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 Introduction 

 Medullary thyroid cancer (MTC) is a rare thyroid tu-
mour first described in 1959 by Hazard et al.  [1] . Medul-
lary thyroid cancer arises from neural-crest-derived 
parafollicular C cells of the thyroid gland and accounts 
for approximately 4% of all thyroid cancers  [2] . Up to 25–
30% of MTC cases occur as inherited disorders while the 
remaining cases represent the sporadic form of the dis-
ease  [3] . Hereditary MTC can present in three major sub-
types: as part of multiple endocrine neoplasia type 2 
(MEN 2A or MEN 2B), and as familial MTC (FMTC). 
MEN 2 is a genetic syndrome caused by germline muta-
tions in the  RET  proto-oncogene and is transmitted in an 
autosomal dominant pattern. The most common form of 
hereditary MTC is MEN 2A (approximately 80–90% of 
patients with hereditary MTC) in which MTC occurs in 
100%, while phaeochromocytoma and hyperparathy-
roidism are seen in approximately 50 and 20% of cases, 
respectively  [4] . A minority of patients with MEN 2A de-
velop characteristic cutaneous lichen amyloidosis or a 
limited form of Hirschsprung’s disease. MEN 2B com-
prises some 5–10% of MEN syndromes, with MTC seen 
in 100% and phaeochromocytoma in 50% of cases. En-
teric ganglioneuromas, a marfanoid body habitus, dis-
tinctive mucosal neuromas of the tongue, lips and sub-
conjunctival areas and medullated corneal-nerve fibres 
are also seen as features of MEN 2B. FMTC accounts for 
5–15% of hereditary MTC cases. It is defined as the pres-
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for approximately 4% of all thyroid cancers. Up to 25–30% of 
MTC cases occur as inherited disorders while the remaining 
cases represent the sporadic form of the disease. In this re-
view, the structure and signalling properties of the RET pro-
to-oncogene in its wild-type and mutant forms, and its role 
in hereditary and sporadic MTC, are discussed. A full data 
search was performed through PubMed over the years 
2000–2008 with the key words ‘medullary thyroid cancer, 
treatment, molecular biology, RET, molecular mechanism’, 
and all relevant publications have been included, together 
with selected publications prior to that date. We also review 
novel therapies for metastatic MTC, especially the tyrosine 
kinase inhibitors which have activity at multiple receptor 
subtypes, and summarize the current ongoing trials in this 
area. While such tyrosine kinase inhibitors, particularly those 
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and absence of complete responses in all of the various trials 
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ence of MTC in kindreds with 4 or more affected mem-
bers without involvement of adrenal and parathyroid 
glands  [5] . Moreover, FMTC can occur as only C cell
hyperplasia (CCH), without tumour formation  [6] . Al-
though rare, large families with both FMTC and MEN 
2A have also been reported  [7] .

  At presentation, hereditary MTC is usually bilateral 
and multicentric. Multifocal CCH is considered to be a 
precursor to invasive MTC in patients with hereditary 
disease  [8] . In sporadic cases, the tumour is generally 
found as a single unilateral thyroid nodule or a palpable 
cervical lymph node. Finally, a minority of patients may 
present with systemic manifestations due to secretion of 
several peptides and substances, including calcitonin, 
chromogranin A, neurotensin, bombesin, somatostatin, 
vasoactive intestinal peptide, carcinoembryonic antigen 
(CEA) and calcitonin-gene-related peptide, and adreno-
corticotropic hormone (ACTH) in the ‘ectopic ACTH 
syndrome’  [9] .

  The aggressiveness of MTC varies with the subtypes. 
While sporadic cases often present between 50 and 60 
years, in a family with a confirmed diagnosis, a MEN 2A 
patient may present at the age of 5 years and upwards  [10] . 
MEN 2B is the most aggressive hereditary form based on 
its development of MTC earlier in life, with cervical 
lymph node metastases being observed in patients as 
young as 3 years: it has a high mortality  [11] . FMTC tends 
to have the least aggressive course among hereditary 
MTCs, often presenting between 20 and 40 years  [12] . 
There are strong genotype-phenotype correlations in 
MEN 2 depending on the location of the  RET  mutation. 
Hence, classification of patients into different risk levels 
according to their  RET  mutation type and performing 
prophylactic thyroidectomy in these patients according 
to this classification before reaching a certain age have 
been recommended by different authors  [13, 14] . How-
ever, these associations seem to occur particularly within 
a given family. Thus, some mutations correlating with ag-
gressive MTC and leading to MTC-related deaths in some 
families were also reported in some FMTC families with 
no known cases of MTC-related deaths  [3] . This suggests 
the importance of environmental and other genetic fac-
tors in the biological behaviour of MTC.

  In this review, the structure and signalling properties 
of the  RET  proto-oncogene in its wild-type and mutant 
forms, and its role in hereditary and sporadic MTC, will 
be discussed. A full data search was performed through 
PubMed over the years 2000–2008 with the key words 
‘medullary thyroid cancer, treatment, molecular biology, 
RET, molecular mechanism’, and all relevant publica-

tions have been included, together with selected publica-
tions prior to that date. Additionally, as most convention-
al therapies (chemotherapy, radiotherapy) are relatively 
ineffective for metastatic disease, novel therapeutic op-
tions for this challenging cancer type MTC will be re-
viewed and assessed.

  Molecular Biology of MTC and the  RET 

Proto-Oncogene 

  RET  Biology and Signalling 
 The  RET  (REarranged during Transfection) gene was 

first identified in 1985 by Takahashi et al. [as mentioned 
in ref.  15 ] as a proto-oncogene that can undergo activa-
tion by DNA rearrangement. The  RET  gene is located on 
chromosome 10q11.2 near the centromere and includes 
21 exons  [16] . It encodes a plasma-membrane-bound re-
ceptor tyrosine kinase that is mainly expressed in precur-
sor cells of the neural crest and urogenital tract, with key 
roles in cell growth, differentiation and survival.  RET  is 
essential for the early development of the sympathetic, 
parasympathetic and enteric nervous systems, the kid-
ney and spermatogenesis  [17] . Inactivating germline  RET  
mutations are found to be responsible for the develop-
ment of Hirschsprung’s disease, a congenital absence of 
enteric neurons in the gastrointestinal tract.  RET  is clas-
sified as a proto-oncogene because an experimentally in-
duced or a naturally occurring single activating  RET  mu-
tation of one allele can lead to neoplastic transformation. 
Activating  RET  mutations or rearrangements are found 
in a number of cancers including MEN 2 and FMTC.

  RET is a single-pass transmembrane receptor belong-
ing to the tyrosine kinase superfamily. In the extracellu-
lar domain, there are 4 Ca 2+ -dependent cell adhesion 
(cadherin)-like domains and a juxtamembrane cysteine-
rich region  [18]  ( fig. 1 ). The intracellular region includes 
2 tyrosine kinase subdomains (TK1 and TK2) that are 
involved in the activation of several intracellular signal 
transduction pathways. There are 3 different splicing 
variants of the carboxy-terminal tail of RET carrying 9 
(RET9-short isoform), 43 (RET43-middle isoform) and 
51 (RET51-long isoform) distinct amino acids. RET9 and 
RET51, which comprise 1,072 and 1,114 amino acids, re-
spectively, are the main isoforms in vivo  [17] . Animal 
studies have shown that RET9 is essential for kidney 
morphogenesis and enteric nervous development, while 
RET51 is essential for later kidney differentiation  [19, 
20] .
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  There are four ligands and coreceptors of the RET 
 receptor. The ligands are the glial cell-line-derived neu-
rotrophic factor (GDNF), neurturin, artemin and perse-
phin  [3] . RET is activated by each ligand through spe-
cific glycosyl-phosphatidylinositol-anchored corecep-
tors (GFR � 1–4). The RET tyrosine kinase domain is a 
dimer under unstimulated conditions. It adopts a trans-
inhibited head-to-tail inactive dimer conformation in 
which the substrate-binding site of each monomer is oc-
cluded by the contralateral one. Interaction of one of the 
4 GDNFs with its specific GFR �  coreceptor probably 
causes a conformational change that favours the forma-
tion of active dimers (RET dimerization, which leads to 

autophosphorylation at specific tyrosine residues in the 
intracellular domain), thereby relieving the trans-inhi-
bition  [21] . These phosphorylated tyrosines serve as 
docking sites for a number of transduction molecules 
which activate downstream signalling pathways. RET9 
and RET43 contain 16 tyrosine residues, while RET51 
has 2 additional tyrosines (Tyr1090 and Tyr1096) in the 
C-terminal end. Of these specific phosphorylation sites, 
Tyr1062 is crucially important in the activation of major 
intracellular signalling pathways  [17] . Tyr1062 is a mul-
tidocking site for various adaptor proteins such as down-
stream of kinase (DOK) 1/4/5, Enigma, SH3 and multi-
ple ankyrin repeat domains 3 (SHANK3), Src-homology 

RET 

GDNF

GFR�-1

Cadherin-like
domains (1–4) 

Cysteine-rich domain

RET9 (1,072 amino acids) 

RET43 (1,106 amino acids) 

RET51 (1,114 amino acids) 

Transmembrane
domain

Tyrosine kinase
domain 1 

Tyrosine kinase
domain 2

Juxtamembrane
domain

  Fig. 1.  Schematic drawing of the RET pro-
tein with the 4 extracellular cadherin-like 
domains, the cysteine-rich domain, intra-
cellular juxtamembrane domain and the 
intracellular tyrosine kinase domains. 
Three alternatively spliced forms, RET9, 
43 and 51, are shown. 
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collagen (Shc), ShcC (also named as Rai), fibroblast 
growth factor receptor substrate 2 (FRS2), insulin recep-
tor substrate 1/2, ERK5, MAPK, phosphoinositide-de-
pendent kinase 5 (CDK5), and PKC isoforms ( fig. 2 )  [22] . 
The activation of Ras/ERK, phosphatidylinositol 3-ki-
nase (PI3K)/Akt, p38 mitogen-activated protein kinase 
and c-Jun N-terminal kinase (JNK) pathways, which are 
predominantly responsible for cell proliferation and dif-
ferentiation, occurs mainly through Tyr1062  [17] . The 
vital role of Tyr1062 phosphorylation in RET signalling 
and development was demonstrated by ‘knock-in’ trans-
genic mouse models in which the Tyr1062 residue of 
RET alleles was replaced by the ‘non-phosphorylatable’ 
amino acid phenylalanine  [23] . These knock-in mice 
showed marked growth retardation and defects in en-
teric neurons and renal development, though this phe-
notype was less severe than complete RET knock-out 
mice.

  It was also revealed that, upon ligand activation, RET 
was down-regulated by a pathway which was mediated by 
the Shc-Grb2 route which was activated through Tyr1062 
and Tyr1096  [24] .

  RET   Mutations and MTC 
 Activation of RET is both a growth and survival sig-

nal, and is a cause of MTC. There is experimental evi-
dence demonstrating that  RET  mutations play a critical 
role in initiating MTC tumourigenesis. In a transgenic 
mouse model (CT-2A mice), RET51 cDNA was used to 
construct mice in which the most frequent MEN 2A mu-
tation, Cys634Arg, was expressed under the control of 
the human calcitonin promoter  [25] . These mice devel-
oped C cell tumours resembling human MTC and fol-
licular tumours resembling human papillary thyroid car-
cinoma (PTC), depending on the founder line examined. 
In a model for MEN 2B, the human calcitonin gene 
 (CALC-I)  promoter was used to generate transgenic mice 
expressing the human  RET  oncogene with the MEN-2B-
specific M918T mutation (CALC-MEN2B-RET)  [26] . At 
20–22 months of age, 3 out of 8 CALC-MEN2B-RET 
transgenic mice presented with macroscopic bilateral 
MTC. In 3 mice, nodular CCH was observed. In the con-
trol group, in which human non-mutated  RET  proto-on-
cogene was expressed in the C cells (CALC-WT-RET 
transgenic mice), thyroid abnormalities were never ob-
served.

  In human hereditary MTC, germline  RET  mutations 
are the genetic defect causing MEN 2A, MEN 2B and 
FMTC in around 98% of cases  [21–29] . The mutated co-
dons with their corresponding exons and the hereditary 

forms of diseases seen with them are shown in  figure 3 . 
In an analysis by the International RET Consortium in 
1996, the most common (98%) mutations in MEN 2A 
were reported to be located in exons 10 and 11 of the  RET  
proto-oncogene, encoding the highly conserved cyste-
ine-rich domain  [4, 21] . Codon 634 mutations are the 
most common among these, seen in 85% of MEN 2A pa-
tients. A single coding change (Cys634Arg) comprises 
52% of all 634 mutations, and a second (Cys634Tyr) an 
additional 26%  [9] . Less frequently, mutations involving 
tyrosine kinase domains have also been defined in MEN 
2A. In FMTC, the most common (90%) mutations in-
volve the extracellular, cysteine-rich domain but muta-
tions involving the cadherin-like domain, and tyrosine 
kinase domains are also seen  [4, 21] . Codon 634 muta-
tions have been described in 30% of FMTC patients  [4] . 
There are even mutations shown in only a single pedigree 
in FMTC  [17] . In FMTC and MEN 2A double  RET  muta-
tions, small insertions, deletions and small insertion-de-
letion mutations have been described as well  [17] . MEN 
2B is usually caused by a Met918Thr mutation in exon 16 
in  1 95% of cases and an Ala883Phe mutation in exon 15 
in 2–3% of cases, all in the tyrosine kinase 2 subdomain. 
Mutations can be de novo in some 50% of MEN 2B cases; 
thus, many patients with MEN 2B lack a family history 
 [30] .

  Interestingly, some germline  RET  mutations (e.g., co-
don 804 mutations) may present with a variety of clinical 
courses, ranging between a late-onset and a relatively be-
nign course to a more aggressive disease  [30] . To present 
as MEN 2, these mutations either need to be in a homo-
zygous state or, if they are heterozygous, they require a 
second germline or somatic mutation (or deletion) in 
 RET , a downstream signalling gene or a tumour suppres-
sor gene  [31] . Thus, these mutations are believed to be of 
low transforming capacity and the impact of the second 
genetic alteration may explain the variability in clinical 
presentation  [32, 33] .

  Although inherited mutations of  RET  lead to tumour 
formation in patients with MEN 2, it is not understood 
why only selected cells develop into tumours. In some 
previous studies performed in MTC tumour samples and 
TT cell lines (a human MTC cell line with a heterozygous 
codon Cys634Try  RET  mutation), allelic imbalance be-
tween mutated and wild-type  RET  as a possible mecha-
nism for tumour formation was demonstrated  [34, 35] . 
Activation of  RET  and subsequent tumour formation can 
occur by a ‘second hit’ causing a ‘dominant’ effect of the 
mutant allele: this may be due to loss of the normal wild-
type allele, increased copy number of the mutant allele 
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  Fig. 2.  Schematic drawing of the RET signaling pathways. RET is 
activated by GDNF family ligands with glycosyl-phosphatidylino-
sitol-anchored GDNF family receptor- �  coreceptors. Major auto-
phosphorylation sites are shown in circles with arrows to their 
direct targets. Tyrosine 752 (Y752) and Y928 binds STAT3, Y905 
is a binding site for GRB7/10 adaptors, Y981 binds Src, Y1015 
binds phospholipase C � , Y1096, unique to alternatively spliced 
form RET51, binds to GRB2 and Y1062 binds several proteins in-
cluding DOK1, DOK4/5, Enigma, SHANK3, Shc, FRS2, SHC C, 
IRS 1/2. Potential therapeutic agents to block pathways are shown 
in boxes. RET = proto-oncogene  RET  protein; RAC = Rho/RAC-
family GTPase; SRC = proto-oncogene  SRC  protein; FAK = focal 
adhesion kinase; PLC �  = phospholipase C � ; IP3 =  D -myo-inosi-
tol-1,4,5-trisphosphate; PKC = protein kinase C; DOK 1/4/5 = 
downstream of kinase; JNK = c-Jun N-terminal kinase; RAS = 

proto-oncogene  RAS  protein; RAF = proto-oncogene  RAF  pro-
tein; ERK = extracellular-signal-regulated kinase; MAPK = mito-
gen-activated protein kinase; MEK = MAPK or ERK kinase; 
SHANK3 = SH3 and multiple ankyrin repeat domains 3; Shc = 
Src-homology collagen; SOS = son-of-sevenless multi-protein 
scaffold complex; FRS2 = fibroblast growth factor receptor sub-
strate 2; GAB1/2 = Grb2-associated binding protein; IRS1/2 = in-
sulin receptor substrate; PI3K = phosphoinositide-3-kinase;
AKT = protein kinase B; CREB = cAMP-responsive element-
binding protein; p38 MAPK = p38 mitogen-activated protein ki-
nase; I � B = inhibitor of NF- � B; IKK = I � B kinase; NF- � B = nu-
clear factor  � B; PDK1 = phosphoinositide-dependent kinase 1; 
CDK5 = cyclin-dependent kinase 5; STAT = signal transducer and 
activator of transcription; JAK = Janus-activated kinase. Adapted 
from de Groot et al.  [17] .  
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(e.g. duplication of the mutant allele as in trisomy 10), or 
tandem duplication of mutant  RET   [30] .

  In general, it can be stated that oncogenic tyrosine ki-
nases such as mutant  RET  permit cells to function inde-
pendent of their environment, to proliferate in the ab-
sence of growth factors, to protect against apoptosis, and 
to promote invasion and metastasis. Such a mutation also 
causes resistance to chemotherapy and a failure of cells to 
die, leading to the accumulation of genetic defects, which 
may explain their more aggressive behaviour; extracel-

lular domain mutations of  RET  enhance growth. Nor-
mally, damaged DNA leads to cellular blockade at the
G 1 /S checkpoint or, if damage is too great, to apoptosis. 
Activating mutations of  RET  promote allellic imbalance 
and prevent apoptosis, which cause abnormalities to ac-
cumulate.

  Oncogenic  RET  activation and signalling is different 
from activation and signalling of non-mutated RET. In 
hereditary MTCs, the activation of oncogenic  RET  de-
pends on the location of the amino acid change. In MEN 

Exon          Codon        RET

321 (FMTC) 

515 (FMTC) 
532 (FMTC) 
533 (FMTC, MEN 2A) 
dupl 529/531 (FMTC) 
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606 (FMTC) 
609 (FMTC, MEN 2A) 
611 (FMTC, MEN 2A) 
618 (FMTC, MEN 2A) 
620 (FMTC, MEN 2A) 

630 (FMTC, MEN 2A) 
631 (MEN 2A) 
632/633/634 (MEN 2A) 
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635 (MEN 2A) 
634/635 (MEN 2A) 
637 (MEN 2A) 
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  Fig. 3.  Overview of the known germline 
mutations in the      RET  gene and their asso-
ciated human diseases.                         
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2A, where the mutations most commonly involve the ex-
tracellular cysteine-rich domain, a cysteine residue which 
is normally involved in an intramolecular disulphide 
bond is replaced by another amino acid causing disrup-
tion of the bond. This disruption causes the remaining 
cysteine partner to form an intermolecular disulphide 
bond causing RET dimerization and activation without 
ligand binding and leading to constitutive kinase activity 
 [36] . However, close proximity to the RET transmem-
brane domain and the correct relative orientation of the 
cysteines are required for the disulphide bond to form. 
When the mutation occurs in the tyrosine kinase do-
main, as is generally seen in MEN 2B and FMTC, tyro-
sine residues in the kinase domain are activated; sub-
strate binding specificity is changed secondary to struc-
tural changes of the binding pocket of the tyrosine kinase 
domain  [17] . This leads to aberrant phosphorylation of 
substrates such as c-abl and c-Src, which does not occur 
with normal regulated ligand-binding. As a result, the 
mutated  RET  no longer requires dimerization to become 
active  [37] . In a recent study, it was shown that codon 918 
RET mutant (MEN 2B) is already active in the endoplas-
mic reticulum where it interacts with adaptor proteins 
 [38] . Interestingly, several types of  RET  mutation can be 
further activated by GDNF as well  [39] .

  One of the explanations for differences in transform-
ing activity of RET receptors carrying different muta-
tions is that these cause differences in cell surface expres-
sion of the mutated RET receptors. Codon 620 mutations 
are reported to cause enhanced constitutive homodimer-
ization and consequent activation compared to codon 
634 mutations  [40] . Cell surface expression of RET recep-
tors with codon 609, 611, 618 or 620 mutations has been 
shown to be very low compared with that of RET recep-
tors with codon 634 mutation, suggesting that these for-
mer mutations impair transport of mutant RET receptors 
to the plasma membrane  [41] .

  With regard to sporadic MTCs, somatic  RET  muta-
tions in the tumour tissue of sporadic (non-familial) 
MTCs have been reported at different rates, in the range 
40–50%  [17, 42, 43] . Around 7–10% of apparently spo-
radic MTC are also found to have germline  RET  muta-
tions; this is especially likely when MTC is multifocal or 
diagnosed at a younger age  [44, 45] . The most common 
mutation is M918T in exon 16 followed by codon 804 and 
768, but many other rare mutations have been described 
as well  [17, 21] . However,  RET  mutations are not seen as a 
monoclonal change within individual MTC tissue sam-
ples, and they are not consistently distributed within pri-
mary tumours and metastases, suggesting that such mu-

tations are not the sine qua non of carcinogenesis  [46] . 
These mutations may occur during progression of the 
disease and probably  contribute  to disease phenotype in-
stead of  causing  it. In a study by Elisei et al.  [43] , in which 
100 sporadic-MTC patients were followed up for a mean 
of 10.2 years, it was revealed that only advanced stage at 
diagnosis and the presence of a  RET  mutation were inde-
pendently correlated with a worse outcome. With regard 
to the effect of a somatic codon 918 RET mutation on sur-
vival in sporadic MTC, in 2 studies, M918T patients 
showed more aggressive development of distant metasta-
ses during follow-up with decreased metastasis-free sur-
vival, and they had a significantly lower survival rate 
than sporadic-MTC patients without the mutation  [47, 
48] . However, larger-scale studies are needed to validate 
the suggestion that somatic M918T mutations confer a 
high-risk status.

  Although CCH precedes the development of inherited 
MTC, the role of CCH in sporadic MTC is less clear. It 
has been proposed by some authors that in sporadic MTC 
a single  RET  mutation is probably a sufficient event to 
cause CCH, which is the precursor lesion to MTC  [42] . 
However, tumour progression after the mutation proba-
bly occurs as a result of clonal expansion caused by the 
accumulation of further somatic events. These may in-
clude chromosomal imbalance, which has been defined 
in more than half of the cases in some studies  [49, 50] , and 
mutations of other candidate genes.

  RET Mutations and Downstream Signalling Pathways 
in MTC 
 There is little information available regarding the mo-

lecular mechanisms underlying the  potent transforming 
and mitogenic potential of RET. Experimental models 
have been used to reveal the qualitative differences be-
tween signalling pathways when RET is activated by 
MEN 2A, FMTC or MEN 2B type mutations. In MEN-2-
related  RET  mutations, a changing pattern and different 
levels of phosphorylation of docking sites (Y752, Y905, 
Y928 and Y1096) have been seen with different mutations 
 [17] . Secondary to these differences in phosphorylation of 
docking sites, altered activation of downstream signal-
ling is highly likely to occur; however, many of these 
pathways remain elusive. The main pathways involved, 
according to present evidence, are summarized below.

  It was shown that, compared to RET activated by its 
natural ligand, the  RET /MEN2A mutation impacts sub-
stantially on down-stream AKT signalling, while the 
 RET /MEN 2B mutation more effectively activates both 
PI3K/AKT and JNK pathways which are responsible for 
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survival signalling, enhanced cell-cycle progression and 
proliferation  [51] . Some studies have shown possible 
changes in RET susbtrate specificity due to MEN 2B mu-
tations, such as phosphorylation of paxillin and other 
proteins associated with the signalling proteins Crk and 
Nck compared to wild-type  RET   [52] . Adaptor proteins 
that preferentially bind to  RET/ MEN 2B compared to 
MEN 2A include Dok1, as well as JNK, which is strongly 
activated through its association with Dok1  [53] . In ani-
mal studies, it was demonstrated that the JNK pathway is 
involved in the ability of  RET /MEN 2B cells to metasta-
size  [54] . These findings may suggest that activation of 
the PI3K/AKT and JNK pathways might be responsible 
for the aggressive MTC phenotype in MEN 2B.

  In a transgenic mice model with carcinomas carrying 
either  RET /MEN 2A or  RET /MEN 2B mutations, the ex-
pression of MAPK phosphatase-2 (MKP-2) was found to 
be induced  [55] . MKP-2 is a dual-specificity phosphatase 
that selectively dephosphorylates p42/44 MAPK, p38 
MAPK and JNK. Interestingly, despite MKP-2 inhibiting 
the activity of MAPKs, it was shown that depletion of 
MKP-2 results in deregulation of cell cycle and inhibition 
of proliferation in a  RET /MEN 2A transgenic mouse car-
cinoma cell line  [55] . In addition, the expression of MKP-
2 was induced downstream of GDNF activation of nor-
mal RET, which may implicate its physiological role as a 
regulator of the duration and rate of MAPK activation. 
The authors of this study also reported increased expres-
sion of MKP-2 in MTCs of MEN 2A patients.

  TT-raf cells are a human MTC cell line that contains 
an oestrogen-inducible raf-1 construct. It was previously 
shown that activation of raf-1 in TT-raf cells by oestra-
diol suppresses tumour cell growth and calcitonin secre-
tion in vitro. In a further study, Vaccaro et al.  [56]  have 
utilized TT or TT-raf cells in a murine subcutaneous xe-
nograft model to study tumour development and growth. 
Activation of raf-1 in mice with TT-raf tumours led to a 
significant decrease in MTC tumour formation. Control 
groups, however, had a high rate of MTC tumour devel-
opment. These data indicate that raf-1 activation by es-
tradiol treatment in this TT-raf xenograft model inhib-
ited tumour development. Furthermore, to determine 
whether raf-1 activation could also inhibit the growth of 
established tumours, oestradiol and control pellets were 
implanted after tumour development. The TT-raf group 
that received oestradiol pellets showed an 8-fold decrease 
in tumour volume compared with the TT-raf control 
group. Taken together, these results suggest that in vivo 
activation of raf-1 in a murine model of MTC not only led 
to a reduction in tumour development, but also inhibited 

the growth of established tumours. These results suggest 
that strategies to activate the raf-1/MEK/ERK1/2 signal-
ling pathway may be a viable approach to treat patients 
with metastatic MTC.

  In a study performed in NIH-3T3 cells, FMTC muta-
tions in  RET  codons 791 and 891 induced constitutive 
STAT3 phosphorylation via a canonical Ras/ERK1/ERK2 
pathway, and integration of Ras/ERK1/ERK2 and STAT3 
pathways were required for up-regulation of the c-fos 
promoter by FMTC-RET  [57] . In another cell line study, 
the same mutations were found to cause STAT3 activa-
tion through a pathway including Src, JAK1 and JAK2, 
independent of GDNF  [58] .

  The cellular deposition of amyloid accompanying 
MTC is well known, and it has been shown that amyloid 
aggregation in neurodegeneration leads to hyperactiva-
tion of cyclin-dependent kinase 5 (Cdk5) and subsequent 
neuronal death. Based on the connection with amyloid, 
the role of Cdk5 in MTC was investigated  [59] . Cdk5  in-
hibition by specific inhibitors or short interfering RNA 
decreased the proliferation of MTC cell lines, suggesting 
a novel and specific role for Cdk5 in supporting the pro-
liferation of MTC cells.

  In CALC-MEN2B-BRET transgenic mice which ex-
press a constitutively active oncogenic  RET  mutant, in-
creased nuclear localization of  � -catenin, which resulted 
in stimulation of  � -catenin-specific transcriptional pro-
grammes in an RET-dependent fashion, was shown  [60] . 
Also, in human MTC samples and metastases from MEN 
2 patients with known oncogenic RET mutations, nucle-
ar  � -catenin expression was noted. However, this obser-
vation was made in a subset of cells and it was heteroge-
neously spread throughout the tumours. Nuclear local-
ization of  � -catenin was not detected in normal or 
hyperplastic C cells in mouse or human tissues. Together, 
these findings suggest that  � -catenin signalling may play 
an important role in progression of RET-mediated tu-
mours.

  The nuclear factor- � B (NF- � B) family of transcrip-
tion factors regulates a wide variety of cellular processes, 
including cell growth, differentiation and apoptosis. In a 
study by Gallel et al.  [61] , the immunohistochemical ex-
pression of members of the NF- � B family and the puta-
tive targets of NF- � B in a series of MTCs were assessed. 
Immunohistochemical evaluation included members of 
the NF- � B (p50, p65, p52, c-Rel, RelB) family, as well as 
putative targets of NF- � B such as Flip, Bcl-xL, and cyclin 
D1. Nuclear immunostaining for members of NF- � B was 
frequent in MTCs (p50, 19%; p65, 68%; p52, 86.6%; c-Rel, 
75%; RelB, 36%). MTCs with germline or somatic  RET 
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 mutations (29 cases) showed NF- � B nuclear transloca-
tion more frequently than in MTCs without  RET  muta-
tions. Immunostaining for putative targets of NF- � B 
showed a significant statistical association between p65 
and Bcl-xL. Bcl-xL expression was found to be statisti-
cally higher in the tumours with exon 16  RET  mutation 
in comparison with those with exon 10 and 11 RET mu-
tations or wild-type  RET . To evaluate the significance of 
RET signalling in NF- � B activation, a  RET -mutated TT 
cell line was infected with lentiviruses carrying short 
hairpin RNA to knockdown  RET  expression, and NF- � B  
activity was assessed by luciferase reporter assays. Silenc-
ing of  RET  in the TT cell line produced a significant de-
crease in NF- � B activation and a reduction in ERK1/2. 
These results may suggest that the NF- � B  is activated in 
MTCs, and supports the hypothesis that  RET  activation 
by somatic or germline mutations may be responsible for 
NF- � B activation in MTCs.

  Mutations in SDH Genes in MTC 
 Genes encoding mitochondrial succinate dehydroge-

nase subunits B, C and D ( SDHB, SDHC  and  SDHD  genes) 
have also been investigated in sporadic and hereditary 
MTCs. In a study by Montani et al.  [62] , somatic muta-
tions of the SDH subunits were absent in all 35 (22 spo-
radic, 13 MEN2-associated) MTCs investigated. An ac-
cumulation of amino-acid-coding polymorphisms was 
found among MTC patients, especially in patients with 
familial tumours, suggesting a possible role for  SDH  
polymorphisms as disease-modifying factors in familial 
and sporadic MTC. In a study performed in 20 appar-
ently sporadic MTCs without germline  RET  mutations, 
30% of patients were found to have 5 different germline 
 SDHB  and  SDHD  mutations  [63] . However, these appar-
ent ‘mutations’ were also present in the normal, healthy 
population.   In a study by Cascon et al.  [64] , in two fami-
lies with hereditary non-RET CCH and in sporadic MTC 
cases, no association between  SDHD  mutations and he-
reditary CCH or sporadic MTC was found.

  RET Polymorphisms and Haplotypes in MTC 
 A genetic locus is considered polymorphic if one or 

more of the rare alleles have a frequency of at least 0.01. 
Most polymorphisms do not alter the functional activity 
of the encoded protein, but not all polymorphisms are 
neutral. If the existence of a polymorphism or haplotype 
(a set of closely linked markers or polymorphisms inher-
ited as a unit) associates with a certain phenotype, it 
might be that it acts as a genetic modifier and may be as-
sociated with a small increased relative risk of develop-

ment of the disease. It is also possible that polymorphisms 
interact with other genetic variants and with germline 
MEN-2-associated mutations to affect development of 
features. 

  In MEN 2 and FMTC, several single-nucleotide poly-
morphisms (SNPs) and haplotypes of  RET  have been de-
scribed in the general population  [65]  and and in asso-
ciation with MEN 2A  [66] . In a study by Robledo et al.  
[66] , the polymorphic G691S/S904S variant of  RET  was 
proposed to modify the age at which MEN 2A begins. 
However, these results were not replicated in a further 
study from the same center which included a larger pa-
tient group (n = 384)  [67] , or in another study from Spain 
 [68] . In a further study, an association of the SNP L769L 
with the FMTC germline mutation F791Y was suggested 
 [69] .

   RET  polymorphisms and haplotypes have also been 
analysed in sporadic-MTC patients. However, the data 
regarding the differential distribution of RET germline 
SNPs among patients with sporadic MTC and controls 
are highly discrepant. The first major discordance among 
different studies was regarding the prevalence of each 
SNP: G691S ranged between 11.1 and 33%; L769L, 16 and 
50%; S836S, 1 and 10% and S904S, 11.1 and 46%  [69–76] . 
Second, a polymorphism of exon 11 (G691S) has been re-
ported to be more frequent in patients with sporadic 
MTC when compared with normal subjects  [72, 75, 77] , 
suggesting a possible role of this variant in RET activa-
tion.

  In studies from the USA, Germany and Spain, SNP 
S836S was reported to be overrepresented and associated 
with the somatic mutation M918T in the tumoural DNA 
of sporadic-MTC patients  [70, 78] . However, this poly-
morphism was not found to cause a predisposition to spo-
radic MTC in studies performed in French, Polish, Brit-
ish, Brazilian, Chilean, Portuguese or Austrian patients 
 [69, 71, 73–75, 77] .

  In a study by Borrego et al.  [79] , the IVS1–126G ] T 
polymorphism was shown to be significantly overrepre-
sented in Spanish sporadic MTC patients, and the disease 
was associated with a specific haplotype within  RET  in-
tron 1 that contains IVS1–126G ] T and IVS1–1463T ] C. 
In a further study, the same group studied 58 sporadic 
MTC patients compared with normal controls in order to 
identify a low-penetrance susceptibility locus for sporad-
ic MTC in linkage disequilibrium with  RET  variants 
S836S/IVS1–126G ] T  [80] . IVS1–126G ] T was again 
found to be overrepresented in sporadic MTC patients; 
however, no differences were obtained among cases and 
controls in the distribution of the variants tested up-
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stream of this position. The frequency and distribution 
of G691S/S904S variants were also investigated in this 
study. Although G691S/S904S variants were previously 
found to be associated with sporadic MTC  [32] , and 
G691S was thought to be the functional polymorphism, 
G691S/S904S variants were similarly represented in both 
groups  [80] . The association between this SNP (IVS-1–
126G ] T) and sporadic MTC was not demonstrated in a 
series of UK patients  [77] . However, an association of a 
haplotype which includes the SNPs G691S, S904S and 
STOP + 388 bp on exon 19 and sporadic MTC was dem-
onstrated  [77] . With regard to germline sequence variant 
in intron 14 (IVS14–24G ] A), it has been found to be 
both associated  [69]  and unassociated  [81]  with sporadic 
MTC. Although GFR � 1–193, a polymorphism of the 
 GFR  �  1  gene, was found to be associated with sporadic 
MTC in a small case-control study  [82] , this result was 
not confirmed in 2 larger studies  [77, 83] .

  To identify low-penetrance genes related to the devel-
opment of sporadic MTC, a two-stage case-control study 
in 2 European populations using high-throughput geno-
typing was performed in Spain  [84] . In this study, 417 
SNPs belonging to 69 genes either related to RET signal-
ling pathway/functions or involved in key processes for 
cancer development were chosen. Tag SNPs and func-
tional variants were included, where possible. These SNPs 
were initially studied in a large series of sporadic MTC 
cases (n = 266) and controls (n = 422), all of Spanish ori-
gin. In stage II, an independent British series of 155 spo-
radic-MTC patients and 531 controls was included to val-
idate the previous results. Associations were assessed by 
an exhaustive analysis of individual SNPs but also con-
sidering gene- and linkage disequilibrium-based haplo-
types. The authors identified 7 low-penetrance genes, 6 
of which  (STAT1, AURKA, BCL2, CDKN2B, CDK6, 
COMT)  were consistently associated with sporadic-MTC 
risk in the 2 case-control series, and a 7th  (HRAS)  with 
individual SNPs and haplotypes associated with sporad-
ic MTC in the Spanish data set. The potential role of
CDKN2B was confirmed by a functional assay showing a 
role of a SNP (rs7044859) in the promoter region in alter-
ing the binding of the transcription factor HNF1.

  In a very recent case-control study from Italy, a wide 
panel of 7  RET  SNPs was tested in 140 sporadic MTC se-
ries and in a matched control group (n = 190)  [85] . None 
of the investigated polymorphisms show a significantly 
different distribution in patients with sporadic MTC 
when compared to controls. Twenty haplotypes and 57 
genotypes were generated, and their association with the 
disease and the clinical features was statistically evalu-

ated. Interestingly, 14 genotypes were found to be unique 
to sporadic-MTC patients and 25 to controls. Two haplo-
types and 3 genotypes, all including the intronic variants 
IVS1–126 and IVS14–24, were significantly associated 
with sporadic-MTC patients and with a higher tumour 
aggression. The functional activity of the only non-syn-
onymous RET variant (c.2071C ] A, G691S) was tested 
for the first time. Interestingly, Western blot analyses 
showed that the fraction of Ret9-G691S protein located at 
the plasma membrane level was overrepresented when 
compared to Ret9-WT, suggesting facilitated targeting at 
the cell membrane for this variant. However, no trans-
forming activity was shown in a focus-formation assay on 
cells carrying the Ret9-G691S, against a possible onco-
genic role of G691S variant.

  In summary, while many interesting associations of 
SNPs have been related to MTC, in most cases these were 
not confirmed in other or larger populations. The utility 
of this approach remains unclear at present.

  Gain-of-Function Mutations of Proto-Oncogenes and 
Loss-of-Function Mutations of Tumour Suppressors in 
MTC 
 To date, gain-of-function mutations in known proto-

oncogenes such as  RAS  and  BRAF  in MTC have been re-
ported in only one study, from Greece. A  K-RAS  codon 
12 mutation was found in 41% and the  BRAF  V600E mu-
tation in 68% of the MTC samples  [86] .

  There are 3 families of tumour suppressor genes:
pRb (retinoblastoma protein), tumour protein p53, and 
phosphatidylinositol-3,4,5-triphosphate 3-phosphatase 
and dual-specificity protein phosphatase (PTEN). No 
loss-of-function mutations in any of these genes have 
been identified in MTC.

  During cell cycle progression, the critical transition 
from the G 1  to S phase is controlled by a family of serine-
threonine protein kinases, collectively referred to as cy-
clin-dependent kinases (CDKs). CDKs are negatively reg-
ulated by CDK inhibitors (CDKIs). CDKIs are grouped 
into 2 families – INK4 and CIP/KIP. Several reports have 
shown that p18 from the INK4 family and p27 from the 
CIP/KIP family cooperate in cell cycle arrest of different 
cell types  [87] : p18 –/– mice develop MTC, but the inci-
dence is enhanced by the additional loss of p27  [88] , while 
p27 –/– mice develop MEN-like tumours only in combi-
nation with loss of p18  [89] . This suggests that p18 and 
p27 collaborate in suppression of tumourigenesis, and 
both are regulated by RET. In a cell line expressing a 
MEN-2A-specific codon 634  RET  mutation, it was dem-
onstrated that p18/p27 activity was reduced and cyclin D 
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protein levels were elevated leading to increased CDK ac-
tivity and increased phosphorylation of pRb. Prolifera-
tion was seen in these cells under growth arrest condi-
tions  [89] . Blocking RET 2A-MAPK signals with MAPK 
kinase (MEK) inhibitors re-established normal elevated 
p18/p27 expression and growth arrest, but did not affect 
the inappropriately elevated levels of D-type cyclins 
which implicates the MAPK pathway in RET 2A-medi-
ated p18/p27 changes but not in cyclin D regulation. It 
was previously shown that 13% of transgenic mice ex-
pressing the human  RET  MEN 2B mutation develop 
MTC at 11–24 months of age whereas CCH was seen in 
77% of these mice from 8 months onward  [26] . The in-
complete penetrance and variable latency period for MTC 
development in these mice have led to the idea that other 
tumourigenic events are required for the development of 
MTC. Van Veelen et al.  [87]  have reported several somat-
ic inactivating mutations in p18 in a subset of human 
MTCs, indicating that p18 is a tumour suppressor gene 
which may be involved in human MTC development. 
Based on this finding and previous studies, a transgenic 
mouse model was developed in which mice expressing 
oncogenic RET2B were crossed with mice lacking p18 
and p27 and monitored for MTC development  [87] . 
RET2B;p18+/– mice and RET2B;p18–/– mice developed 
MTC with a highly increased incidence compared with 
their corresponding single-mutant littermates. Hetero-
zygous loss of p27 did not result in increased MTC inci-
dence in RET2B mice up to 12 months of age. This indi-
cates that loss of p18, but not loss of p27, cooperates with 
oncogenic RET in MTC development.

  Human  FHIT  (fragile histidine triad) gene is a highly 
conserved gene whose loss of function may be important 
in the development and/or progression of various types 
of cancer. In a study by Pavelic et al.  [90] ,  FHIT  and  p53  
gene status in different benign and malignant thyroid
tumours including MTC was investigated. Eight of 15 
MTCs harboured single point mutations or loss of het-
erozygosity: 68% of MTC samples showed negative FHIT 
protein expression, while 7 MTC samples displayed aber-
rant expression of the  FHIT  gene. The results showed a 
correlation between aberrant FHIT and p53 expression, 
a low rate of apoptosis, and malignancy. Concomitant ab-
erration of  FHIT  gene and p53 might be responsible for 
development of highly malignant types of thyroid cancer 
including MTC.

  Other Possible Mechanisms 
 In some cancers such as prostate, ovarian, breast and 

colon, loss of oestrogen receptor- �  (ER � ) expression was 

reported to play a role in progression of the cancer. In tu-
mour versus normal tissue studies, expression of ER �  
mRNA and protein decreased or the ER � /ER �  mRNA 
ratio increased in these cancer tissues  [91] . This issue has 
also been studied in a few studies in the literature on 
MTC. In a limited study performed in 11 human MTC 
tissue samples, ER �  was detected in 10/11 samples and 
ER �  was expressed in 3/11  [91] . The presence of mRNA 
for ER �  and ER �  has also been demonstrated in human 
MTC tumour tissues  [92] . In a study by Blechet et al.  [93] , 
ER �  was expressed in CCH in 100% and in MTC 96.5% 
of cases whereas ER �  was never expressed. Thus, the hy-
pothetical role of ER subtypes in human MTC remains 
to be established. 

  Maintenance of telomere length has been reported to 
be an absolute requirement for unlimited growth of hu-
man tumour cells: in 85% of cases this is achieved by re-
activation of telomerase, the enzyme that elongates telo-
meres  [94] . MTC is a rare example of human tumours in 
which telomerase activity is low or undetectable. There is 
only a single study in the English literature presenting 
evidence that even this low telomerase activity is suffi-
cient to increase the replicative life span of human MTC 
cells  [94] . 

  Previous studies have demonstrated that cyclooxygen-
ase-2 (COX-2) expression is associated with the carcino-
genesis of numerous neoplasms. The expression of COX-
2 in MTC was evaluated in an immunohistochemical 
study by Popovtzer et al.  [95] . They evaluated tissue spec-
imens of 22 patients with MTC and 15 control subjects 
with non-malignant thyroid tissue, concluding that COX-
2 is overexpressed in the MTC tissue. These findings may 
have important treatment implications for the use of 
COX-2 inhibitors in patients with MTC.

  In a study by Santarpia et al.  [96] , which investigated 
the mechanisms of sporadic MTC other than  RET  muta-
tions using high-resolution array-based comparative ge-
nomic hybridization, allelic loss was defined as the pre-
dominant genomic abnormality found in MTC. The same 
group evaluated the allelic loss of 152 genes involved in the 
major pathways for DNA repair in 20 sporadic MTC tu-
mour samples, 10 with activating somatic RET mutations 
 [97] . A core set of 10 genes showed consistent allelic loss 
in greater than 25% of the tumours. The most frequent 
losses were observed for XAB2 (nucleotide excision re-
pair) and CHAF1A (maintaining of chromatin structure), 
both occurring in 40% of the tumours. For tumours with 
somatic  RET  mutations, this frequency was 100%. Of par-
ticular interest was the observation that allelic loss of 
DNA repair genes was associated with metastasis.
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  In one study, the frequency of mitochondrial DNA mu-
tations in MTC was investigated  [98] . In this study, in 26 
MTC tumour specimens (13 sporadic and 13 familial 
MTC) and their matched normal tissues, mitochondrial 
DNA mutations were analysed by sequencing the entire 
coding regions of the mitochondrial genome. Non-synon-
ymous mutations were detected in 20 MTC samples 
(76.9%): 9 out of 13 sporadic MTC (69.2%) and 11 out of 13 
(84.6%) familial MTC/MEN 2. Both transition and trans-
version types of mutations were found in the samples. In-
terestingly, 76.2% of transversion mutations were found in 
FMTC/MEN 2 patients whereas 66.7% of transition muta-
tions were in sporadic MTC. Synonymous mutations were 
found in 12 MTC samples. In total, 27 transversion muta-
tions (21 non-synonymous and 6 synonymous) were found. 
Of them, 81.5% were from FMTC/MEN 2, and 18.5% were 
from sporadic MTC. The association of transversion mu-
tation with familial MTC/MEN 2 was statistically signifi-
cant. The majority of the mutations were involved in the 
genes located in complex I of the mitochondrial genome, 
and often resulted in the change of a moderately or highly 
conserved amino acid in their corresponding protein. Mi-
tochondrial respiratory function was also compromised in 
a TT cell line, which carries mtDNA mutations at nt 4917 
and 11,720, and in peripheral lymphocytes of MTC pa-
tients with mtDNA mutations. These data may suggest 
that mitochondrial DNA mutations may be involved in 
MTC tumourigenesis and progression.

  Pituitary tumour transforming gene-1  (PTTG-1),  a 
mammalian securin also exhibiting oncogenic proper-
ties, is overexpressed in a variety of endocrine-related tu-
mours. In a very recent study by Zatelli et al.  [99] , PTTG-
1 expression in human CCH, human MTC and the hu-
man MTC TT cell line was investigated. Moreover, the 
role of PTTG-1 in neoplastic C-cell proliferation was 
studied by investigating effects of specific  PTTG-1  gene 
silencing. PTTG-1 mRNA expression was found to be sig-
nificantly higher (p  !  0.01) in CCH (threefold) and in PTC 
and MTC samples (fivefold) than in normal thyroid spec-
imens and in MTC lymph node metastases as compared 
to primary thyroid lesions. Moreover, PTTG-1 mRNA ex-
pression correlated with tumour diameter and TNM sta-
tus. Similar results have been demonstrated for PTTG-1 
protein. In TT cells, PTTG-1 silencing by siRNA nucleo-
fection did not completely block DNA synthesis, but 
caused a significant reduction in [ 3 H]thymidine incorpo-
ration, as compared to TT cells transfected with GAPDH 
siRN. The reduced cell proliferation rate persisted up to 6 
days, supporting the hypothesis that PTTG-1 may play an 
important role in C cell neoplastic proliferation. 

   Novel Treatment Modalities: Preclinical Studies 

  Drugs under Investigation 
 As currently the only effective treatment modality for 

MTC is surgery, drug therapy for MTC has been an area 
of intensive research. There are a number of different 
drugs and treatment approaches which act on different 
pathways and which have been or are still being investi-
gated in cell lines and animal models.

  Bortezomib is a proteasome inhibitor and its mecha-
nism of action is complex, but appears to include the in-
hibition of inhibitory- � B (I � B) degradation, leading to 
the accumulation of I � B and hence inactivation of NF-
 � B. MTC show high levels of NF- � B (see above), and in a 
study in human MTC cell lines, bortezomib induced 
apoptotic cell death with IC 50  values well within the range 
of clinically achievable concentrations  [100] . Bortezomib 
also induced increased sensitivity of MTC cells to low-
dose doxorubicin. These findings may be promising for 
future clinical trials.

  Lithium chloride is a potential agent which was shown 
to inhibit glycogen kinase synthase-3- �  (GSK- � ), a down-
stream target of the raf-1 pathway. In a study in a TT cell 
line and in TT xenograft mice, lithium chloride was 
found to be effective in inhibiting growth in the cells 
while LiCl-treated TT xenograft mice showed a signifi-
cant reduction in tumour volume compared with con-
trols  [101] . 

  Histone deacetylases (HDACs) and histone acetyl-
transferases exert opposing enzymatic activities that 
modulate the degree of acetylation of histones and other 
intracellular molecular targets, thereby regulating gene 
expression, cellular differentiation, and survival. Two 
HDAC inhibitors, suberoylanilide hydroxamic acid 
(SAHA) and  m- carboxycinnamic acid bis-hydroxamide, 
have been tested in MTC cell lines  [102] . Both drugs in-
duced growth arrest and caspase-mediated apoptosis; 
SAHA down-regulated the expression of the apoptosis 
inhibitors FLICE-like inhibitory protein (FLIP) and cel-
lular inhibitor of apoptosis-2 (cIAP-2), and sensitized tu-
mour cells to cytotoxic chemotherapy. Recent research 
has also shown that the Notch signalling pathway is reg-
ulated by an HDAC corepressor complex that is sensitive 
to HDAC inhibitors  [103] . Thus, in another study suber-
oyl bis-hydroxamic acid (SBHA) was shown to activate 
Notch-1 signalling, which was associated with antiprolif-
erative and apoptotic effects on MTC cells  [103] . Valproic 
acid is an anti-epileptic agent which has recently been 
shown to be a potential Notch 1 activator: as Notch 1 
overexpression inhibits MTC cell growth and hormone 
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production, Greenblatt et al.  [104]  went on to show that 
valproic acid activates Notch1 signalling in MTC cells 
and inhibits their growth by inducing apoptosis, which 
may thus make it a readily available potential treatment 
agent for MTC.

  Preclinical studies have also examined the effect of 
RET inhibition in combination with cytotoxic drugs. In 
a preclinical model, the cytotoxic agent and topoisomer-
ase I inhibitor irinotecan was tested alone or in combina-
tion with an indolocarbazole derivative and tyrosine ki-
nase inhibitor CEP-751 in TT cell lines or TT cell xeno-
grafts in nude mice  [105] . In TT cell culture and xeno-
grafts, irinotecan treatment was highly effective and this 
effect was augmented by treatment with CEP-751. Treat-
ment of TT cell xenografts resulted in durable complete 
remission in 100% of the mice, with a median time to re-
currence of 70 days for irinotecan alone and more than 
130 days for irinotecan plus CEP-751 for 5 of 9 treated 
mice. Currently, a phase II trial is recruiting MTC sub-
jects for testing irinotecan ( table 1 ). The indolocarbazole 
derivatives CEP-701 and CEP-751 inhibited RET auto-
phosphorylation and proliferation of TT cells, while CEP-
751 inhibited tumour growth in nude mice that have been 
injected with TT cells  [106] . 

  Tagliati et al.  [107]  and Zatelli et al.  [108, 109]  have 
studied somatostatin analogues in MTC cell lines in vitro 
in several studies. Somatostatin was shown to reduce cell 
growth in the human MTC cell line TT, which expresses 
all somatostatin receptors. The inhibitory effect of soma-
tostatin on cell proliferation was at least in part mediated 
by a cytoplasmic tyrosine phosphatase, Src homology-2-
containing protein (SHP)-1, which in turn is activated 
upon somatostatin binding to SSTR2. They also showed 
that SHP-1 activation downregulates MAPK signalling 
in TT cells, resulting in decreased cell proliferation. In 
one of their studies they investigated 18 human MTC tu-
mour samples expressing SSTR1, SSTR2 and SSTR5 
 [108] . Cell viability and calcitonin secretion were investi-
gated in primary cultures of these MTC samples. The cul-
tures were divided into two groups according to the ex-
tent of calcitonin secretion inhibition after treatment 
with BIM-23014 (lanreotide). Cultures responding to 
lanreotide with a calcitonin reduction of 15% or greater 
versus untreated cells were considered as responders. Ac-
cording to this, 9 tumours were responders and 9 were 
non-responders. In the ‘responder’ group, calcitonin se-
cretion was reduced by compounds interacting with 
SSTR1, SSTR2 and SSTR5 whereas cell viability was not 
affected. On the other hand, in the ‘non-responder’ group, 
calcitonin secretion was reduced by an SSTR1 selective 

agonist whereas cell viability was inhibited by SSTR2-se-
lective agonists  [108] . 

  Chemotherapy failure has been ascribed, at least in 
part, to the overexpression by MTC of the multidrug re-
sistance 1  (MDR1)  gene, encoding a transmembrane gly-
coprotein [permeability glycoprotein (P - gp)] that antago-
nizes intracellular accumulation of cytotoxic agents. P-
gp expression and function in a rat model have been 
demonstrated to depend on cyclooxygenase (COX)-2 iso-
form levels, which as noted above, may be overexpressed 
in MTC (as in some other cancers). In another study, Za-
telli et al.  [110]  investigated the role of the COX-2 pathway 
in modulating chemoresistance, and then evaluated the 
sensitizing effects of COX-2 inhibitors on the cytotoxic 
effects of doxorubicin in the presence or in the absence of 
prostaglandin E 2  in primary cultures and in human MTC 
cell line, TT. It was shown that TT cells express both 
MDR1 and COX-2 and that rofecoxib, a selective COX-2 
inhibitor, sensitizes TT cells to the cytotoxic effects of 
doxorubicin, reducing P-gp expression and function. In 
3 other studies investigating individual SST receptor sub-
type effects on the TT cell line, they showed that SSTR2 
activation inhibits DNA synthesis and cell proliferation 
whereas SSTR5 activatio n  increases  D NA synthesis: so-
matostatin reduces cell proliferation, calcitonin secretion 
and calcitonin gene expression  [111] , selective activation 
of SST1 with agonist drugs BIM-23926 and BIM-23745 
significantly reduces calcitonin secretion and gene ex-
pression with a reduction in CREB phosphorylation  [112] . 
In another study, it was reported that in a tumoural TT 
cell line, indomethacin in vivo and in vitro decreases pro-
liferation via 15-PGDH, the PG catabolism key enzyme 
 [113] . 

  NVP-AST487, a RET kinase inhibitor, was investigat-
ed in NIH3T3 and TT cell lines by Akeno-Stuart et al. 
 [114] . NVP-AST487 induced a dose-dependent growth 
inhibition of xenografts of NIH3T3 cells expressing on-
cogenic RET, and of the MTC cell line TT in nude mice. 
Furthermore, NVP-AST487 was found to inhibit calcito-
nin gene expression in vitro in TT cells, in part through 
decreased gene transcription. RPI-1, a 2-indolinone RET 
tyrosine kinase inhibitor, was also tested on cells that 
 express RET C634 oncogenic mutants common in the 
MEN 2A syndrome. NIH3T3 fibroblasts were transfect-
ed with RET(C634R) while TT cells express endogenous 
RET(C634W)  [115] . In NIH3T3 cells expressing the RET 
mutant, RET protein and tyrosine phosphorylation were 
undetectable after 24 h of RPI-1 treatment. In TT cells, 
RPI-1 inhibited proliferation, RET tyrosine phosphoryla-
tion, RET protein expression, and the activation of PLC � , 
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ERKs and AKT. In mice, oral daily RPI-1 treatment in-
hibited the tumour growth of TT xenografts by 81% and 
reduced the plasma levels of the specific biomarker calci-
tonin: 25% of RPI-1-treated mice were tumour free. In 
another study, the efficacy and the cellular basis of anti-
tumour activity of the RET tyrosine kinase inhibitor RPI-
1 was investigated against large established subcutaneous 
TT tumour xenografts in mice  [116] . Oral treatment with 
RPI-1 caused growth arrest or regression in 81% of treat-
ed tumours. Following treatment suspension, tumour in-

hibition was maintained and ‘cures’ were achieved in 2/11 
mice. These findings indicate that the antitumour effect 
of RPI-1 on the MTC is characterized by apoptosis induc-
tion and angiogenesis inhibition.

  As RET stimulates several intracellular signalling cas-
cades after activation, inhibition of these pathways has 
also been studied as potential targets. PI3K inhibition by 
LY294002 was shown to suppress growth in MTC by in-
creasing apoptosis  [117] . In a study by Ludwig et al.  [118] , 
inhibition of constitutive NF- � B activity was shown to 

Table 1. Current open clinical trials for MTC

Drug target Action of 
drug

Compound 
name

Trial

RET, VEGF-R2, -3, EGFR Inhibitor Vandetanib Recruiting: international, phase I/II, non-randomized, open-label, uncon-
trolled study
Vandetanib in treating young patients with MTC (NCT00514046)

Raf1, B-Raf, VEGF-R2, -3,
PDGF-R�, FLT3, KIT, 
RET, FGFR1,
p38 MAPK

Inhibitor Sorafenib Recruiting: interventional, open-label, phase II treatment study
Sorafenib in treating patients with metastatic, locally advanced or recur-
rent MTC (NCT00390325)
Recruiting: interventional, phase II, open-label, single-group assignment, 
efficacy study
Phase II trial of sorafenib in patients with advanced thyroid cancer 
(NCT00654238)

VEGF-R1, -2, -3,
PDGF-R�, PDGF-R�, KIT, 
FLT3, RET,
CSF-1R, FGFR1

Inhibitor Sunitinib Recruiting: interventional, phase II, open-label study
Sunitinib in treating patients with thyroid cancer that did not respond to 
iodine 131 and cannot be removed by surgery (NCT00381641)
Recruiting: interventional, phase II, treatment, non-randomized, open-
label, uncontrolled, single-group assignment, safety/efficacy study
Thyroid cancer and sunitinib (NCT00510640)
Recruiting: interventional, phase II, open-label, treatment study
Sunitinib and imaging procedures in treating patients with thyroid cancer 
(NCT00519896)

VEGF-R1, -2, -3, PDGF-�, 
PDGF-�, KIT

Inhibitor Pazopanib
hydrochloride

Recruiting: interventional, phase II, open-label study
Pazopanib in treating patients with advanced thyroid cancer 
(NCT00625846)

VEGF-R2, MET, RET Inhibitor XL 184 Recruiting: interventional, randomized, double-blind (subject, caregiver, 
investigator, outcomes assessor), placebo control, parallel-assignment, 
 efficacy and treatment study
Phase III efficacy study of XL184 in adults with MTC (NCT00704730)

Heat shock protein Inhibitor 17-AAG Recruiting: interventional, phase II, open-label study
17-AAG in treating patients with inoperable locoregionally advanced or 
metastatic thyroid cancer (NCT00118248)

Topoisomerase Inhibitor Irinotecan Recruiting: interventional, phase II, open-label, treatment study
Irinotecan in treating patients with metastatic or inoperable MTC 
(NCT00100828)

* Data from National Institute of Health. Accessed July 2008. This information is subject to change. More current information 
available from www.clinicaltrials.gov.
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result in cell death of TT cells and block focus formation 
induced by oncogenic forms of RET in NIH-3T3 cells. 
These results suggested that RET-mediated carcinogen-
esis may depend on I � B activity and subsequent NF- � B 
activation. 

  Other growth factor receptor inhibitors, apart from 
those with RET kinase blocking activity, have been eval-
uated as a treatment option in the inhibition of different 
cell lines  [119–121] . PD173074, a fibroblast growth factor 
receptor (FGF-R) inhibitor, resulted in abrogation of fi-
broblast growth factor-1-mediated FGF-R4 phosphoryla-
tion in TT cells, an effect that was accompanied by sig-
nificant arrest of cell proliferation and tumour growth in 
vivo  [119] . PP1, a pyrazolopyrimidine, was reported to be 
an efficient c-Src-related kinase and PDGF-R inhibitor: it 
inhibited RET/PTC3 autophosphorylation in a dose-de-
pendent manner in NIH3T3 cells expressing the RET/
PTC3 oncogene  [121] . PP1 also blocked anchorage-inde-
pendent growth and tumourigenicity in nude mice of
NIH3T3 fibroblasts expressing the RET/PTC3 oncogene. 
Another pyrazolopyrimidine, PP2, prevented serum-in-
dependent growth of RET/PTC1-transformed NIH3T3 
fibroblasts in a study by the same group  [122] . In a further 
study, the sensitivity of two human MTC cell lines to 
novel pyrazolopyrimidine derivates, which are able to 
 inhibit src family tyrosine kinase activity, was assessed 
 [123] . In TT cells carrying the multiple endocrine neo-
plasia MEN 2A RET mutation C634T, and in MZ-CRC-1 
cells carrying the MEN 2B RET mutation M891T, the 
agent Si34 significantly inhibited growth. In a more re-
cent study by Croyle et al.  [120] , EGF-R kinase inhibi -
tors PKI166, gefitinib and AEE788 inhibited cell growth 
induced by various constitutively active mutants of  RET 
 in NIH3T3 cells and in the human PTC cell line TPC1, 
which harbours   a naturally occurring RET/PTC1 rear-
rangement. Additionally, PKI166 inhibited cell growth
of medullary carcinoma cell line TT cells. These data
may indicate that EGF-R contributes to RET kinase acti-
vation, signalling and growth stimulation, and may
therefore be an attractive therapeutic target in RET-in-
duced neoplasms. SU5416 (semaxanib) is a potent inhib-
itor of vascular endothelial cell growth factor receptor
(VEGFR), stem cell factor receptor (c-Kit) and Fms-like 
tyrosine kinase-3 receptor (FLT-3) receptor tyrosine ki-
nases. In a study by Mologni et al.  [124] , SU5416 was 
shown to inhibit RET with similar potency, both in cell-
free assays and in cells, and caused proliferation arrest in 
oncogenic RET-transfected cells and in papillary thyroid 
carcinoma (PTC) cells expressing the RET/PTC1 onco-
gene, but not in RET-negative control cells. SU5416 in-

hibited RET-mediated signalling through the extracellu-
lar signal regulated kinase (ERK) and JNK pathways. In 
addition, they have shown that although a naturally oc-
curring MEN2 mutation at codon 804 confers resistance 
to SU5416, there was no resistance to the related com-
pound SU4984. Substituted 4-(3-hydroxyanilino)-quino-
line compounds, initially identified as small-molecule 
inhibitors of src family kinases, have been reported as 
potential inhibitors of RET kinase in one study  [125] . 
Three compounds, 38, 31, and 40, were proposed as po-
tential treatment agents in MTC, but at present they re-
quire further study. 

  The effect of gemcitabine, an agent which inhibits 
DNA synthesis and repair, on proliferation and the neu-
roendocrine activity of human TT cell line was investi-
gated  [126] . A concentration-dependent inhibitory influ-
ence of gemcitabine on the proliferation of TT cells was 
observed. 

  Members of the heat shock protein family function as 
molecular chaperones, ensuring the proper folding of 
newly translated proteins. Heat shock protein 90 (hsp90) 
mediates the folding of a limited number of client pro-
teins, including steroid hormone receptors and signalling 
kinases. In a study by Marsee et al.  [127] , hsp90 and its 
co-chaperone p50 cdc37  were demonstrated to be novel 
proteins associated with RET/PTC1. RET/PTC1 decreas-
es expression of the sodium/iodide symporter (NIS), the 
molecule that mediates radioiodide therapy for thyroid 
cancer. Inhibition of hsp90 function with 17-allylamino-
17-demethoxygeldanamycin (17-AAG) was shown to re-
duce RET/PTC1 protein levels. Furthermore, 17-AAG in-
creased radioiodide accumulation in thyroid cells by de-
creasing iodide efflux. Finally, the ability of 17-AAG to 
increase radioiodide accumulation was not restricted to 
thyroid cells expressing RET/PTC1. While most relevant 
to non-MTC thyroid neoplasia, these findings suggest 
that 17-AAG may be useful as a chemotherapeutic agent 
for MTC in the future.

  Activation of phosphatases leads to the accelerated re-
moval of substrate phosphates which could counter ki-
nase signalling  [17] . Several protein phosphatases have 
been shown to dephosphorylate RET and interrupt RET 
signalling, even in some activated RET mutants. Ptprj is 
a transmembrane tyrosine phosphatase that can dephos-
phorylate VEGF-Rs, PDGF-Rs, Met and oncogenic and 
wild-type RET  [128] . However, although this phospha-
tase was found to be effective against the MEN 2A mutant 
form C634R, MEN 2B RET M918T was not affected by
it. Another transmembrane tyrosine phosphatase, LAR/
PTPRF, was able to reduce the oncogenic activity of MEN 
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2A RET but not MEN 2B RET  [129] . The overexpression 
of a cytoplasmic tyrosine phosphatase, SHP1, which de-
phosphorylates RET at Y1062, was associated with growth 
inhibition in MTC cells  [130] . As mentioned previously, 
SHP1 is activated by somatostatin receptor SSTR2  [109] .  
 Thus, activation of these phosphatases may be useful mo-
lecular targets for future treatment.

  In a cell line study by Ludwig et al.  [118] , it was shown 
that inhibition of NF- � B activity could be a useful tool in 
the future for treatment of tumours with certain muta-
tion types of RET. TT cells were shown to display tran-
scriptionally active RelA(p65) in the nucleus; NF- � B ac-
tivity in these cells was attributable to constitutive I � B 
kinase (IKK) activity and high turnover of I � B- � . RET 
harbouring the mutations C634R (MEN 2A) or M918T 
(MEN 2B), in contrast to wild-type RET, activates a NF-
 � B-dependent reporter construct upon transient trans-
fection in HeLa cells. It was shown that the prototype 
 RET  mutation C634R enhances phosphorylation of I � B-
 �  by IKK- �  but not by IKK- � . RET-induced NF- � B and 
IKK- �  activity required Ras function and was dependent 
on Raf and MEKK1. Inhibition of constitutive NF- � B ac-
tivity resulted in cell death in TT cells and blocked focus 
formation induced by oncogenic forms of RET in NIH 
3T3 cells. These results may suggest that RET-mediated 
carcinogenesis critically depends on IKK activity and 
subsequent NF- � B activation.

  A novel approach has been to block RET with specific 
oligonucleotide ligands called aptamers. These aptamers 
can be used to identify markers on the surface of a cell 
type and allow in vivo targeting for diagnostic and thera-
peutic applications. Aptamers are specific, they have a 
high affinity for their target, and they are poorly immu-
nogenic. Aptamers can be generated for a variety of tar-
gets through evolution of a random pool of sequences 
 (SELEX).  In a study by Cerchia et al.  [131] , nuclease-resis-
tant aptamers that recognize the human receptor tyro-
sine kinase RET were obtained using RET-expressing 
cells as targets in a modified  SELEX  procedure. One of 
these aptamers blocked RET-dependent intracellular sig-
nalling pathways by interfering with receptor dimeriza-
tion when the latter was induced by the physiological li-
gand or by an activating mutation. It was speculated that 
this strategy could open the way to a new type of treat-
ment, but currently its efficacy needs to be established.

  Survivin is a novel member of the inhibitor of apopto-
sis protein (IAP) family which is known to be overex-
pressed in various carcinomas and associated with their 
biologically aggressive characteristics. In a study by Du 
et al.  [132] , immunohistochemical analysis showed high 

survivin expression in MTC and TT cells whereas no im-
munoreactivity was detectable in normal thyroid tissue. 
Statistical analyses revealed no significant correlation of 
survivin expression with the clinicopathologic features 
of MTC. In TT cells, survivin expression at both mRNA 
and protein levels was confirmed and could be down-
regulated by antisense oligodeoxynucleotides (ASODNs) 
concomitant with a decrease in viability and growth, and 
increase in apoptosis. These results may suggest that sur-
vivin plays an important role in MTC independent of the 
conventional clinicopathologic factors, and ASODNs are 
a promising survivin-targeted gene therapy for MTC.

  The EGF-7TM membrane protein CD97 is a dediffer-
entiation marker in undifferentiated thyroid carcinomas 
and MTC. Betulinic acid (triterpenic acid) induces apop-
tosis in various epithelial and mesenchymal malignoma 
cell lines. The effects of betulinic acid (BA) and the betu-
linic acid butyrate ester (BABE) in two human MTC cell 
lines, MTC-SK and MTC-TT, were evaluated: both 
showed inhibition of proliferation  [133] . Further studies 
need to be performed on protein and RNA-chip level to 
clear the question whether both substances are potential 
antitumour agents in MTC.

  Another approach has been to generate molecular mi-
metics directed towards specific mutations of the  RET 
 oncogene  [134] . Substitution of Cys-634 in the extracel-
lular domain of the RET tyrosine kinase receptor causes 
dimerization and activation of its transforming potential. 
In this study, a mutant protein consisting of the entire 
ectodomain of the RET carrying a Cys634Tyr substitu-
tion (EC-RetC634Y) was purified. The protein was gly-
cosylated, as the native one, and was biologically active. 
By using an in vitro   cell system, it was shown that EC-
RetC634Y inhibits membrane-bound receptor RetC634Y, 
interfering with its dimerization. Furthermore, it was 
demonstrated that EC-RetC634Y competes with the 
wild-type RET receptor for ligand binding.

  Targeting RET with a monoclonal antibody might 
also be therapeutically useful  [135–137] . In a study by 
Stein et al.  [137] , the effect of labetuzumab, a humanized 
anti-CEA monoclonal antibody, on the growth of MTC, 
alone and in combination with chemotherapy, was inves-
tigated. Antitumour effects were evaluated in a nude 
mouse-human MTC xenograft model. Labetuzumab was 
found to have direct, specific, antitumour effects in that 
model, without conjugation to a cytotoxic agent. In addi-
tion, labetuzumab sensitized these tumour cells to che-
motherapy (DTIC in this model) without increased tox-
icity. Significant delays in tumour growth were caused by 
the monoclonal antibody therapy or chemotherapy alone; 
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however, the combination of these agents was significant-
ly more effective than either agent alone.

  Immunotherapy using autologous dendritic cells to 
induce an antigen-specific Th1-driven immunity has 
been attempted in MTC patients. While the results of 
these few studies have been encouraging, it is not possible 
as yet to draw any long-term conclusions regarding this 
approach  [138] .

  Finally, gene therapy has been investigated in MTC 
cells. These can be categorized under 4 groups: (1) cor-
rective gene therapy using dominant-negative  RET  mu-
tants or ribozymes to inhibit  RET  oncogene activity; (2) 
cytoreductive gene therapy using prodrug-activating en-
zymes, toxin genes or the sodium iodide symporter
 (SLC5A5)  gene to allow  131 I uptake; (3) immunomodula-
tory gene therapy, for example using cytokines; and (4) 
combined approaches that use cytoreductive plus immu-
nomodulatory gene therapy  [139] . The delivery of these 
gene therapies has primarily used viral vectors derived 
from human adenovirus serotype 5. Results from pre-
clinical in vitro   and in vivo studies are encouraging, but 
no gene therapy has yet been carried through to phase I 
clinical studies in patients with MTC.

  Chemotherapy 
 While in general conventional chemotherapy has not 

been shown to be particularly effective in MTC, some 
preclinical and small clinical studies have shown promis-
ing results. In a study by Matuszczyk et al.  [140] , 9 pa-
tients (mean age 51 years) with MTC were treated with 
doxorubicin with 2 regimens: either 8 cycles of 15 mg/m 2  
weekly or 3 cycles of 60 mg/m 2  every 3 weeks, repeated 
once, depending on response and side effects. The effect 
of therapy was evaluated by radiographic imaging, [ 18 F]-
FDG-PET, and bone scans: 11% showed partial regression 
over 6 months followed by stable disease for 3 months, 
11% had stable disease over 7 months, while 79% demon-
strated progressive disease established over 5 months 
(range: 2–12). In another study, combinations of doxoru-
bicin and streptozocin and 5-FU and dacarbazine were 
given alternately to 20 patients with metastatic MTC 
 [141] : 3 partial responses and 10 with long-term stabiliza-
tion were observed. In a study by Wu et al.  [142] , 7 pa-
tients with advanced MTC were treated with cyclophos-
phamide (750 mg/m 2 ), vincristine (1.4 mg/m 2 ), and da-
carbazine (600 mg/m 2  daily for 2 days in each cycle) every 
3 weeks. Two patients had partial tumour and biochemi-
cal responses for durations of 14 and 29 months, respec-
tively. One patient had a partial biochemical response 
and stable tumour measurements for 9 months, and an-

other patient had stable tumour size and markers for 14 
months; 3 patients had progressive disease. Diarrhoea 
and flushing improved in 2 patients who had partial bio-
chemical responses. One problem with these trials is that 
none of them used the Response Evaluation Criteria in 
Solid Tumour (RECIST) guidelines, which makes the in-
terpretation of results difficult. Combretastatin is a tubu-
lin inhibitor whose metabolite selectively inhibits prolif-
erating cells in tumours  [143] . In a preclinical model, it 
was shown that the anti-neovascular agent combreta-
statin A-4 phosphate prodrug (CA4P) in combination 
with doxorubicin was effective in curtailing tumour 
growth  [144] . This combination of combretastatin and 
doxorubicin extended the doubling time of established 
MTC tumours in nude mice to 29 days, compared to 12 
days in untreated controls. However, there are no further 
studies available regarding this treatment regimen. In a 
human MTC cell line study, camptothecin and paclitaxel 
were evaluated  [145] . Although promising results were 
provided, these drugs have not so far been used in pa-
tients with MTC. There are also a few reports regarding 
chemotherapy treatment in individual patients with 
MTC. Plitidepsin is a new agent whose primary mecha-
nism of action in tumour cells is the subject of ongoing 
investigation. Plitidepsin induces an early oxidative stress 
response, which results in a rapid and sustained activa-
tion of the EGF-R, the non-receptor protein tyrosine ki-
nase Src, the serine threonine kinases c-Jun NH2-termi-
nal kinase, and p38 mitogen-activated protein kinase. 
These early events rapidly trigger the induction of the 
mitochondrial apoptotic pathway via cytochrome c re-
lease, activation of the caspase cascade, and activation of 
protein kinase C, which seems to exert an important ef-
fector role in mediating cellular death induced by the 
drug  [146] . In a phase I clinical trial, the single MTC pa-
tient showed disease stabilization  [146] . Further studies 
with large patient groups are needed to evaluate the drug’s 
effect on MTC. Capecitabine, a thymidylate synthase 
(TS) inhibitor, has been used in MTC: Labidi et al.  [147]  
reported a single case with metastatic MTC in progres-
sion after primary treatment with cisplatin-doxorubicin  
who showed prolonged remission with capecitabine, as 
did Paiva et al.  [148] .

  Aplidine is a marine cyclodepsipeptide and a second-
generation didemnin isolated from the Mediterranean 
tunicate  Aplidium albicans , which inhibits protein and 
DNA synthesis and induces apoptosis and a G 1  cell cycle 
arrest in cancer cells independently of p53 and MDR ex-
pression. In a phase I study, aplidine was administered as 
a 24-hour intravenous infusion every 2 weeks to patients 

D
ow

nloaded from
 http://w

w
w

.karger.com
/nen/article-pdf/90/4/323/3828260/000220827.pdf by guest on 24 April 2024



 Cakir/Grossman

 

Neuroendocrinology 2009;90:323–348340

with advanced cancers, including 6 with MTC  [149] ; mi-
nor responses and prolonged tumour stabilization ( 1 6 
months in 4 patients) were observed in patients with 
MTC.

  Ongoing Clinical Trials with Novel Agents 
 Because RET is a growth fractor receptor with limited 

expression, and there are both germline and somatic mu-
tations, it has been an attractive candidate for targeted 
therapy. There has been significant experimental evi-
dence showing that RET inhibition leads to growth inhi-
bition and apoptosis in MTC cells  [150] : as a result, dif-
ferent strategies have been developed to inhibit the kinase 
function of RET. Loss of heterozygosity in the von-Hip-
pel-Lindau (VHL) disease tumour suppressor locus oc-
curs at the somatic level in MEN 2 patients  [151] . Because 
loss of VHL protein leads to increased expression of hy-
poxia-inducible transcription factor, thereby promoting 
expression of VEGF and tumour angiogenesis, anti-an-
giogenic therapy is also a good candidate for MTC ther-
apy.

  There are a number of RET kinase inhibitors which 
share the property of binding to the RET ATP-binding 
pocket; these include vandetanib, sorafenib, sunitinib, 
imatinib, pazopanib, axitinib, motesanib, gefitinib and 
XL 184  [150] . Many of these small molecules are not only 
RET kinase inhibitors but multikinase inhibitors effec-
tive on VEGF-R1, VEGF-R2 and VEGF-R3, PDGF-R �  
and EGF-R, with varying affinities, and thus often affect-
ing multiple signalling pathways. The results of most of 
the phase II trials that have focused on the efficacy of 
these drugs on MTC have not as yet been published, ex-
cept in abstract form at scientific meetings, as shown be-
low. There are also a number of ongoing open clinical 
trials with some of these agents ( table 1 ).

  Vandetanib is an oral, small-molecule tyrosine kinase 
inhibitor which inhibits RET, VEGF-R2, VEGF-R3 and, 
at higher concentrations, EGF-R  [152] . Vandetanib inhib-
its most of the activated forms of RET, with the exception 
of RET molecules with mutations in codon 804. On the 
basis of preclinical evidence, a multicentre, open-label 
phase II trial of vandetanib was performed in locally ad-
vanced, unresectable or metastatic hereditary MTC pa-
tients with germline  RET  mutations  [153] : 30 patients 
were enrolled and 300 mg/day vandetanib treatment was 
given. The primary objective of the study was to assess 
objective tumour response by RECIST criteria every 3 
months. Based on site investigator assessments, 20% of 
patients experienced a partial response, and 30% showed 
stable disease for at least 24 weeks. Calcitonin levels 

showed a 50% decrease from baseline in almost two-
thirds of patients, and this was maintained for at least 6 
weeks. Adverse events occurring in  1 50% of patients 
were rash (73%), diarrhoea (67%), fatigue (57%) and nau-
sea (53%). In another phase II open-label study, 19 pa-
tients with locally advanced or metastatic hereditary 
MTC were enrolled to assess 100 mg/day vandetanib 
therapy  [154] . On disease progression, eligible patients 
were planned to enter post-progression treatment with 
vandetanib 300 mg until a withdrawal criterion was met. 
Preliminary objective tumour assessments demonstrated 
partial responses in 2 patients, stable disease   1  24 weeks 
in 6 patients and progressive disease in 2 patients, yield-
ing an objective response rate of 10.5% (2/19) and a dis-
ease control rate of 42.1% (8/19). This study showed that 
vandetanib 100 mg/day could also be effective in MTC. 
An international phase I/II study of vandetanib is cur-
rently recruiting patients ( table 1 ). An international, 
phase II, randomized, double-blinded, placebo-con-
trolled, multicentre study to assess the efficacy of vande-
tanib versus placebo in subjects with unresectable, local-
ly advanced or metastatic MTC, and a phase II, open-la-
bel study to assess the efficacy and tolerability of 
vandetanib 100 mg monotherapy in subjects with locally 
advanced or metastatic hereditary MTC, have completed 
recruitment of subjects and the studies are ongoing 
 [155] .

  Sorafenib is an oral, biaryl urea compound that targets 
RET, VEGF-R2, VEGF-R3, PDGF-R � , FLT-3, KIT and 
FGF-R1, as well as the serine-threonine kinase B-RAF 
and p38 MAPK  [156] . Its anti-RET activity in particular 
has made it a potential therapeutic agent for MTC. Fol-
lowing a small pilot study including 5 subjects with met-
astatic MTC  [157] , an open-label phase II study was con-
ducted in advanced/metastatic MTC (10 patients) as well 
as in patients with differentiated thyroid cancer (DTC) 
 [158] ; 10 patients had follow-up at 3 months and 2 of these 
patients had follow-up at 6 months. The remainder have 
been on the drug for  ! 3 months and could not as yet be 
assessed. At 3 months, the best objective overall response 
for 9 patients has been stable disease, although 1 patient 
has demonstrated a partial response. At 6 months 2/2 pa-
tients have stable disease. Biochemically, 7 out of 7 assess-
able patients have demonstrated a partial response. Com-
mon adverse events include diarrhoea (grade 1/2 = 50%), 
hand-foot syndrome (grade 1/2 = 39%, grade 3 = 17%), 
other skin toxicity (grade 1/2 = 44%, grade 3 = 6%), alo-
pecia (grade 1/2 = 28%), hypertension (grade 1/2 = 22%, 
grade 3 = 6%), infection (grade 1/2 = 17%, grade 3 = 6%) 
and nausea (grade 1/2 = 17%). Currently, 2 phase II trials 
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are recruiting advanced MTC patients for sorafenib treat-
ment ( table 1 ). Based on the intimate connection of Ras 
and Raf kinases, it was hypothesized that inhibiting both 
Ras (upstream) with a farnesyltransferase inhibitor (tipi-
farnib) and B-Raf (downstream) with a Ras inhibitor 
(sorafenib) may confer synergistic antitumour effects. In 
a sporadic MTC case with advanced, progressive disease 
Hong et al.  [159]  reported that the combination of 
sorafenib and tipifarnib slowed disease progression. A 
phase I study has been designed to include subjects with 
MTC treated with sorafenib  [160] .

  Sunitinib is another oral, tyrosine kinase inhibitor 
drug which targets VEGF-R1, -2, -3, RET, KIT, PDGF-
R � , PDGF-R � , FLT3 and colony-stimulating factor re-
ceptor type 1 (CSF-1R)  [16, 162] . Kelleher et al.  [163]  have 
reported a metastatic, progressive MTC case treated with 
sunitinib, 50 mg/day for 28 days, followed by 14 days of 
no treatment. After 2 cycles of therapy, the patient’s long-
standing diarrhoea had resolved and a clinically enlarged 
right cervical lymph node had become impalpable. In a 
phase II study conducted in patients with refractory DTC 
cancer (n = 37) and MTC (n = 6), 6-week cycles of suni-
tinib maleate 50 mg q.d. on a 4-week on/2-week off sched-
ule was given  [164] . The primary endpoints were RECIST 
and biochemical response rate.   The best response in MTC 
patients was stable disease in 83%, with progressive dis-
ease in 17%. The most common drug-related adverse 
events and incidence included fatigue (79%), diarrhoea 
(56%), palmar-plantar erythrodysesthesia (53%), neutro-
penia (49%), and hypertension (42%). Grade 3/4 toxicity 
included neutropenia (26%), thrombocytopenia (16%), 
hypertension (16%), fatigue (14%), palmar-plantar eryth-
rodysesthesia (14%), and gastrointestinal tract events 
(14%, 2 diarrhoea, 1 tracheo-oesophageal fistula, 1 gas-
tric haemorrhage, 1 gastric ulcer, and 1 gastritis). Cur-
rently, there are 3 trials recruiting MTC patients for suni-
tinib treatment ( table 1 ).

  Axitinib is an oral, small-molecule tyrosine kinase in-
hibitor that inhibits PDGF-R �  and c-KIT and also effec-
tively blocks VEGF-R1, -2, -3 at subnanomolar concen-
trations but with no known anti-RET activity  [162] . It has 
been tested in a multicentre, open-label phase II study in 
patients with advanced or metastatic thyroid cancer in-
cluding MTC starting at a dose of 5 mg twice daily  [165] . 
In the 12 MTC patients included in the study, stable dis-
ease was noted in 42%. Common adverse events include 
fatigue, stomatitis, proteinuria, diarrhoea, hypertension 
and nausea.

  Imatinib inhibits the product of KIT proto-oncogene 
and PDGF-R � , as well as RET (but only at high concen-

trations  [162] ). A phase II study was initiated using 600 
mg imatinib daily with a possible dose increase to 800 mg 
in case of progression  [166] : 15 patients with disseminat-
ed MTC were treated for up to 12 months, but no objec-
tive responses were observed and imatinib treatment in-
duced considerable toxicity in patients with MTC. Ima-
tinib treatment was used in a multicentre phase II study 
in patients with solid tumours  [167] . The patient group 
included 6 subjects with MTC. Imatinib was initiated at 
a dose of 400 mg/day, with possible dose escalation with-
in 1 week to 600 mg/day and an option to raise the dose 
to 800 mg/day in the event of progression and in the ab-
sence of safety concerns for a period of up to 12 months. 
No objective responses were observed. Disease progres-
sion occurred in 4 patients, and treatment was discontin-
ued in 2 patients due to adverse events.   In another open-
label clinical trial, 9 patients (8 with sporadic and 1 with 
hereditary MTC) with unresectable, measurable, pro-
gressive metastases were treated with imatinib mesylate 
600 mg daily  [168] . In this study, stable disease occurred 
in 5 patients for up to 6 months and in 1 patient for up to 
12 months, with a median duration of progression-free 
survival of 6 months; 4 patients had progressive disease 
after 12 months. Thus, although in this study imatinib 
was well tolerated, in general no tumour remission was 
observed and only transient stable disease was achieved 
in occasional patients.

  Gefitinib, is an EGF-R inhibitor and has been used at 
a dose of 250 mg/day in a phase II open-label trial in 27 
patients with radioiodine-refractory, locally advanced, or 
metastatic mixed cohort of thyroid cancer  [169] . With the 
overall response rate being the primary endpoint, all 4 of 
the MTC patients included in the study had progressive 
disease within 3 months of enrollment and serum calci-
tonin and CEA levels, which were elevated at baseline, 
rose progressively throughout the treatment.

  Motesanib diphosphate is an oral small-molecule ty-
rosine kinase inhibitor targeting VEGF-R1, -2, -3, RET, 
PDGF-R �  and KIT  [162] . On the basis of in vitro studies 
and a small phase I study, a multicentre, open-label 
phase II trial including 91 progressive or symptomatic, 
either sporadic- or hereditary-MTC patients was con-
ducted. With a median follow-up of 32 weeks, the objec-
tive tumour response was 1%, stable disease 80% (du-
rable stable disease  6 weeks, 24%) and progressive dis-
ease  = 10%  [170] . The drug was well tolerated, except for 
side effects such as fatigue, nausea, diarrhoea and hy-
pertension. An unexpected side effect was an average 
increase of 30% in the doses of levothyroxine to main-
tain euthyroidism.
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  XL 184 is a VEGF-R2, hepatocyte growth factor recep-
tor (c-MET), c-KIT, FLT-3, endothelial cell RTK receptor 
(Tie-2), RET and PDGF-R �  inhibitor  [162] . In a phase I 
study carried out in 55 patients with advanced malignan-
cies, including 13 patients with MTC, XL 184 was tested 
at several dose levels  [171] . All evaluated MTC patients 
had reductions in plasma calcitonin and CEA levels. Of 
the 10 patients who were evaluated, 7 had stable disease, 
3 had a partial response and XL 184 was concluded to 
show antitumour activity in MTC patients. In another 
phase I study, XL 184 was given to 22 MTC patients  [172] . 
Eight of the 16 MTC patients with measurable disease 
had a partial response (50%, 5 confirmed) with all others 
experiencing prolonged stable disease; overall disease 
control rate (progressive disease + stable disease  1 3 
months) is currently 100%. Three MTC patients had non-
measurable disease and 3 are too early to evaluate. Three 
partial responses were reported after only 4 weeks of dai-
ly XL184. Most patients have had substantial reductions 
in plasma calcitonin and CEA. A study is currently re-
cruiting MTC patients for testing XL 184 ( table 1 ).

  Another new drug being tested in MTC is thalido-
mide, which is known to inhibit VEGF and basic fibro-
blast growth factor (bFGF)-mediated angiogenesis  [173] . 
A phase II trial for treatment of patients (n = 36) with ra-
dioiodine-unresponsive and rapidly progressive thyroid 
cancer was designed  [173] . Daily thalidomide treatment 
was started at 200 mg, increasing over 6 weeks to 800 mg 
or maximum tolerated dose. Toxicities were dose limiting 
in the majority of the subjects, and the most common ad-
verse events included somnolence, peripheral neuropa-
thy, constipation, dizziness and infection. Of the 7 MTC 
patients included in the study, 5 were eventually able to 
be evaluated, but only 1 was reported to have stable dis-
ease or a partial response; however, dose and treatment 
period regarding this patient were not given in detail.

  In a phase I trial of the bombesin/gastrin-releasing 
peptide (BN/GRP) antagonist RC3095 in patients with 
advanced solid malignancies, 1 patient with progressive 
MTC was also included  [174] . BN/GRPs are shown to 
bind selectively to cell surface receptors, stimulating the 
growth of various types of malignancies in murine and 
human models, and the novel BN/GRP synthetic receptor 
antagonist, RC-3095, was able to produce long-lasting tu-
mour regressions in murine and human tumour models 
in vitro and in vivo. RC-3095 was given once or twice 
daily at doses ranging from 8 to 96  � g/kg. A short-lasting 
minor tumour response was observed in the patient with 
GRP-expressing progressive MTC. Due to the occur-
rence of local toxicity at the injection site, the dose escala-

tion procedure could not be fully evaluated up to a max-
imum tolerated dose. Thus, a recommended dose of RC-
3095 for phase II trials could not be clearly established.

  The effects of a 12-week course of somatostatin ana-
logue therapy on calcitonin and CEA in patients with ad-
vanced MTC were evaluated in a study of 5 patients (2 
men and 3 women, aged 35–57 years)  [175] . One patient 
was treated with subcutaneous octreotide (100  � g/8 h), 3 
patients received slow-release lanreotide (30 mg/14 days 
i.m.), and a further one received octreotide LAR (30 
mg/28 days i.m.). The therapy was well tolerated, but 
changes in hormonal levels were variable and inconsis-
tent. In conclusion, therapy with different formulations 
of octreotide and lanreotide did not seem to modify se-
rum concentrations of calcitonin and CEA in patients 
with recurrent MTC.

  Although most of the tyrosine kinase inhibitors lack 
selectivity for RET, adverse effects seem manageable and 
these drugs may indeed find a place in the treatment of 
RET-associated cancer. However, it should be kept in 
mind that not all mutations are sensitive to these drugs. 
In a study by Carlomagno et al.  [176] , it was demonstrat-
ed that most oncogenic MEN-2-associated RET kinase 
mutants are highly susceptible to PP1, PP2 and vande-
tanib inhibition. In contrast, MEN-2-associated exchange 
of bulky hydrophobic leucine or methionine residues for 
valine 804 in the RET kinase domain caused resistance 
to the 3 compounds. Replacement of valine 804 with the 
small-amino-acid glycine renders the RET kinase even 
more susceptible to inhibition than the wild-type kinase. 
These data identify valine 804 of RET as a structural de-
terminant mediating resistance to pyrazolopyrimidines 
and 4-anilinoquinazolines. In a further study, the same 
group demonstrated that sorafenib inhibited a codon 804 
mutation at higher doses compared to wild-type RET 
 [177] .

  In the phase II trials discussed above, RECIST guide-
lines were used for patient evaluation, other than in the 
thalidomide study. This point is important in terms of 
bringing standardization to interpretation of treatment 
responses. However, tumour responses were observed in 
only a fraction of patients, which suggests that even mul-
tikinase inhibition including RET may not be enough to 
treat all MTC tumours. However, RECIST criteria may 
not always be appropriate in slow-growing tumours 
which may regress by central necrosis, which might not 
necessarily be demonstrable on simple measurement of 
lesion diameters.
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  Conclusions 

 MTC is still one of the most challenging cancers for 
both physicians and patients. We now understand a con-
siderable amount regarding the molecular biology of 
MTC, yet the major effective treatment modality remains 
surgery. Although many drugs are being tested, and many 
are under investigation, there is still no universally rec-
ommended drug treatment regimen for residual disease 
and recurrences. While tyrosine kinase inhibitors, par-
ticularly those affecting RET activity such as vandetanib, 
sorafenib and sunitinib, are promising, the low rate of 
partial responses and absence of complete responses in 
any of the various trials of monotherapy emphasize the 
need for new and more effective single agents or combi-
nations of therapeutic agents with acceptable toxicity. 

The use of RET inhibitors may render these tumours 
more sensitive to chemotherapy, but as yet no major com-
bination trials have been published. Nevertheless, this is 
an exciting time to explore the therapy of these tumours, 
and as research into their pathogenesis continues it is 
likely that more effective treatments will become avail-
able.
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