damage (“first hit”) might not be silent, but may 
determine a growth stimulus on the target thyroid C-
cells and/or adrenal chromaffin cells, such as in MEN-
2. In fact, tumor development in these syndromes is 
probably preceded by a C-cell and/or adrenal 
chromaffin cell hyperplasia. The MTCs and 
pheochromocytomas originate as multifocal clonal 
tumors, which rise from a different cell clone. The 
stimulus for this polyclonal hyperplasia could result 
from the original chromosome 10 abnormality and other 
subsequent genetic events. Amplification of the mutant 
allele or loss of the wild-type RET allele may act as a 
‘second hit’ in tumors of patients with MEN-2 [39]. 
These and other complex events might cause the 
progression of clonal carcinomas and involve 
chromosomal loci other than the germline defect on 
chromosome 10 [40].  

Several signal transduction pathways have been 
identified as mediators of the oncogenic properties of 
mutated RET in MTC, including both the 
phosphatidylinositol 3-kinase (PI3K)/Akt3 and Raf-
1/MEK/extra-cellular signal-regulated kinase (ERK) 
pathways (also referred to as Ras/mitogen-activated 
protein kinase/MAPK) [41]. The RET mutation 
upregulates PI3K/Akt signaling [42]. This pathway may 
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function by suppressing apoptosis, even if recent 
evidence suggests that regulation of cell cycle 
progression is a parallel mechanism resulting in 
prolonged cellular survival [41]. The PI3K/Akt signal 
transduction pathway has also been implicated in the 
control of CTN and chromogranin A (CgA) production 
[41]. Other signaling molecules have also been 
implicated in the development of MTC, such as 
Notch1/Hairy Enhancer of Split-1/Achaete-Scute 
complex like-16 and glycogen synthase kinase-3b [43, 
44], IGFR, NTR, FGFR, HSP90 [37].  

Maintenance of telomere length has been reported 
to be an absolute requirement for unlimited growth of 
human tumor cells and, in about 85% of cases, this is 
achieved by reactivation of telomerase, the enzyme 
that elongates telomeres. In the case of human MTC, it 
seems that telomerase activity (TA) is low, supporting 
the idea that this enzyme is not important for the 
tumorigenesis of MTC. This is in contrast to the data 
obtained in other carcinomas, where high TA has been 
correlated with malignant transformation. Indeed, 
abrogation of tumor suppressor protein function such 
as p53 and pRb have been described in MTC and 
could explain the low apoptotic rate of this tumor also in 
the absence of activating a telomere-stabilizing 
mechanism. On the other hand, it is possible that the 
low TA could also exert a protective role against cell 
death or stabilize the karyotype [45].  

Van Veelen et al. [46] described the presence of 
somatic mutations in the cell cycle regulator P18 in 
human RET-associated MTCs, which cause an amino 
acid substitution in the cyclin dependent kinase-
interacting region of P18 (INK4C). This inhibits P18 
function and reduces its stability [46]. In fact, in human 
MTC, both hereditary and sporadic, frequently the loss 
of a specific part or the entire short arm of chromosome 
1 is detected, with the most common break point on 
1p32, where the tumor suppressor gene CDKN2C8p18 
is located.  

Dysregulation of metalloproteinase and their tissue 
inhibitor participate in the degeneration of the extra-
cellular matrix and are associated with cancer 
progression. MMP-2 is one of the most active 
metalloproteinases in cancer development, and it has 
been suggested as a possible marker of the malignant 
phenotype and prognostic factor for MTC [47]. 

Another important consideration involves the 
correlation between type 2 deiodinase and MTC cells. 
The type 1 (D1) and type 2 (D2) deiodinases are 
responsible for catalyzing deiodination of T4 to T3 and, 
consequently, play a critical role in regulating 
intracellular T3 concentrations. D2 is expressed in 
normal and stimulated human thyroid tissue and has 
been evaluated as a possible marker of thyroid 
follicular cell differentiation. D2 is underexpressed in 
PTC [48], but increased in follicular thyroid carcinoma 
[49]. The role of iodine metabolism in MTC was 
demonstrated by Souza Meyer et al. [50], who showed 
that D2 is expressed in MTC tissues at levels 
comparable with normal human follicular thyroid cells. 

The biochemical and molecular properties of D2 in the 
human MTC cell line TT seem to be preserved despite 
C-cell dedifferentiation. The presence of this D2 in TT 
suggests a possible role of thyroid hormones in human 
C-cell metabolism. Furthermore, the expression of the 
thyroid hormone receptor was demonstrated in all MTC 
samples and in human MTC cell lines, suggesting a 
potential role of locally produced T3 by D2 in this 
neoplastic tissue. 

Angiogenesis  

Angiogenesis is the process of forming new blood 
vessels from preexisting vasculature. Although 
vascular endothelium is usually quiescent in adults, 
active angiogenesis has been shown to be an 
important process for new vessel development and 
subsequent tumoral growth, progression, and spread. 
The angiogenic phenotype depends on the balance of 
proangiogenic growth factors such as vascular 
endothelial growth factor (VEGF) and inhibitors, as well 
as interactions with the extra-cellular matrix, allowing 
for endothelial migration. Endocrine glands are typically 
vascular organs and their blood supply is essential for 
normal function and tight control of hormone feedback 
loops. In addition to metabolic factors such as hypoxia, 
the process of angiogenesis is also regulated by 
hormonal changes such as increased estrogen, IGF-I 
and TSH levels. Thyroid tumors are more vascular than 
normal thyroid tissue. There is a clear correlation 
between increased VEGF expression and more 
aggressive MTC behavior and metastasis.  

Overexpression of VEGF-A was correlated with 
stage, tumor size, and metastasis of MTC. MTC cells 
overexpress VEGF and RET inhibition has been 
correlated with VEGF downregulation [51, 52]. A direct 
correlation between the angiogenesis pathway and 
RET remains to be elucidated, although some 
hypotheses have surfaced. In fact, loss of 
heterozygosity in the von-Hippel–Lindau (VHL) disease 
tumor-suppressor locus occurs at the somatic level in 
FMTC [38]. RET and the protein encoded by the gene 
associated with VHL disease might act along the same 
pathway by controlling neuronal cell survival [53]. 
Additionally, loss of the VHL protein leads to increased 
expression of hypoxia-inducible transcription factor 
(HIF), thereby promoting expression of VEGF and 
tumor angiogenesis. Finally, the expression of 
VEGFR1 and VEGFR2 [54] has been detected in 
thyrocytes as well as in endothelial cells. 

RET AS A THERAPEUTIC TARGET IN MTC 

In recent years, the clinical validation of molecularly 
targeted drugs that inhibit the action of pathogenic 
oncoproteins, particularly TKs, essential for tumor 
onset and progression [55], represents one of the most 
exciting developments in cancer research. In MTC, a 
number of specific genetic alterations have been 
identified as tumor-initiating events [56-58]. Since the 
identification of the products of oncogenic forms of RET 



Medullary Thyroid Cancer Current Molecular Medicine,  2010, Vol. 10, No. 7     615 

as constitutively activated TKs [26], inhibition of RET 
enzyme activity has been viewed as an opportunity not 
only to investigate RET-dependent signaling and 
cellular functions, but also to explore the possibility of 
interfering with the RET oncogenic potential [59]. 

Biochemical and biological studies with RET 
inhibitors are usually performed on common cellular 
models of MTC, including RET oncogene-transformed 
murine fibroblasts or thyrocytes and human tumor cell 
lines expressing endogenous RET oncoproteins [59]. 
Only two MTC-cell lines are available, TT and MZCRC-
1, harboring the MEN-2A-type C634W and the MEN-
2B-type M918T RET mutation, respectively. A number 
of natural or synthetic compounds were reported to 
exhibit RET inhibitory activity. Among natural 
compounds, herbimycin A [60] and clavilactones [61] 
were first identified as RET inhibitors. 

Several strategies aimed at blocking the activation 
and signaling of RET have been preclinically tested [9, 
13]. They include the interference with formation of 
ligand-receptor complexes, dimerization, 
autophosphorylation, recruitment of adaptor proteins to 
various docking sites, and initiation of signal 
transduction cascades. Down-regulation leading to the 
disappearance of RET from the cell surface constitutes 
another important means of regulation and a potential 
target for therapy. Of particular interest, the elegant 
studies with dominant-negative RET mutants delivered 
by viral vectors which documented that the selective 
abrogation of oncogenic RET signaling in MTC cells 

results in loss of the neoplastic phenotype associated 
with apoptosis [1].  

Additional strategies to block RET oncogenic 
activity have been reported, including soluble RET 
mutant ectodomain, gene ablation technologies such 
as ribozymes and silenting-RNA or molecules, 
neutralizing aptamers and monoclonal antibodies [1, 
62, 63]. Despite the fact that these approaches are in 
early stages of development and are far from clinical 
application, they provided a solid preclinical 
background supporting the concept that RET oncogene 
and their products represent potential therapeutic 
targets [59]. 

Although almost all steps of RET and related 
pathways signaling cascade may be inhibited by 
relatively specific agents, the most advanced results 
have been obtained by competitive inhibition of RET 
activity by TK inhibitors (TKIs). 

Like most of the known TKIs, synthetic RET 
inhibitors exhibit a “promiscuous” mechanism of action 
based on ATP competition. In fact, the available RET-
TK inhibitors are not specific and were previously 
discovered as inhibitors of more than one TK, including 
RET-TK, with different IC50. 

TARGETING RET WITH TKI: PRECLINICAL 
STUDIES AND CLINICAL TRIALS 

Several classes of molecules have demonstrated 
inhibitory properties of RET kinase activity in preclinical 

Table 3. Targeted Agents Under Preclinical Evaluation in Medullary Thyroid Cancer 
 

Agents Possible Mechanism(s) of Action References 

PP1, PP2 RET; Src kinases; 
Proteosomal degradation of RET 

[65-68] 

CEP-701,  
CEP-751 

Trk family kinase; RET; NTR  [70, 71] 

RPI-1 RET [65, 72, 73] 

NBL-1  
(monoclonal antibody) 

RET internalization [87] 

D4 aptamer RET dimerization [90] 

Adenovirus-mediated gene therapy RET gene [91] 

RET-selective ribozyme Mutant RET mRNA and RET-mediated cell growth and 
transformation 

[93] 

RET- selective phosphatases RET activity [94] 

Tipifarnib  
(R115777) 

RAS-RAF-MAPK/ERK pathway (Ras farnesylation) [104] 

LY294002;  
KP372–1 

PI3K/Akt pathway [105, 118] 

ADW742 IGF-1R [109] 

PD173074 FGFR-4 [108] 

NVP-AEE788 VEGFRs and EGFR [100, 101] 

Vatalanib 
(PTK787/ZK222584) 

VEGFRs [102] 

Cediranib (AZD2171) VEGFRs [103] 

Pazopanib  
(GW-786034) 

VEGFRs, PDGFR / , c-KIT www.clinicaltrials.com 
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studies. They include the pyrazolo-pyridimidine 
inhibitors PP1 and PP2, the indolocarbazole derivatives 
CEP-701 and CEP-751, the 2-indolinone derivative 
RPI-1, and the anilinoquinazoline ZD6474 [64]. Despite 
an attractive mechanism of action and except for 
ZD6474 (vandetanib), these molecules are not yet 
available for clinical trials (Table 3). 

PP1 and PP2 inhibited enzymatic activity and 
transforming ability of NIH3T3 fibroblasts transfected 
with almost all types of RET/MEN-2A, RET/MEN-2B 
and RET/PTC1 and RET/PTC3 [65-68]. PP1 and PP2 
also inhibit the Src family of kinases, a major 
downstream effector of RET-mediated mitogenesis. It 
remains unclear, therefore, whether the inhibitory 
effects of PP1 and PP2 on cell cultures arise from 
inhibition of RET [69]. PP1 induces RET/MEN-2A and 
RET/MEN-2B oncoprotein degradation via proteosomal 
pathways, providing an additional mechanism of RET 
inhibition [67]. 

The indolocarbazole derivatives CEP-701 and CEP-
751 were originally developed to inhibit TRK family TK 
[70]. Additionally, these compounds demonstrated an 
inhibitory effect on RET autophosphorylation and 
proliferation of TT cells [70]. Moreover, CEP-751 
inhibited TT cells growth in nude mice [70]. 
Interestingly, CEP-751 in vivo inhibitory effects 
increased when it was used in combination with 
irinotecan, a chemotherapeutic drug approved for 
metastatic colorectal cancer [71]. Irinotecan alone also 
has a strong effect on MTC xenograft growth in nude 
mice [71]. It remains to be determined, however, 
whether CEP-751 alone or in combination with 
irinotecan is effective in patients with MTC. 

RPI-1 inhibited RET in human TT cells and 
RET/MEN-2A and RET/PTC1-expressing NIH3T3 cells 
[72]. RPI-1 decreased activation of RET downstream 
molecules including PLC, ERK, and AKT and reduced 
proliferation [73]. RPI-1 also showed antitumor effects 
in nude mice [65, 72, 73]. Interestingly, MTC cells 
showed only growth arrest rather than apoptosis 
induction after exposure to RPI-1 [73]. Nevertheless, 
inhibition of MTC tumor cell proliferation seems to be 
sufficient to induce its antitumoral effect.  

Vandetanib is an anilinoquinazoline inhibitor of 
VEGF receptors (VEGFR; VEGFR2 and VEGFR3), 
epidermal growth factor receptor (EGFR) and RET 
phosphorylation and signaling [74, 75]. Vandetanib 
targets the enzymatic activity of both MEN-2 and PTC-
related oncogenic RET and has an IC50 of 100 nmol. 
In addition, the compound inhibits tumor growth in 
RET/PTC transformed NIH3T3 cell xenografts [75]. It 
has been recently demonstrated that the compound 
docks into the ATP-binding pocket of RET [76]. 
Vandetanib inhibits the wild-type enzyme and most of 
the activated forms of RET, with the exception of RET 
molecules with mutations in residue Val

804
 [76]. 

Mutation at this site has been proposed as a possible 
mechanism of acquired resistance to the drug [68]. In 
phase I clinical trials of patients with advanced non-
small cell lung cancer (NSCLC) and other solid tumors, 

including MTC, vandetanib was relatively well-tolerated 
after oral administration [77].  

Wells et al.
1
 reported the definitive results of an 

open-label phase II clinical trial of patients with 
metastatic hereditary MTC. Thirty patients with locally 
advanced or metastatic hereditary MTC and 
measurable disease (Response evaluation criteria in 
solid tumors, RECIST) were enrolled. The median 
duration of treatment was 172 days. Twenty percent of 
patients experienced a partial response, another 30% 
displayed stable disease, yielding a disease control 
rate of 50%. More than half of the patients had 
significant reductions in serum CTN levels. Overall, the 
drug was well tolerated.  

A phase II trial of vandetanib for S-MTC patients 
with locally advanced and metastatic disease is 
currently underway. A randomized phase II trial 
comparing vandetanib to placebo in patients with 
hereditary or S-MTC is being planned. 

Imatinib mesylate (STI-571) is a 2-
phenylaminopyrimidine derivative acting as an inhibitor 
of the c-KIT and the receptor for PDGFR TKs. It 
received FDA approval for clinical use as single 
treatment of GIST and CML in 2004 [78]. Imatinib has 
been shown to display inhibitory activity against 
RET/MEN-2A and RET/MEN-2B in MTC-derived cell 
lines. Imatinib induces RET degradation through 
nonproteasomal pathways [79]. Furthermore, it inhibits 
RET TK, but at high concentrations. Despite this 
suboptimal pharmacological property, the drug was the 
first TKI used in two trials with 9 and 15 patients 
affected by MTC, respectively. Unfortunately, imatinib 
resulted in limited efficacy and did not induce any 
tumor response [80, 81]. 

Sunitinib malate (SU 11248) is an indolinone 
derivative approved for RCC and refractory GIST. It is 
a multikinase inhibitor, highly active against RET and is 
under investigation in phase II trials on patients 
affected by unresectable differentiated thyroid cancer 
(DTC), refractory to 

131
I and advanced MTC 

(www.clinicaltrial.gov; NCT00381641). 

Preliminary results of 16 patients (3 with MTC) are 
available. Seven patients (44%), all with DTC, had a 
FDG-PET response. Response rates at 3 months, 
according to RECIST criteria, were not reported. No 
grade 4 toxicities have been registered. The main 
grade 3 toxicities included neutropenia (28%), 
leukopenia (17%), fatigue (11%), hand-foot syndrome 
(11%), and gastrointestinal bleeding (11%). Grade 3 
diarrhea, mucositis or atrial fibrillation were reported in 
6% of patients

2
. 

Sorafenib tosylate (BAY 43-9006) was initially 
developed to target the Raf family of kinases, mainly B-
Raf and C-Raf. It also inhibits other kinases including 
VEGFR2, platelet-derived growth factor receptor 

1
Wells SA, Gosnell JE, Gagel RF, Moley JF, et al. Abstract No. 6018, ASCO 

Annual Meeting, 2007. 
2
Goulart B, Carr L, Martins RG, Eaton K, Kell E, Wallace S, Capell P, Mankoff 

D. Abstract No. 6062, ASCO Annual Meeting, 2008. 
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(PDGFR), c-Kit, FLT3 and RET. The drug has recently 
been approved as treatment of advanced RCC and 
hepatocarcinoma. Carlomagno et al. showed that 20 to 
50 nmol/L sorafenib inhibits 50% (IC50) of NIH 3T3 
fibroblasts expressing one of three oncogenic versions 
of RET (RET/PTC3, RET/C634R, or RET/M918T) and 
showed almost complete inhibition with 100 nmol/L. 
Cells expressing both RET/V804L and RET/V804M, 
resistant to vandetanib, were sensitive to sorafenib at 
110 and 147 nmol/L, respectively [82]. Very preliminary 
results reported that sorafenib mesilate obtained 
objective responses in two out of five patients with 
metastatic MTC

3
. Stable disease was registered in the 

other three patients after six months of treatment. 
Interestingly, after 2-3 months CTN levels were 
decreased by more than 50% from baseline in all 
patients.  

Sorafenib is under investigation in two phase II trials 
recruiting patients that are affected by metastatic or 
unresectable thyroid cancers, including MTC (www. 
clinicaltrials.gov; NCT00601783; NCT00654238).  

Motesanib diphosphate (AMG 706), is a multikinase 
inhibitor of VEGFRs, PDGFR, c-kit [83]. It also inhibits 
wild-type but not mutant RET in vitro and induces 
regression of MTC xenografts in mice

4
. In a phase II 

study 91 patients with locally advanced or metastatic, 
progressive or symptomatic MTC received motesanib 
125 mg/d orally for up to 48 weeks or until 
unacceptable toxicity or disease progression. Only two 
patients (2%) achieved objective response (95% 
CI,0.3% to 7.7%); their duration of response was 32 
weeks (censored) and 21 weeks (disease progressed). 
Eighty-one percent of patients had stable disease (48% 
had durable stable disease  24 weeks), 8% had 
disease progression as best response, and 9% were 
not evaluated. Median progression-free survival was 48 
weeks (95% CI, 43 to 56 weeks). Among patients with 
tumor marker analysis, 69 (83%) out of 83 and 63 
(75%) out of 84 had decreased serum CTN and 
carcinoembryonic antigen during treatment, 
respectively, compared with baseline. The most 
common treatment-related adverse events were 
diarrhea (41%), fatigue (41%), hypothyroidism (29%), 
hypertension (27%), and anorexia (27%) [84]. In 
pharmacokinetic analyses, motesanib trough 
concentrations were lower compared with DTC patients 
from a parallel cohort study [85]. 

XL184 is a potent, orally available small molecule 
inhibitor of MET and VEGFR2/KDR and also inhibits 
KIT, RET, FLT3, and Tie-2. Salgia et al. [86] reported a 
phase I study on 25 patients with advanced 
malignancies, including three patients with MTC. Using 
dose escalation and assessing response by RECIST 
criteria, as well as serologic measurements of CTN, 
VEGF-A, soluble VEGFR2 (sVEGFR2), and Ang2, after 
a median follow up of over 12 months, the patients 

3
Kober F, Hermann M, Handler A, Krotla G. Abstract No. 14065, ASCO Annual 

Meeting, 2007. 
4
Coxon A, Bready JV, Hughes P. et al. Proc Am Assoc Cancer Res 2007; 48: 

71 (abstr LB-283). 

affected by MTC (one of whom had a documented RET 
mutation) had substantial reductions in plasma CTN 
and stable disease for over 6 months, without serious 
toxicities. A phase III trial is ongoing to evaluate the 
progression-free survival (PFS) with XL184 in 
comparison with placebo in subjects with unresectable, 
locally advanced, or metastatic MTC.  

OTHER STRATEGIES TO INHIBIT RET 

The first step in the activation of RET is the binding 
of the growth factor (GF) – ligand to the complex GF-
receptor/co-receptor. Therefore, targeting GFs, or the 
binding site of the receptor/coreceptor, represents a 
straightforward approach for RET inhibition. 
Unfortunately, monoclonal antibodies against the RET 
ligand or receptor/co-receptors have not yet been 
synthesized. Yano et al. [87] generated in a 
neuroblastoma model an antibody capable of inducing 
internalization of RET, but its activity remains unknown. 

The second step in RET activation is dimerization. It 
has been demonstrated that the introduction in the 
membrane of small peptides corresponding to the 
transmembrane domain could compete with 
dimerization and thus inhibit the kinase activity of some 
human cancer cells (i.e., those overexpressing ErbB2 
and EGFR) [88]. 

Aptamers are single-stranded DNA or RNA 
oligonucleotides that have specific three-dimensional 
structures and bind to target molecules. Aptamers are 
usually created by selecting them from a large random 
sequence pool, but natural aptamers also exist in 
riboswitches [89]. Several unique properties of 
aptamers, including high binding specificity, low 
immunogenicity, structural stability and ease of 
synthesis, have made aptamers promising agents for 
directed therapy against cancer targets [89]. Aptamers 
with anti-neoplastic activity against extra-cellular, cell 
membrane and intracellular targets have been 
developed [89]. An aptamer that targets activated RET 
and blocks RET-dependent intracellular signaling by 
interfering with receptor dimerization has recently been 
described [90]. The neutralizing nuclease-resistant D4 
aptamer was capable of binding and inhibiting wild-type 
RET and RET/MEN-2A on the cell surface inhibiting the 
constitutive RET dimerization [90]. It is noterworthy that 
only MEN2A mutated MTCs would benefit from 
inhibiting RET dimerization, as the M918T mutation 
present in MEN2B-MTC and most cases of sporadic 
MTC, results in activation of monomeric RET (Fig. 2). 
However, the efficacy of the D4 aptamer against RET-
associated tumors remains to be established. 

Another new treatment approach of MTC is the 
integration of new genetic material into the genome – 
“gene therapy”. This approach can be used to replace 
defective genes or block the effects of unwanted ones 
by the introduction of a counteracting gene. Drosten et 
al. [91] reported that adenovirus-mediated transduction 
of dominant negative RET into TT cells reduced 
expression of oncogenic RET receptors on the cell 
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surface. They also reported that inoculation of 
dominant negative RET-expressing MTC cells into 
nude mice led to an almost complete suppression of 
tumor growth [91, 92]. These results suggest that 
inhibition of oncogenic RET expression by a dominant-
negative RET mutant is an effective approach for MTC 
treatment, although many issues remain to be resolved 
before viral vectors can be used in vivo. 

Another gene therapy approach might be the 
introduction of a RET-selective ribozyme that 
specifically cuts mutant RET mRNA and blocks RET-
mediated cell growth and transformation [93]. The 
ectopic expression of RET- selective phosphatases has 
also been shown to efficiently block RET activity [94]. 

ANGIOGENESIS AS A THERAPEUTIC TARGET 

Several findings suggest that antiangiogenic 
therapy of patients with MTC is rational. As previously 
reported, all the inhibitors of the RET kinase activity 
that are currently under clinical evaluation have activity 
against the TK of VEGFRs. These compounds might, 
therefore, have a combined effect inhibiting RET in 
tumor cells and VEGFRs in endothelial cells. To date, 
VEGF targeting is a widely used anti-cancer 
therapeutic approach. VEGF-targeted therapy acts 
through various mechanisms: inhibition of new vessel 
formation, apoptosis of pre-existing vessels, blockade 
of endothelial cell progenitors, and vessel constriction 
(with reduced blood flow and ischemia) [95]. 
Bevacizumab, a humanized monoclonal antibody 
against VEGF, is the first antiangiogenic agent 
approved for the treatment of patients affected by 
metastatic colorectal cancer, breast cancer, and 
NSCLC, in combination with standard chemotherapy 
[96] or in combination with interferon in metastatic renal 
cancer [97]. Bevacizumab inhibited the growth of 
mouse xenografts of thyroid cancer cells [98]. 
However, clinical trials exploring the activity of 
bevacizumab in MTC patients have not been 
conducted. 

Several multi-targeting TKIs that block VEGFRs 
have shown promising clinical activity against several 
solid tumors, including MTC. Axitinib (AG-013736), a 
VEGFR inhibitor with no known anti-RET activity, has 
been tested in a phase II trial that involved 60 patients 
with thyroid cancer derived from either medullary or 
follicular cells. Eleven patients (16%) with MTC were 
involved: partial responses were observed in 2 MTC 
patients and stable disease lasting more than 16 weeks 
was reported in another 3 MTC patients [99]. 
Preclinical studies with NVP-AEE788, a dual VEGFR 
and EGFR inhibitor, in DTC cell lines [100, 101] and 
with vatalanib (PTK787/ZK222584) [102], a pan-
VEGFR TKI, in thyroid carcinoma mouse xenografts, 
showed promising results. Cediranib (AZD2171), 
another pan-VEGFR TKI, demonstrated inhibitory 
activity on tumor growth and prolonged animal survival 
in an orthotopic nude mouse model of anaplastic 
thyroid cancer [103]. In addition, pazopanib (GW-
786034), another multi-targeted VEGFRs inhibitor, is 

undergoing clinical evaluation in thyroid cancer 
patients. 

TARGETING OTHER KINASES 

Although the inhibition of the RET pathway is 
actually one of the most studied for therapeutic 
purposes, other signal transduction pathways have 
been implicated as contributing to the growth and 
functional activity of MTC and are considered 
promising as therapeutic targets (Table 3). In particular, 
inhibition of RAS–RAF–ERK [104], PI3K–AKT [105], 
NF B [106] and the glycogen synthase kinase-3 (GSK-
3) [107] pathways have a promising effect in cultured 
MTC cells. Additionally, data from preclinical 
experiments have shown that the inhibition of fibroblast 
growth factor (FGF) receptor 4 (FGFR4) [108] and the 
insulin-like growth factor I receptor (IGF-1R) [109] 
reduces the growth of MTC cells. 

RAS-RAF-MAPK-ERK PATHWAY 

Tipifarnib (R115777) is a member of a novel class 
of agents developed to inhibit the farnesylation of Ras 
and other proteins. Tipifarnib shows antiproliferative 
effects against many human tumor cell lines. Tipifarnib 
has not shown direct activity against RET kinase, but it 
can inhibit RET signaling through the MAPK pathway. 
This compound was active in myelodysplastic 
syndrome and in acute myelogenous leukemia [110, 
111]. In a patient affected with S-MTC, with a novel 
somatic deletion in exon 11 of the RET gene, a rapid 
and marked response to a regimen incorporating both 
sorafenib and tipifarnib was observed. It has been 
hypothesized that tipifarnib, which can effect 
downstream signaling of RET kinase, may 
synergistically act with sorafenib [112]. 

The activation of the Raf-1 pathway in MTC cells 
leads to significant growth suppression [113] and is 
associated with a reduction in CTN and CgA [107]. 
Moreover, it has been shown that growth inhibition by 
Raf-1 activation in the MTC-TT cell line induces an 
autocrine–paracrine protein, leukemia inhibitory factor, 
and this alone could mediate differentiation and cell 
growth inhibition [113]. Activation of the Raf-1 pathway 
in these cells also led to inactivation of GSK-3  by 
phosphorylation at Ser-9 [114], indicating a possible 
crosstalk with other pathways involved in growth 
regulation. 

GSK-3 AS A POTENTIAL TARGET FOR MTC 
GROWTH REGULATION 

GSK-3 is a serine/threonine protein kinase that was 
first described as playing a role in the regulation of 
glycogen synthesis [115]. GSK-3 , an isoform of GSK-
3, is involved in many cellular processes, including 
metabolism, embryonic development and cell 
differentiation, proliferation, and survival [44]. GSK-3  
has been shown to be involved in the regulation of 
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cellular proliferation [116, 117]. In contrast to other 
kinases, GSK-3  becomes inactivated by phospho-
rylation in response to signaling cascades [117]. GSK-
3  regulates other molecules such as -catenin, MAPK 
kinase 1, ERK-1/2, c-Myc, c-Jun, murine double minute 
2, Mcl-1, and heat shock factor by phosphorylation, and 
therefore modulates diverse intracellular signaling 
pathways that are known to play key roles in cancer 
biology.  

Kunnimalaiyaan et al. [44] have recently shown that 
inactivation of GSK-3  with lithium chloride resulted in 
MTC differentiation and cell growth inhibition. Based on 
these studies, a clinical trial using lithium as treatment 
of patients with metastatic MTC was initiated. 

PI3K–AKT PATHWAY 

PI3K–Akt is one of the major downstream pathways 
of RET. Its activation has a central role in thyroid 
tumorigenesis [118], but little is known about its role in 
regulating the growth of MTC tumors. The exposure of 
MTC cells to LY294002, a PI3K inhibitor, resulted in a 
dose-dependent reduction in cellular proliferation and 
neuroendocrine tumor markers [105]. The reduction in 
growth is mediated by apoptosis [105]. In addition, 
KP372–1, an Akt inhibitor, has been shown to inhibit 
cell proliferation and induce apoptosis in thyroid cancer 
cells [118]. 

NERVE GROWTH FACTOR RECEPTOR 
PATHWAY 

The neurotrophin receptor (NTR) family includes 3 
receptors with TK activity (NTR1, NTR2 and NTR3). 
Changes in their expression are involved in thyroid C-
cell transformation [119, 120]. Particularly, NTR2 
activity is reduced and NTR3 is up-regulated in MTC 
[121] CEP-751, demonstrating inhibition of RET and 
NTR TK, and showing a cytostatic effect in MTC cells 
[71]. 

INSULIN-LIKE GROWTH FACTOR RECEPTOR 
PATHWAY 

IGF-1R is a ubiquitous transmembrane TK, 
structurally similar to the insulin receptor (IR). The -
subunit of IGF-1R binds IGF-I, IGF-II, and insulin at 
supraphysiological doses; the -subunits contain the 
TK domain [122]. IGF-II and IGF-1R are over-
expressed in many cancer types, including MTC [123]. 
IGF-1R up-regulation was found to mediate resistance 
to TKIs in different types of cancer cells. IGF-I and IGF-
1R are over-expressed in thyroid cancer, particularly in 
the most aggressive variants [124]. Importantly, IGF-I 
and insulin are essential for the mitogenic action of 
TSH and EGF in thyroid follicular cells [123]. ADW742 
is a specific inhibitor of IGF-1R phosphorylation and of 
its signaling pathway. This drug is cytotoxic for follicular 
and MTC-derived cancer cells [109]. 

FIBROBLAST GROWTH FACTOR RECEPTOR 
PATHWAY 

FGF receptors (FGFRs) comprise a subfamily of 
RTKs that are master regulators of a broad spectrum of 
cellular processes, including apoptosis, proliferation, 
migration, and angiogenesis. Deregulation of FGFR 
signaling by activating mutations or ligand/receptor 
overexpression could allow these receptors to become 
constitutively active, leading to hematopoietic and solid 
tumors [125]. Four FGFRs with TK activity have been 
described (FGFR-1, -2, -3 and -4) [126]. Mutations or 
genetic alterations involving FGFRs have not been 
identified in thyroid cancer [126]. Two ligands of FGF 
(FGF1 and FGF2), the basic FGF, a potent angiogenic 
factor, is increased in differentiated and anaplastic 
thyroid cancer and MTC [127-129]. Increased 
expression of FGFR-1, -3 and -4 has been observed 
also in malignant thyroid tumors [130]. FGFR-2 
expression, instead, was downregulated in thyroid 
cancer [131]. FGFR-4 is mostly expressed in 
aggressive thyroid tumor types and MTC cells [132]. 

PD173074 is a FGFR-4-TK competitive inhibitor. 
The drug produced the abrogation of FGF-1-mediated 
FGFR-4 phosphorylation in TT cells and significant 
inhibition of cell proliferation and tumor growth in vivo. 
Moreover, the combination of STI571 and PD173074 
resulted in greater suppression of cell proliferation in 
vitro and tumor control in vivo than that achieved with 
either agent alone. These data highlight RET and 
FGFR-4 as therapeutic targets and suggest a potential 
role for the combined use of TKIs in the management 
of inoperable MTC [108]. 

Other TKIs, such as sorafenib, sunitinib and 
pazopanib, under clinical evaluation in thyroid cancer 
patients, exert anti-FGFR activity as well [132]. 

PROTEASOME INHIBITORS 

The 26S proteasome is a large ATP-dependent 
multimeric complex that degrades intracellular proteins 
that have been targeted for proteolysis by the process 
of ubiquitination [133]. Several key regulators of 
transcription and growth/apoptosis, such as nuclear 
factor- B (NF- B) inhibitor (I B), p53, c-myc, and c-Jun 
N-terminal kinase (JNK), are known substrates for 
proteasomal degradation [134]. NF- B was implicated 
in the pathophysiology of both anaplastic [135] and 
medullary [136] carcinomas, suggesting that novel 
therapies targeting NF- B may be effective in these 
malignancies. 

Proteasome inhibitors constitute a novel class of 
antitumor agents with preclinical evidence of activity 
against hematological malignancies and solid tumors 
[136]. Specifically bortezomib, a boronic acid dipeptide 
proteasome inhibitor, is approved by the U.S. FDA for 
use in relapsed refractory multiple myeloma [136] and 
is currently being evaluated in a variety of other 
hematological and solid malignancies [137]. 
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Mitsiades et al. [138] investigated the effect of 
bortezomib in a panel of medullary and anaplastic 
carcinoma cells in vitro and defined apoptotic pathways 
triggered by this novel anticancer agent. Bortezomib-
induced apoptosis is mediated by caspases and may 
be modulated by the mitochondria and the Bcl-2 family 
members. The bortezomib-sensitivity of TT cells was 
reduced in the presence of IGF-I, suggesting that the 
antitumor activity of bortezomib might be enhanced by 
inhibition of IGF-I and its downstream signaling. In 
addition, the combination of bortezomib with 
conventional chemotherapeutic agents produced a 
synergistic effect. 

However, despite in vitro studies having shown 
bortezomib to be active against a broad range of 
thyroid cancer cell lines, including MTC, the specific 
role of proteasome inhibitors as useful targeted therapy 
of MTC remains to be explored in clinical trials. Given 
the activity of bortezomib and the role of the 
proteasome in regulating several cellular pathways, a 
phase I/II study combining bortezomib with vandetanib 
as treatment for patients affected by advanced solid 
tumors, with a focus on patients with MTC, has been 
started (NCT00923247; www.clinicaltrial.gov). 

THE NOTCH-1–HES-1–ASCL-1 SIGNALING 
PATHWAY 

Notch-1 is a multifunctional protein that regulates 
cellular differentiation, development, proliferation, and 
survival in a variety of contexts. Its signaling pathway 
controls cell fate in multiple developmental programs 
and its dysregulation has been implicated in the 
oncogenesis of several types of cancer.  

Notch-1 signaling might have a tumor suppressor 
role of in MTC tumors and cell lines. The activation of 
Notch-1 significantly reduced the growth of MTC-TT 
cells [43]. Furthermore, Notch-1 regulated CTN levels 
in a dose-dependent manner and the levels of 
reduction in growth and hormone production depended 
on the amount of Notch-1 protein present in the cell 
[43]. A lack of active Notch-1 protein was found in 
tumor tissues and MTC cell lines, whereas 
neuroendocrine markers, such as CgA and ASCL-1, 
were highly expressed. Activation of doxycycline-
inducible Notch-1 in TT cells by varying the 
concentration of doxycycline led to a dose-dependent 
increase in Notch-1 protein and Hairy and Enhancer

 
of 

Split homolog-1 (HES-1) protein. As expected, the level 
of Achaete-Scute Complex-Like homolog 1 was 
reduced with an increase in Notch-1 [43]. Moreover, 
the levels of reduction in growth and hormone 
production depended on the amount of Notch-1 protein 
present in the cell [43]. These observations suggest 
that activation of Notch-1 signaling may be a potential 
target to treat patients with MTC tumors. 

Interestingly, Greenblatt et al. examined the effects 
of valproic acid, a histone deacetylase (HDAC) 
inhibitor, on cell proliferation in human MTC and 
particularly on Notch 1 expression. Notch 1 is absent in 

MTC cells at baseline, but valproic acid treatment leads 
to an activation of Notch1 protein that, in turn, induces 
cell apoptosis inhibiting tumor growth [139]. However, 
the exact mechanism by which valproic acid activates 
Notch1 signaling is yet to be determined. The induction 
of the Notch-1 signaling cascade is also related to the 
anti-proliferative and pro-apoptotic effect of the 
suberoyl bis-hydroxamic acid (SBHA), a relatively new 
HDAC inhibitor [140]. Nude mice injected with human 
MTC and then treated with SBHA demonstrated a 
mean 55% inhibition of tumor growth [140]. In 
particular, SBHA caused an increase in 
p21(CIP1/WAF1) – a p53 inducible protein, p27(KIP1) 
– a cyclin-dependent kinase inhibitor, cleaved caspase-
9, cleaved caspase-3, and cleaved polyADP-ribose 
polymerase, with a concomitant decrease in cyclin D1 
and cyclin B1 [140]. This indicates that the 
demonstrable growth inhibition was due to both cell 
cycle arrest and apoptosis. Moreover, SBHA 
downregulated the cell survival proteins Bcl-2 and Bcl-
X(L), but upregulated the apoptotic proteins Bax, Bad, 
and Bmf [141]. These findings suggest that Notch-1 
activation with HDAC inhibitors may present a 
promising new form of targeted biological therapy for 
the treatment of patients with MTC. 

HEAT SHOCK PROTEINS 

Many oncogenic protein kinases depend on the 
molecular chaperone heat shock protein 90 (HSP90) 
for correct maturation and activity. 17-allylamino-17-
demethoxygeldanamycin (17-AAG) is an antibiotic of 
the ansamycin family with specific inhibitory activity 
against HSP90. 17-AAG resulted in the loss of 
oncogenic RET activity and effective TT cell-growth 
inhibition, suggesting a requirement for HSP90 action 
by activated RET [142]. It remains to be determined, 
however, whether RET oncoproteins are real targets of 
HSP90 [1]. A phase II trial is ongoing to determine the 
1-year treatment failure rate in patients with inoperable, 
advanced or metastatic DTC or MTC, treated with 17-
AAG (www.clinicaltrials.gov; NCT00118248). Although 
preclinical results seem encouraging, the clinical 
development of these agents, in terms of long-term 
toxicity profiles, clinical benefit, and the development of 
drug resistance, is the subject of intense research. 

CONCLUSIONS AND CHALLENGES 

At present, surgery represents the only curative 
treatment of MTC. Unfortunately, about two-thirds of 
patients experience relapse and die of the disease. 
Although the majority of patients survive for decades, 
there is still a need for novel therapeutic approaches to 
improve outcomes in terms of clinical response and 
quality of life.  

A growing understanding of molecular pathogenesis 
of cancer has allowed the development of multiple 
target agents in MTC. Some novel compounds, mainly 
TKI of RET and angiogenesis inhibitors, presently 
under evaluation in clinical trials, have clearly shown 
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that they are effective with a low toxicity. Nevertheless, 
the activity and toxicity profile of the majority of other 
promising targeted agents requires further testing in 
clinical trials.  

We are at the beginning of the clinical evaluation of 
a new therapeutic approach, but researchers are aware 
that several hurdles remain to be overcome in the 
clinical evaluation of targeted agents. They include the 
recognition in preclinical studies of appropriate cell 
systems and animal models to define and characterize 
the best target(s) and the real activity of targeted 
compounds of interest. Regarding in vitro testing, if 
RET is the target of interest, putative therapeutic 
compounds should be tested preclinically for their 
antitumor effect on cells expressing RET molecules 
with different mutations as well as on cells expressing 
wild-type RET. In vivo, a number of mouse models 
bearing mutations of RET and other genes, which 
spontaneously develop MTC are now available and 
would provide a better preclinical model than 
xenografts.  

Another problem is the selection and validation of 
surrogate markers for target inhibition combinations of 
agents against different targets (e.g., 
expression/phosphorylation of receptor of interest in 
pre- and post-treatment tumor biopsies, although this 
approach appears ethically questionable). In parallel, 
the selection of patients most suitable to receive the 
agent(s) of interest is a major challenge. To this end, 
genotyping patients enrolled in clinical trials, for 
example in order to identify a mutation in the targeted 
kinase, such as RET, or a genome-wide profiling, is a 
promising approach [143]. Potential relationships 
between toxicity and drug efficacy should also be 
evaluated by pharmacokinetic/genomic studies to 
ensure that adequate plasma drug concentrations are 
achieved. Such studies are particularly relevant in 
patients with MTC because diarrhea can induce drug 
malabsorption [144]. 

Among the most important methodological issues in 
MTC clinical trial is the evaluation of response. In fact, 
the response rate according to RECIST guidelines 
does not necessarily predict a benefit in terms of 
progression-free survival or overall survival in MTC 
[SCH 144]. Overall survival cannot be used to assess 
response in patients with slowly progressing diseases. 
Hence, the time to progression might be a better end-
point to measure the durability of treatment response, 
the value of stable disease, and the overall efficacy of 
treatment, especially if crossover from the placebo to 
the treatment arm is allowed. Further end-points, such 
as progression free survival, have been proposed but 
need to be validated as predictive measures of 
efficacy.  

Another essential observation, which constitutes a 
major problem, is that the relevance of clinical trials 
depends on the power of their statistical design, which 
is related to the number of patients accrued. 
Unfortunately, most of the mentioned clinical trials 
enrolled small cohorts of patients. Furthermore, the 

MTC population includes different subtypes of disease 
with specific mutations and therapeutic compounds 
might have variable efficacy on a particular subtype of 
disease. Consequently, future clinical studies should be 
balanced according to this aspect. To these aims, since 
MTC is a rare cancer, a major effort needs to be made 
by endocrinologists and oncologists to participate in 
multi-institutional studies in order to improve accrual of 
patients in well designed clinical trials. Finally, clinical 
trials should incorporate potentially prognostic and 
predictive biomarkers which may allow for more 
accurate identification of patients who will benefit from 
therapies under evaluation.  

A rational and coordinated approach including 
biomarker studies throughout the drug development 
process appears to be the best way to define the 
oncogenic mechanisms driving the progression of 
MTC, as well as the real efficacy of novel therapeutic 
strategies that can improve therapeutic options offered 
to patients affected by MTC. 

ABBREVIATIONS 

CCH = C-cell hyperplasia 

CgA = chromogranin A 

CTN = calcitonin 

D1 = type 1 deiodinase 

D2 = type 2 deiodinase 

DTC = differentiated thyroid cancer 

FGF = Fibroblast growth factor  

FGFR = fibroblast growth factor receptors  

FMTC = familial MTC 

GDNF = glial cell line-derived neurotrophic factor  

GF = growth factor 

GSK-3 = glycogen synthase kinase-3  

HDAC = histone deacetylase 

HES-1 = Hairy and Enhancer
 
of Split homolog-1 

HSP90 = heat shock protein 90 

IGF-1R = insulin-like growth factor I receptor  

IR = insulin receptor  

JNK = Jun N-terminal kinase  

MEN-2 = type 2 multiple endocrine neoplasia 

MTC = medullary thyroid carcinoma 

NF- B = nuclear factor- B  

NTR = neurotrophin receptor  

PTC = papillary thyroid carcinoma 

RTK = receptor tyrosine kinase 

SBHA = suberoyl bis-hydroxamic acid  

S-MTC = sporadic MTC 
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TA = telomerase activity 

TK = tyrosine kinase 

TKI = tyrosine kinase inhibitors 

VEGF = vascular endothelial growth factor 

VHL = von-Hippel–Lindau  
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