Journal of Thyroid Research

Thyroid Oncology

Guest Editors: Maria Jodo M. Bugalho, Nelson Wohllk,
Ana O. Hoff, and Maria £. Cabanillas




Thyroid Oncology



Thyroid Oncology

Guest Editors: Maria Joao M. Bugalho, Nelson Wohllk,
Ana O. Hoff, and Maria E. Cabanillas



Copyright © 2011 SAGE-Hindawi Access to Research. All rights reserved.

This is a special issue published in volume 2011 of “Journal of Thyroid Research.” All articles are open access articles distributed under
the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
the original work is properly cited.



Editorial Board

P. Beck-Peccoz, Italy

Fausto Bogazzi, Italy

Glenn D. Braunstein, USA
S. Y. Cheng, USA

Orlo H. Clark, USA

G. L. Clayman, USA

Albert A. Driedger, Canada
Thomas J. Fahey, UK
Nadir Rashad Farid, Tunisia
Douglas L. Fraker, USA
Gary L. Francis, USA
Jeremy L. Freeman, Canada
Eric M. Genden, USA

Ronald A. Ghossein, USA
David Goldenberg, USA
M. Gross, USA

K. Kaserer, Austria
Christian Koch, USA
Noriyuki Koibuchi, Japan
Marian Ludgate, UK

C. Marcocci, Italy

Aidan McElduff, Australia
Fiemu Nwariaku, USA

A. Pinchera, Italy
Melanie Richards, USA
Joanne Rovet, Canada

A. R. Shaha, USA

Carmen C. Solorzano, USA
Julie A. Sosa, USA

B. Stack, USA

Hiroshi E. Takami, Japan
Giovanni Tallini, Italy
Massimo Tonacchera, Italy
Duncan Topliss, Australia
Jack R. Wall, Australia
Malcolm H. Wheeler, UK
Mingzhao M. Xing, USA
Masanobu Yamada, Japan




Contents

Thyroid Oncology, Maria Joao M. Bugalho, Nelson Wohllk, Ana O. Hoff,
and Maria E. Cabanillas
Volume 2011, Article ID 467570, 3 pages

Differences in the Form of Presentation between Papillary Microcarcinomas and Papillary Carcinomas
of Larger Size, Carles Zafon, Juan Antonio Baena, Josep Castellvi, Gabriel Obiols, Gabriela Monroy,

and Jordi Mesa

Volume 2011, Article ID 639156, 5 pages

Subclassification of the “Grey Zone” of Thyroid Cytology; A Retrospective Descriptive Study with
Clinical, Cytological, and Histological Correlation, Mariella Bonzanini, Pierluigi Amadori, Luca Morelli,
Silvia Fasanella, Riccardo Pertile, Angela Mattiuzzi, Giorgio Marini, Mauro Niccolini, Giuseppe Tirone,
Marco Rigamonti, and Paolo Dalla Palma

Volume 2011, Article ID 251680, 8 pages

Thyroid Carcinoma in Children and Adolescents—Systematic Review of the Literature,
Fernanda Vaisman, Rossana Corbo, and Mario Vaisman
Volume 2011, Article ID 845362, 7 pages

Predominant RET Germline Mutations in Exons 10, 11, and 16 in Iranian Patients with Hereditary
Medullary Thyroid Carcinoma, Mehdi Hedayati, Marjan Zarif Yeganeh, Sara Sheikhol Eslami,
Shekoofe Rezghi Barez, Laleh Hoghooghi Rad, and Fereidoun Azizi

Volume 2011, Article ID 264248, 6 pages

Medullary Thyroid Carcinoma: Molecular Signaling Pathways and Emerging Therapies, Karen Gémez,
Jeena Varghese, and Camilo Jiménez
Volume 2011, Article ID 815826, 10 pages

How to Treat a Signal? Current Basis for RET-Genotype-Oriented Choice of Kinase Inhibitors for the
Treatment of Medullary Thyroid Cancer, Hugo Prazeres, Joana Torres, Fernando Rodrigues,

Joana P. Couto, Jodao Vinagre, Manuel Sobrinho-Simées, and Paula Soares

Volume 2011, Article ID 678357, 10 pages

Targeted Treatment of Differentiated and Medullary Thyroid Cancer, Shannon R. Bales and
Inder J. Chopra
Volume 2011, Article ID 102636, 11 pages

The Role of Epigenetic Alterations in Papillary Thyroid Carcinogenesis, Ogechukwu P. Eze, Lee E. Starker,
and Tobias Carling
Volume 2011, Article ID 895470, 7 pages

Challenges Associated with Tyrosine Kinase Inhibitor Therapy for Metastatic Thyroid Cancer,
Maria E. Cabanillas, Mimi I. Hu, Jean-Bernard Durand, and Naifa L. Busaidy
Volume 2011, Article ID 985780, 9 pages




SAGE-Hindawi Access to Research
Journal of Thyroid Research

Volume 2011, Article ID 467570, 3 pages
doi:10.4061/2011/467570

Editorial
Thyroid Oncology

Maria Joao M. Bugalho," 2 Nelson Wohllk,> Ana O. Hoff,* and Maria E. Cabanillas®

IServigo de Endocrinologia, Instituto Portugués de Oncologia, 1099-023 Lisboa, Portugal

2 Faculdade de Ciéncias Médicas, Universidade Nova de Lisboa, 1169-056 Lisboa, Portugal

3 Seccion Endocrinologia, Hospital del Salvador, Santiago de Chile, Universidad de Chile, Chile

* Departamento de Endocrinologia, Instituto do Cancer do Estado de Sao Paulo, Faculdade de Medicina da Universidade de Sao paulo,

Sao Paulo, Brazil

3 Department of Endocrine Neoplasia and Hormonal Disorders, University of Texas M.D. Anderson Cancer Center, Houston,

TX 77030, USA

Correspondence should be addressed to Maria Joao M. Bugalho, mjbugalho@ipolisboa.min-saude.pt

Received 20 July 2011; Accepted 20 July 2011

Copyright © 2011 Maria Joao M. Bugalho et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

We are pleased to bring you the Special Issue of the Journal
Thyroid Research dedicated to Thyroid Oncology.

The incidence of thyroid cancer has been increasing in
recent decades mainly due to an increase in papillary thyroid
carcinomas (PTCs). Among these, tumors <1 cm increased
the most. Whether this represents a higher sensitivity to
detect smaller tumors or depends on other factors such as
environmental factors remains unclear [1-3].

According to the World Health Organization (WHO),
papillary thyroid carcinomas measuring 1cm or less are
designated as papillary thyroid microcarcinomas (PTMCs).

Incidentally diagnosed PTMCs are generally indolent
tumors. However, PTMCs detected due to clinically suspect-
ed and histological confirmed lymph node metastases or as-
sociated with extra thyroidal extension may have a more ag-
gressive behavior [4, 5]. Thus, it is inaccurate and misleading
to regard all PTMCs patients as having the same level of risk.
Most studies based their conclusions on clinicopathological
factors. Recently, Kim et al. [6] showed that the gene expres-
sion profiles of PTMCs were not different from those of
larger PTCs and suggested that PTMCs may represent an ear-
lier stage of the same disease.

Differences in the form of presentation between papillary
microcarcinomas and papillary carcinomas of larger size are
discussed in this issue by C. Zafon et al., who concluded that
patients with a low aggressive profile were significantly older
than the remaining patients. This interesting finding awaits
confirmation by other studies and larger series.

Fine-needle aspiration cytology (FNAC) of thyroid
nodules is highly sensitive in the diagnosis of papillary,
medullary, and anaplastic carcinomas. Distinction between
benign lesions, such as follicular adenoma or nodular
adenomatous goiter, and follicular carcinoma or follicular
variant of papillary carcinoma remains a problem. The final
diagnosis depends on histological evaluation.

The study by M. Bonzanini et al. addresses practical
issues related to the existence of different FNAC classifi-
cations [7, 8] and was designed to retrospectively analyze
the benefits of subclassifying the “undetermined” cytologic
reports into two categories: “follicular lesion” (FL) and
“atypia of undetermined significance” (AUS). Data obtained
on this basis indicate that AUS is associated with higher
malignancy rate than FL. Moreover, the authors provide
data in favor of an integrated analysis of clinical, cytological,
biochemical, and ecographic findings to improve diagnostic
accuracy.

Young patients with differentiated thyroid carcinoma
(DTC) represent a particular group. Childhood DTC is
more frequently multicentric and is associated with a more
locally aggressive and more frequent distant disease than its
adult counterpart. Nonetheless, recent series [9], with long
followup, have shown that fewer than 2% of children die
from DTC contrasting to a much higher number of patients
dying from nonthyroid malignancy. Further more, seventy-
three percent of those who died from nonthyroid malignancy
had received adjuvant radioactive iodine ( '°'I) therapy.



In children, the lungs are almost the sole distant meta-
static site, and pulmonary metastases are nearly always func-
tional [10].

A risk-stratified approach is probably the best choice to
optimize treatment and reduce risks associated with ther-
apy [11]. To choose among the classical risk stratification sys-
tems, the most adequate one for young patients is still a
matter of debate. F. Vaisman et al. discuss these and other
points.

Medullary thyroid carcinoma (MTC) is a neuroen-
docrine tumor derived from parafollicular cells of the thyroid
that occurs in both sporadic and hereditary forms. MTC
spreads early to lymph nodes and is both chemo- and radi-
oresistant. Early surgery is the only therapeutic approach
potentially curative thus explaining the importance of an
early detection.

Activating mutations of the rearranged during transfec-
tion (RET) proto-oncogene were first described in patients
with familial forms in 1993 [12, 13]. Additionally, somatic
RET mutations were identified in up to 65% of patients with
sporadic MTC [14, 15]. The RET gene is located in chromo-
some 10q11.2 and codes for a tyrosine kinase (TK) receptor.
These molecular advances made possible to define genotype-
phenotype correlations; the International RET Mutation
Consortium and the American Thyroid Association provided
guidelines for the timing of prophylactic surgery based
on genetic analysis [16, 17]. Moreover, promising targeted
therapies have been developed for progressive and advanced
MTC.

Genetic screening became a routine, worldwide, in the
management of MTC patients at a preclinical stage. Results
presented by M. Hedayati et al. in the current issue, in addi-
tion to those previously presented by Alvandi et al. [18], are
illustrative of the mutational profile observed among Iranian
patients with MTC.

Based on the understanding of the altered molecular
pathways underlying MTC, a number of “targeted” therapies
have been developed. K. Gémez et al. present a comprehen-
sive review of the most promising TK inhibitors for the treat-
ment of MTC and draw attention to possible adverse effects
and drug resistance.

Standard treatment of DTC includes surgery, ">'T and
thyroid hormone suppressive therapy. 13!, selectively target-
ing thyroid cells, was probably the first targeted therapy for
cancer. For those cases refractory to'*! and for patients with
local aggressive or metastatic disease, until recently, there
were no effective treatments.

During the last decades, a large body of information has
been generated on the molecular alterations, particularly on
the role of oncogenic kinases involved in thyroid carcinomas.
Based on this information, thyroid became, once more, a
model for the use of new targeted therapies specially the
kinase inhibitors. Interest in this field grew, and future holds
promise. The role for combinatory treatments is still not
defined.

Papers by H. Prazeres et al. and S. B. Bales et al. review
genomic changes in thyroid cancer (DTC and MTC) and
discuss how this information might be used to improve
targeted therapies.

Journal of Thyroid Research

Epigenetic mechanisms are likely to play an important
role in thyroid cancers particularly by modulating tumor
progression. Whereas mutations generally alter intracellular
signaling pathways, the epigenetic mechanisms may interfere
with tumor environment as recently shown [19]. In this
issue, O. P. Eze et al. present a thorough revision of this
theme and discuss implications for future therapies designed
to attain different pathways.

Clinical trials of TK inhibitors in patients with advanced
thyroid cancer have shown promising preliminary results,
justifying enthusiasm among physicians and expectation
among patients. The Food and Drug Administration recently
approved Vandetanib for local advanced or metastatic MTC.

Despite the promising results, TK inhibitors have a
broad spectrum of adverse effects. Considering that this class
of therapeutic agents is to be used as chronic treatment,
clinicians responsible for their use need to be familiar with
adverse effects associated with TK inhibitors and prepared
to manage them. M. E. Cabanillas et al. provide us with
a comprehensive revision and practical tips to optimize
treatment and minimize toxicity.

We are grateful to all contributors, reviewers, and the
editorial staff.

Maria Joao M. Bugalho
Nelson Wohllk

Ana O. Hoff

Maria E. Cabanillas
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Papillary thyroid carcinomas (PTCs) with a diameter <1 cm are referred to as papillary microcarcinomas (PTMCs). The prognostic
factors for PTMCs have not been defined. Different clinical and histopathologic variables were studied in 152 PTCs, including
74 PTMCs and 78 PTCs of larger size. We found that PTMCs are associated with less multifocality (P = .046) and bilaterality
(P = .003), fewer lymphadenectomies (P < .001), and a higher rate of incidental tumours (P < .001). Moreover, patients with
a low aggressive profile were significantly older than the remaining patients (54 + 13.7 years versus 45.8 = 13.1 years; P = .001).
In conclusion PTMCs show significant differences compared to PTCs of larger size in the form of presentation. Furthermore, it is
possible that the classic risk factors, which are well validated in PTCs, such as age, must be cautiously interpreted in the current

increasing subgroup of PTMCs.

1. Introduction

It has been clearly demonstrated that there is an increasing
worldwide incidence of papillary thyroid carcinomas (PTCs).
It is uncertain whether this is a real phenomenon, or whether
it is due to an increased rate of detection [1]. Practices
for management of thyroid diseases have changed over the
past few decades. The wide availability of ultrasound (US)
and fine needle aspiration biopsy (FNAB) and the improved
accuracy of histopathologic examination of surgical speci-
mens have been suggested to be reasons for the increased
rate of detection. Moreover, among the new cases, the highest
incidence has been observed in the smallest tumors [2]. In
the USA, 49% of the increased incidence of PTCs consisted of
cancers measuring <1 cm [3]. In Europe, Leenhardt et al. [4]
reported that the proportion of tumors of this size increased
from 18.4% between 1983 and 1987 to 43.1% between 1998
and 2001 [4]. Similar results have been confirmed by other
authors worldwide [2, 5-8].

PTCs measuring <1cm are referred to as papillary
thyroid microcarcinomas (PTMCs) [9]. Although PTMCs
are not recognized as a specific entity in the tumour, node,

and metastasis (TNM) classification, PTMCs are considered
a subset of PTCs that exhibit a more benign behavior.
PTMCs usually follow an indolent course and carry an
excellent prognosis. Distant metastases and mortality rates
are reported to be <0.5% for PTMCs [10]. Two large
series have recently confirmed the excellent prognosis for
PTMCs in long-term followup [5, 11]. Nevertheless, some
authors suggest that there exist a subgroup of PTMCs
that can be aggressive, requiring therapeutic management
similar to larger tumors [12]. Thus, no agreement has
been reached about the optimal treatment of PTMCs. In
recent years, several clinical and histologic risk factors
for aggressiveness have been identified in PTMCs, such
as size <5mm, multifocality, capsular invasion, tumor
extension beyond the parenchyma, lymph node involvement,
and the extent of primary surgery [12-17]. In contrast,
some studies have failed to identify independent prognostic
factors, arguing that to distinguish PTCs on the basis of
size alone may be clinically irrelevant [18, 19]. Because
PTMCs are being diagnosed with increasing frequency,
identification of specific prognostic factors is of outmost
importance.



In the present study, we describe the clinical and
pathologic presentation of PTMCs, compared with papillary
thyroid carcinomas of larger size (LPTCs). We have analyzed
the classic risk factors and studied the clinical and histologic
characteristics present at the time of diagnosis which were
associated with a higher risk of recurrence in PTMCs, such as
multifocality, lymph node metastases, and mode of detection
(incidental versus nonincidental tumors).

2. Methods

PTMCs were defined as PTCs measuring <1 cm in greatest
diameter. Mode of detection refers to incidental (IPTMCs) or
nonincidental tumors (NIPTMCs). IPTMCs were identified
in patients undergoing surgery for reasons unrelated to a
thyroid malignancy, whereas patients with NIPTMCs under-
went thyroidectomy for suspected malignancies. Multifocal
disease was defined when >1 focus of PTCs was found in
the thyroidectomy specimen. The following clinical variables
were considered in the analysis: patient age, mode of detec-
tion, and extent of disease. The histopathologic variables
after postoperative pathologic examination included the
maximum diameter of the primary tumour, multifocality,
bilaterality, extrathyroid extension, and lymph node metas-
tases. Patients with PTMCs discovered incidentally, without
multifocality, and without lymph node involvement were
considered at low risk for developing recurrences. The confi-
dentiality of patient information was absolutely maintained.
Data are presented as the mean + SD. Statistical analysis was
performed by Fisher’s exact test for univariate analysis and
by Student’s t-test to compare continuous variables between
groups. All tests were two-tailed. The levels of statistical
significance are presented as p values. It was assumed that the
observed differences were statistically significant ata P < .05
level.

3. Results

Between 2000 and 2009, 152 patients with PTCs were treated
in our institution. Among these cases, there were 74 (48.7%)
PTMCs and 78 (51.3%) LPTCs.

3.1. Microcarcinoma. The PTMC series included 59 females
and 15 males (the female-to-male ratio was approximately
3.9). The mean age at the time of diagnosis was 50.1 +
13.2 years. Of the 74 cases, 67 (90.5%) underwent total
or near-total thyroidectomy, and only 7 (9.5%) underwent
lobectomies. The mean tumour size was 5.7 + 2.6mm.
The pathology reports showed classic variant PTMCs in
64 patients (86%), and follicular variants in 10 patients
(14%). Multifocal disease was documented in 26 patients
(35.1%). The patients with multifocal disease were younger
than patients with a unique focus (45.9 + 10.2 years versus
52.5 + 14.2 years; P = .039). Contralateral involvement
was observed in 7 of 26 patients (27%) with multifocal
tumors. Regional lymph nodes were removed in 24 patients
(32.4%); of these, 12 (50%) had nodal tumor involve-
ment.

Journal of Thyroid Research

Overall, 72.2% of tumors (52 of 72) presented as IPTMCs
(no information was available in 2 cases). In the other 20
cases (27.8%), PTMCs were diagnosed by preoperative US-
guided FNABs. In patients with IPTMCs, the indications for
surgery were as follows: 29 nontoxic multinodular goiters,
7 toxic multinodular goiters, and 16 solitary nodules. The
difference in mean tumour size was statistically significant
among the IPTMCs (5 + 2.3mm) and NIPTMCs (7.6 +
2.6mm; P < .001). Multifocality was present in 13 (65%)
of 20 patients classified as NIPTMCs, whereas multifocality
was present in only 11 (21%) of 52 patients with IPTMCs
(P <.001).

3.2. Larger Tumours. Tumors >1 cm occurred in 62 females
and 16 males (the female-to-male ratio was approximately
3.9). The mean age at the time of diagnosis was 46.2 + 14.1
years. The primary surgical treatment consisted of total or
near-total thyroidectomies in 76 patients and lobectomies
in 2 patients. The mean tumor size was 25.21 = 11.8 mm.
The pathology reports showed classic variant LPTCS in 54
patients (69.2%), follicular variant LPTCs in 21 patients
(26.9%), and one case each of columnar cell, cribiform-
morular variant, and clear cell LPTCs. In this group,
multifocality was found in 39 (50%) samples. The age at
presentation was not different in patients with and without
multifocality. Contralateral involvement occurred in 25 of
39 patients (64%) with multifocal tumours. Lymph node
dissection was performed in 60 patients (77%); of these, 36
patients (60%) had nodal tumor involvement.

Only 11 (15.5%) of 71 cases were classified as incidental
tumors (no information was available in 7 cases). Of the
indications for surgery were as follows: 7 nontoxic multin-
odular goiters, 3 solitary nodules, and 1 toxic multinodular
goiter. Neither tumor size nor multifocality was significantly
different among the incidental and nonincidental LPTCs.

3.3. PTMC:s versus LPTCs. Table 1 shows the characteristics
of both groups. Age and gender were not statistically
different between the two groups of patients. However,
based on the mode of presentation, patients with IPTMCs
were significantly older than patients with incidental LPTCs
(51.9 + 13.5 years versus 41.4 + 7.95 years; P = .016).
Moreover, apart from size (P < .0001), patients with PTMCs
presented with multifocality (P = .046) and bilaterality (P =
.003) less often, fewer lymphadenectomies (P < .001), and a
higher rate of incidental tumours (P < .001). In contrast, in
patients in whom the lymph nodes were removed, there were
no differences in the frequency of nodal metastases.

3.4. Aggressive Cases. Among all the 152 patients with PTCs,
40 patients (26.3%) in whom PTMCs were discovered
incidentally, without multifocality, and without lymph node
involvement, were considered at a low risk for developing
recurrences. These patients with a low aggressive profile were
significantly older than the rest of the patients (54 = 13.7
years versus 45.8 = 13.1 years; P = .001). Moreover, the low
aggressive profile was observed in 28 (36.8%) of 76 patients
>45 years of age and in 12 (17.9%) of 67 patients <45 years
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TasLE 1: Differences between cases with papillary thyroid microcar-
cinomas (PTMCs) from those with papillary thyroid carcinomas of
larger size (LPTCs).

PTMC (n=74) LPTC(n=78) P

15/59 16/62

Gender (female/male) g 70,20.300) ~ (79.5%120.5%) ™
Age (y) 50.17 £ 13.22  46.29 = 14.12 ns
Size (mm) 5.7+ 2.6 252 +11.8 <.001
Multifocality 26/74 (35.1%) 39/78 (50%) .046
Lymphadenectomies  24/74 (32.4%) 60/78 (77%) <.001
Lymph M1 12/24 (50%) 36/60 (60%) ns
Incidental 52/72(72.2%) 11/72(15.2%) <.001

90 1 %

b
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[ High aggressivity P =.002
HEP = .05

FIGURE 1: Patients with a low aggressive profile are significantly
older than patients with a high aggressive profile.

ofage (P = .006). Finally, patients >60 years of age had more
cases with low aggressiveness compared to patients <45 years
of age (P = .002), and to patients between 45 and 60 years of
age (P = .05). This data is shown in Figure 1.

4. Discussion

PTMC is defined as PTC measuring <lcm in size [9].
This variant is also known as occult papillary carcinoma,
latent papillary carcinoma, small papillary carcinoma, and
papillary microtumor [20]. The current increase in incidence
of PTC worldwide is mainly attributed to the corresponding
increase in the diagnosis of PTMCs. In most recent series,
especially the series that have analyzed cases from the last
decade, PTMCs comprise nearly one-half of all the cases
of PTCs [2, 3, 8, 21, 22]. Our series confirms this data.
PTMCs are considered a subset of PTCs that exhibit a
more benign behavior. Distant metastases and mortality
rates are reported to be <0.5% in patients with PTMCs [10].

Hay et al. [5] reported no difference between the observed
number of deaths and the expected number of deaths in a
cohort of 900 cases. Appetecchia et al. [23] reported that the
outcome of PTMCs was favorable, even in the presence of
lymph node metastases and local invasion. In contrast, some
authors have suggested that there exist a subset of PTMCs
that can be aggressive, requiring therapeutic management
similar to larger PTCs [6, 12]. Thus, no agreement has
been reached about the optimal treatment of PTMCs. Some
authors recommend an aggressive approach to PTMCs, while
other authors suggest that no further treatment is needed
after lobectomy or thyroidectomy. Moreover, it has even
been proposed that observation without surgical treatment
is appropriate [24].

Because the number of deaths is very small in patients
with PTMGs, in the majority of series authors use the rate of
recurrence as a marker of poor clinical outcome. Local and
regional lymph node recurrences have been observed with a
prevalence rate between 2% and 5.7% [5, 25-27].

In recent years, some specific markers for aggressiveness
have been identified [12-17]. Three of the most accepted
factors are multifocality, lymph node metastasis, and the
mode of diagnosis.

PTMC:s frequently present as a multifocal process. Multi-
ple foci are reported in approximately 7%-56% of cases [5, 6,
10, 28]. A number of clinical studies have shown that patients
with = two foci had a higher recurrence rate and cancer
mortality than those with unifocal PTMCs [5, 29]. Baudin et
al. [30] reported that only two parameters influenced PTMC
recurrences, one of which was multifocality. Moreover,
multifocality has been associated with a high incidence of
contralateral lobe involvement [31] and is an independent
risk factor for metastases [32]. Hence, multifocal PTMCs
have been considered to have a poor prognosis. In our series,
we have detected a significantly higher rate of multifocality
in LPTCs than in PTMCs.

PTMCs also show a high incidence of regional lymph
node metastasis, occurring in 12%-64% of patients [6, 25,
33-36]. Wada et al. [37] reported that 64.1% and 44.5%
of patients have central and ipsilateral node involvement,
respectively, and two-thirds of patients have lymph node
metastasis in at least one of the two compartments. It has
been described that cases with positive lymph nodes have
a higher risk of recurrence [38]. Kim et al. [26] found
that lateral cervical node metastasis was the most powerful
independent predictor of clinical recurrence. However, other
authors have reported that the outcome of PTMCs is
favorable, even in the presence of lymph node metastases
[5, 23, 37, 39]. Prophylactic neck dissection is not routine
in our hospital; node resection was not performed in the
incidentally discovered cases. Therefore, the true number of
positive lymph nodes is unknown; however, it is interesting
to note that among patients in whom lymphadenectomy was
performed, the rate of metastasis was not different between
PTMCs and LPTCs.

Three circumstances may lead to the detection of a
PTMC, as follows, PTMC found at autopsy, PTMC found
incidentally in specimens of the thyroid removed for
benign thyroid disease, and clinical PTMCs diagnosed before



surgery [40]. Although the prevalence is highly variable,
>70% of PTMCs correspond to IPTMCs [10]. It has been
suggested that clinical and biological behaviours may differ
between IPTMCs and NIPTMCs [41, 42]. Some authors
have found that overt tumors are associated with a higher
incidence of multicentricity, extrathyroidal involvement,
lymphovascular invasion, higher stage, risk of relapse, and
death [11, 42-45]. Hence, IPTMCs are associated with a
better prognosis, whereas NIPTMCs may have more aggres-
sive behavior. In like manner, we have found significant
differences between both modes of presentation in relation
to tumor size, multifocality, and age in the group of patients
with PTMCs, whereas there were no such differences in
tumors >1 cm in size.

Age is considered to be the most important prognostic
factor in PTCs and is included in all of the prognostic scoring
systems. However, some investigators have failed to show that
age affects the outcome of patients with PTMCs [15, 32, 34,
38, 43, 46, 47]. It is interesting to note that in our series,
younger age is associated with a higher frequency of specific
markers for aggressiveness. Thus, older patients have more
IPTMCs without adverse markers, such as multifocality or
lymph node metastases. Moreover, the group of patients
>60 years of age has a higher incidence of cases with a
lower risk of developing later recurrences than the rest of
the patients.

In recent years, some of the molecules involved in
neoplastic transformation have been explored as markers
to assess the biological aggressiveness of PTMC [22, 48].
However, their use is at present not relevant to clinical
decision making.

In summary, PTMCs exhibit significant differences in
presentation from LPTCs. It is possible that the classic risk
factors, which are well validated for PTCs, such as age, must
be cautiously interpreted in the current increasing subgroup
of PTMCs.
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Undetermined thyroid cytology precludes any definitive distinction between malignant and benign lesions. Recently several
classifications have been proposed to split this category into two or more cytological subcategories related to different malignancy
risk rates. The current study was performed retrospectively to investigate the results obtained separating “undetermined” cytologic
reports into two categories: “follicular lesion” (FL) and “atypia of undetermined significance” (AUS). Biochemical, clinical, and
echographic features of each category were also retrospectively analyzed. Altogether, 316 undetermined fine-needle aspirated
cytologies (FNACs) were reclassified as 74 FL and 242 AUS. Histological control leads to a diagnosis of carcinomas, adenomas,
and nonneoplastic lesions, respectively, in 42.2%, 20%, and 37.8% of AUS and in 8.3%, 69.4%, and 22.2% of FL. Among
biochemical, clinical, cytological, and echographic outcomes, altered thyroid autoantibodies, multiple versus single nodule, AUS
versus FL, and presence of intranodular vascular flow were statistically significant to differentiate adenoma from carcinoma and
from nonneoplastic lesions, whereas no significant differences were found between carcinomas and nonneoplastic lesions for these
parameters. The results of this retrospective study show that undetermined FNAC category can further be subclassified in AUS and
FL, the former showing higher malignancy rate. Further prospective studies are needed to confirm our results.

1. Introduction

Fine-needle aspiration cytology (FNAC) has become the
dominant method in the evaluation of thyroid nodules,
being fast, reliable, safe, minimally invasive, cost-effective,
and reaching high sensitivity and specificity [1].

FNAC has allowed a dramatic decrease in surgical treat-
ment of patients with thyroid nodular disease [2], enhancing
the percentage of malignant operated nodules over 50% [3].

However, even in adequate cellular specimens, the
method shows certain limitations and leads to an “unde-
termined” result in 4-15% of all cases [4, 5], precluding
any definitive distinction between malignant and benign
lesions.

To assess terminology, description, and interpretation of
cytological appearances and transmit them to the clinicians
in a clear and reproducible way, several classifications for
thyroid cytology report have been proposed [6-10].



All are based on a risk of malignancy scale for adequate
specimens.“Undetermined” results are mostly composed of
atypia of undetermined significance (AUS) and follicular
patterned lesions (FL).

According to the recent Bethesda System for Reporting
Thyroid Cytopathology (BSRTC), “atypia of undetermined
significance/follicular lesion of undetermined significance”
(AUS/FLUS) is a heterogeneous category that includes cases
with ambiguous cytological findings that appear to be greater
than what would be expected of a nonneoplastic process, yet
the degree of cellular or architectural atypia is insufficient for
an interpretation of “follicular neoplasm” or “suspicious for
malignancy” [8].

Therefore, undetermined cytology is a sort of “grey
zone” also for the clinicians, whose main goal is a correct
therapeutic approach to thyroid lesions, that is, surgery, with
its extension, or medical followup. Practically, most of these
lesions are surgically removed, in total or subtotal thyroidec-
tomy, although only a minority of them are malignant.

However, true malignancy incidence in undetermined
lesions is not definitely known, because not all of them
are histologically checked, and the literature reports largely
heterogeneous data.

In AUS, malignancy is reported in 25% of operated
patients, but it is thought to be closer to 5-10% of the total
[8]. Papillary carcinoma is by far the commonest tumour |3,
11, 12].

Malignancy incidence in FL is even more variously re-
ported than in AUS.

Cancer ratio in all FL lesions (operated and nonoperated)
is about 20% in several surveys [3, 11-13], but other authors
reported much lesser incidences of 0-7% [14-16].

In this study we have retrospectively split “undeter-
mined” thyroid FNAC into two categories: “follicular lesion”
(FL) and “atypia of undetermined significance” (AUS) in
order to evaluate

(i) the relative incidences of AUS and FL in thyroid FNA
specimens in our district,

(ii) the incidence of malignant lesions in AUS and FL,

(iii) the presence of biochemical, clinical, and echo-
graphic features possibly predictive of malignancy
related to AUS and FL.

2. Materials and Methods

We reviewed the thyroid FNAC data of our institution from
June 2004 to December 2007.

For each FNAC, a specific module was performed, in-
cluding patient data, clinical and biochemical thyroid status
(hypo-, hyper, or euthyroidism), thyroid autoantibodies, and
thyroid medication. Moreover, detailed ultrasound features
such as size, echogenicity, microcalcifications, boundaries,
and color Doppler vascular flow pattern (intra/perinodular)
were described for each nodule.

FNACs were mainly performed by four radiologists and
one endocrinologist with ultrasound guide, using 25 or 27
gauge needles.
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Two-three samplings were performed for each nodule.
Papanicolaou and May-Griinwald-Giemsa stains were both
used for FNA smears preparations.

2.1. Cytological Classification Criteria. Cytological specimens
were evaluated by 3 pathologists, and careful cytological
description was reported for each case.

Original cytologic reports were reclassified into 5 cate-
gories: inadequate, benign, undetermined, suspicious, and
malignant, not knowing the followup.

The undetermined results were divided into two further
categories.

(1) FL for samples suggesting follicular neoplasms.
In this category were included FNACs with high
to moderate cellularity, predominantly or partially
microfollicular pattern, scanty or absent colloid, and
mild or absent nuclear atypia. Samples consisting
almost exclusively/exclusively of Hurthle cells were
also included here.

Follicular patterned lesions or Hurthle cells lesions with overt
cytological architectural or nuclear atypical features (that is
irregular or variably sized follicle, crowding of cells, many
single cells, pleomorphic, enlarged nuclei, nuclear grooves,
coarse and irregular chromatin, prominent and multiple
nucleoli, atypical or numerous mitosis) [17] were reported
as suspicious and were not included in this study.

(2) AUS for samples exhibiting cytological atypia or
other features raising the possibility of neoplasia, but
which were insufficient to enable confident placing
into any other category.

This is intended as a broad category encompassing focal fea-
tures suggestive of papillary carcinoma, cellular atypia hin-
dered by sample preparation artifact, cellular atypia engen-
dered by cystic alteration, repair, and therapy. Atypical
lymphoid infiltrate was included [8, 10].

2.2. Histological, Cytological, and Clinical Followup. Corre-
sponding histologic and clinical-cytological followup was
reviewed.

The histological diagnosis was made according to the
World Health Organization guidelines [18].

The patients who did not undergo thyroid surgery,
with benign repeated FNAC, were followed by clinical and
periodic thyroid sonographic evaluation, at least once within
2 years from the last FNA. If the thyroid nodule did not
undergo any modifications it was considered “bona fide”
benign.

2.3. Statistical Analysis. The descriptive analyses included
the observed frequencies calculation with the respective
percentages for each categorical variable, while median and
range were computed for patients’ age and diameter of
nodules (continuous variables).

Multivariate stepwise logistic regression analysis was
performed in order to identify clinical, echographic, and
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cytological categories associated with the lesion type (car-
cinomas versus adenomas, carcinomas versus nonneoplastic
lesions, adenomas versus nonneoplastic lesions). In stepwise
selection analysis, any significant variables (P value < .05)
are inserted in the model as covariates, but an attempt is
made to remove any insignificant variables from the model
before adding a new significant variable to the model. Each
addition or deletion of a variable to or from a model is listed
as a separate step and at each step, a new model is fitted. In
this study only the final model is presented. Results are given
in terms of odds ratio (OR).

Multivariate analyses were performed with SAS software,
version 9.1.3 (SAS Institute Inc., SAS 9.1.3, Cary, NC, USA,
2003).

3. Results

Between June 2004 and December 2007, 2422 FNAs were
performed in 1883 patients with thyroid nodule(s). There
were 348 men and 1535 women, aged 13-88 years (median
54 years).

Reclassification of the cytological reports yielded 397
(16.4%) nondiagnostic samples, 1554 (64.2%) benign cytol-
ogy, 84 (3.5%) diagnoses of suspect malignant neoplasia,
71 (2.9%) diagnoses of malignant cytology, and 316 (13%)
undetermined cytologic reports. 74 (3%) reports corre-
sponding to follicular lesion were reclassified as FL, and 242
(10%) reports were reclassified as AUS (Figure 1).

3.1. Histological Followup. The histological diagnosis was
available for 81 nodules of the undetermined category: 36 of
74 (48.6%) nodules classified as FL, and 45 of 242 (18.6%)
nodules classified as AUS.

There were 22 malignant tumors, 34 follicular adenomas,
and 25 nonneoplastic lesions.

Among malignant tumors, 19 were PTC, 15 classic and 4
follicular variant, and 3 were follicular carcinomas.

Follicular adenomas were Hurtle cells type in 13 cases
and follicular in 21 cases.

Nonneoplastic lesions have been shown to be nodular
hyperplasia in 18 cases, Hashimoto’s thyroiditis in 5, gran-
ulomatous thyroiditis in 1, and spindled, probably reactive,
lesion in 1. Among histologically proven carcinomas, 19
(42.2%) were observed in nodules with preoperative AUS
reclassification, whereas 3 (8.3%) were observed in nodules
with preoperative FL reclassification.

Adenomas were observed in 25 (69.4%) nodules classi-
fied as FL and in 9 (20%) classified as AUS.

Seventeen benign lesions (nodular hyperplasia and thy-
roiditis) corresponded to cytological reclassification of AUS
(37.8%) and 8 to FL (22.2%) (Table 1).

3.2. Clinical Followup. Repetition of FNAC was performed in
73 AUS lesions. Nine resulted inadequate, 46 benign, 10 AUS,
1 FL, 5 suspicious, and 2 malignant.

Repetition of FNAC was performed in 8 FL. In 5 cases the
same cytological category was confirmed, whereas in 3 cases
the cytological diagnosis was benign.

64.2%

1600 -
1400 -
1200 -
1000 -
800 A
600 A

400 -

200 - 35% 299

I B FL AUS S M

FiGure 1: I: inadequate; B: benign; FL: follicular lesion; AUS: atypia
of undetermined significance; S: suspicious for malignant neoplasia;
M: malignant neoplasia. Distribution of cytological categories after
reclassification.

For 49 lesions with repeated benign FNA (46 AUS and 3
FL), in which the patients did not undergo thyroid surgery,
clinical and echographic followup supported the benign
nature of the lesion.

3.3. Clinical and Echographic Features. Clinical, echographic
features and cytological diagnosis of histologically proven
carcinomas and adenomas and of nonneoplastic lesions with
histological or clinical followup are reported in Table 2.

No significant statistical differences were found accord-
ing to age, gender, and thyroid function between carcinomas,
adenomas, and nonneoplastic lesions. Moreover, there were
no significant differences for clinical, echographic, and
cytological reclassification between carcinomas and nonneo-
plastic lesions. However, altered autoantibodies, multiple
nodules versus single nodule, and AUS versus FL cytological
category showed a statistically significant difference between
carcinomas and adenomas (Table 3). In detail, after condi-
tioning on the other variables entered in the model, the
probability of observing a carcinoma was more than 15 times
higher when thyroid autoantibodies were altered (OR = 15.43
with a P value = .046), multiple nodules increased the
probability of identifying a carcinoma by almost 79 times
(OR = 78.94 with a P value = .003), and the presence
of AUS cytological category increased the probability of
recognizing a carcinoma by more than 21 times (OR =
21.49 with a P value = .023). Total variance explained by
these three variables entered in the final model is 56% (R? =
0.56) and concordance percentage is 92.9% which means
that 93 of every 100 nodules will be well classified using
alteration in thyroid autoantibodies, multiple/single nodules,
and cytological category as predictors.

Concerning the comparison between nonneoplastic
lesions and adenomas, single nodule (versus multiple nod-
ules), follicular lesion (versus AUS), higher diameter, and
no vascular flow are all statistically significant features
in adenomas compared to nonneoplastic lesions (Table 4).
Keeping the other variables constant in the model, the
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TasLE 1: Histologic followup of cases.

AUS (242 cases) FL (74 cases)
45 18.6% 36 48.6%
Benign 26 57.8% 33 91.6%
Follicular adenoma 5 19.2% 16 48.5%
Hurtle cell adenoma 4 15.4% 9 27.3%
Nodular hyperplasia 11 43.3% 7 21.2%
Hashimoto thyroiditis 4 15.4% 1 3%
De Quervain thyroiditis 1 3.8% — —
Reactive nodule 1 3.8% — —
Malignant 19 42.2% 3 8,4%
Papillary carcinoma classic type 14 73.7% 1 33.3%
Follicular variant of papillary carcinoma 3 15.8% 1 33.3%
Follicular carcinoma 2 10.5% 1 33.3%

AUS: atypia of undetermined significance; FL: follicular lesion.

TasLE 2: Clinical, biochemical, and echographic features of 130 thyroid nodules with histological (81 cases) or benign repeated cytology
with clinical-echographic followup (49 cases).

Carcinoma Adenoma Nodular hyperplasia/thyroiditis
22 16.9% 33 25.4% 75 57.7%
Clinical and biochemical features
Age (years) Rangé 25-75 Rangé 18-81 Rangé 27-72
Median 53 Median 49 Median 51

Female 18 80.8% 26 78.8% 68 90.7%
Male 4 19.2% 7 21.2% 7 9.3%
AbHTG and/or AbTPO 7 31.8% 4 12.1% 27 36.0%
Hypothyroidism 1 4.5% — — 3 4.0%
Hyperthyroidism 1 4.5% 1 3.0% 2 2.7%
Single nodule 8 36.4% 25 75.8% 24 32.0%
Unknown — 1 3.0% 3 4.0%

Diameter (mm) Range 648 Range 7-54 Range 8-50

Median 18 Median 23 Median 15
Palpable 14 63.6% 22 66.7% 35 46.7%
Echographic features
Solid 20 90.9% 26 78.8% 54 72.0%
Hypoechoic 14 70.0% 20 76.9% 37 68.5%
Hyperechoic 2 10% 1 3.8% 10 18.5%
Isoechoic 4 20% 5 19.2% 7 13.0%
Microcalcifications 5 25% 5 19.2% 3 5.6%
Vascular flow 4 20% 14 53.8 11 20.4%
Irregular margins 3 15% 2 7.7% 3 5.6%
Unknown — 2 6.1% 3 4.0%
Mixed 2 9.1% 5 15.1% 16 21.3%
Cystic — — — — 2 2.7%
Cytologic category

AUS 19 86.4% 9 27.3% 65 86.7%
FL 3 13.6% 24 72.7% 10 13.3%

AUS: atypia of undetermined significance; FL: follicular lesion.
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TaBLE 3: Multivariate logistic analysis of the probability of identifying a carcinoma versus an adenoma by clinical, echographic features and

cytologic category.

Parameters entered in the model OR P value Concordance percentage R2
AD altered (yes versus no) 15.43 .046
All nodules (n = 54) Multiple versus single nodule 78.94 .003 92.9% 0.56
Cytologic Category (AUS versus FL) 21.49 .023
Only solid nodules (1 = 45) Mult.iple versus single nodule 29.53 .005 85.9% 0.48
Cytologic Category (AUS versus FL) 12.50 .044

AUS: atypia of undetermined significance; FL: follicular lesion.

TaBLE 4: Multivariate logistic analysis of the probability of identifying a benign nodule (NH and thyroiditis) versus an adenoma by clinical,

echographic features and cytologic category.

Parameters entered in the model OR P value Concordance percentage R?
Multiple versus single nodule 14.47 .002
All nodules (n = 108) Cytologic Category (AUS versus FL) 11.96 .000 81.3% 0.38
Diameter (mm) 0.94 .043
Multiple versus single nodule 10.93 .006
Only solid nodules (n = 80) Cytologic Category (AUS versus FL) 8.48 .005 80.8% 0.37
Vascular flow (yes versus No) 0.14 .035

AUS: atypia of undetermined significance; FL: follicular lesion.

probability of identifying a benign lesion increased by 14.5
times in case of multiple nodules (OR = 14.47 with a
P value = .002) and by 12 times with an AUS cytological
category (OR = 11.96 with a P value < .0001). Finally, for
each mm. of increase in the nodule diameter, the logistic
regression model predicted a 6% decrease in the probability
of observing a nonneoplastic lesion rather than an adenoma
(OR =0.94 and P value = .043). Concordance percentage of
the model is 81.3% and R? is 0.38.

Taking into account only solid nodules (n = 80), the
diameter was no more statistically significant, but another
variable entered in the model, that is, vascular flow: the
presence of vascular flow decreased the probability of
observing a nonneoplastic lesion by 86% (OR = 0.14 and
P value = .035).

4. Conclusions

Although FNAC has been used with success in the diagnosis
of papillary, medullary, and anaplastic thyroid carcinomas,
it is difficult to assess its value in follicular lesions. The
main problem is the distinction between benign lesions,
such as follicular adenoma or nodular adenomatous goiter,
and follicular carcinoma or follicular variant of papillary
carcinoma (FVPTC).

Therefore, histological evaluation is necessary to demon-
strate capsular/vascular invasion for follicular carcinoma and
the subtle nuclear aspects in FVPTC [11].

Classifications, practically overlapping as for benign and
malignant definitions, show some substantial differences
managing undetermined lesions.

Follicular lesions are managed in two main different ways
depending on the classification.

The Bethesda System distinguishes 3 subcategories: “fol-
licular neoplasm or suspicious for a follicular neoplasm”
refers to a cellular aspirate comprised of follicular cells,
most of which are arranged in an altered architectural
pattern characterized by significant cell crowding and/or
microfollicle formation; “follicular neoplasm, Hurthle cell
type/suspicious for follicular neoplasm, Hurthle cell type”
refers to a cellular aspirate consisting exclusively (or nearly
exclusively) of Hurthle cells.

Follicular patterned aspirates that do not otherwise
fulfil the aforementioned criteria are set together with AUS
(AUS/FLUS).

However, a significant difference in malignancy incidence
seems not to appear from the document [8].

The recently published “Guidance on the reporting of
thyroid cytology specimens” of English Royal College of
Pathologist (RCP) names “neoplasm possible” (Thy3) the
undetermined category and separates samples suggesting
follicular neoplasms (Thy3f-f for follicular) from samples
which exhibit cytological atypia or other features which raise
the possibility of neoplasia but which are insufficient to
enable confident placing into any other category (Thy3a-a for
atypia).

Operative indications emerging from BSRTC recom-
mend FNAC repetition for AUS/FLUS (with subsequent
surgery if AUS/FLUS, or worse category, are found) [8],
whereas RCP recommends an individualized and multidis-
ciplinary assessment for each patient [10].

As for AUS, its incidence among thyroid cytological spec-
imens is variably reported, ranging from 2% to 6%, although
some heterogeneity in its definition makes it difficult to draw
consistent conclusions [3, 5, 11, 12]. The Bethesda System for
Reporting Thyroid Cytopathology recommends to use this



category as a last resort and limit its use to approximately 7%
(8].

In our institution, thyroid FNAC classification similar to
that of The Royal College of Pathologists [9, 10] has been
actually chosen, where the presence/absence of nuclear atypia
is the key of the undetermined lesions subclassification in
AUS and FL.

In the present study, data obtained on this basis indicate
that AUS is associated with higher malignancy rates than FL.

Low malignancy incidence in FL emerging from our
study contradicts the usually accepted rates of about 20%
reported by some studies [3, 5, 13, 14, 19, 20] but it is in
agreement with others.

Two Italian studies found no cancers in all operated
nodules with cytological diagnosis of FL [15, 21].

DeMay, at histological examination, found only 2 cancers
(none follicular) among 138 FL [16].

Such a discrepancy may reflect inconsistent patterns in
cytological criteria of classification.

One of the heaviest factors influencing this discrepancy
is cellular atypia, particularly its definition and association
with follicular patterned lesions.

The role of atypia as an independent risk factor for
malignancy has been matter of interest and debate. Although
some authors report no correlation between atypia and
malignancy [5, 22, 23], other studies show, conversely, that
atypia alone or in association with a follicular patterned
FNAC can be linked to a higher risk of malignancy [12, 14,
16, 20, 24, 25].

Interestingly, most literature showing high malignancy
rates in FL, actually reports substantial reduction when
lesions with atypia are excluded [12, 14, 19].

Moreover, among the malignancies histologically proven
in FL, FVPTC appears to be the commonest one, whereas
follicular carcinoma and Hurthle cell carcinomas seem to be
much rarer than usually reported both in FL and, generally,
among all thyroid cancers [13-16].

It is well known that the cytological diagnosis of FVPTC
is challenging, due to a paucity or lack of well-defined
nuclear features of papillary carcinoma, leading, in samples
containing few cellular groups, to a diagnosis of AUS or FL
[13].

However, an accurate evaluation of focal cytological
features and the architectural pattern has been shown to
allow a correct diagnosis of malignancy or suspect for malig-
nancy [26, 27], but adequate smears and skilled pathologists
are necessary, and this could play some role in outcome
differences.

Multivariate analysis of our data allows to draw some
other relevant conclusions.

Among the cytological undetermined lesions of thyroid,
adenomas seem to be the more correctly classifiable on the
basis of cytological, immunological, and ultrasound data.

Firstly, most of FL specimens lead to a histological
diagnosis of adenoma.

Secondly, thyroid autoantibodies appear to be more
common in non-neoplastic lesions and in carcinomas than
in adenomas. As for carcinomas, this is not surprising.
Coexistence of chronic lymphocytic thyroiditis and PTC has
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been reported, at variable frequencies, although it remains
unclear whether these two thyroid disorders share a common
aetiology or thyroiditis represents a host tumor immune
response [28-30].

Moreover, Kim et al. recently reported positive serum
antithyroglobulin antibodies as an independent predictor
for thyroid malignancy in thyroid nodules, regardless of the
presence of autoimmune thyroiditis [31].

Our results, although limited to thyroid cancers discov-
ered in undetermined cytology, seem to be in agreement with
this observation.

Conversely, the overlapping incidences of thyroid
autoantibodies in carcinomas and in non-neoplastic lesions
in the present study could almost partially be due to the fact
that, in the latter, both autoimmune thyroiditis and nodular
hyperplasia were enclosed.

In conclusion, our outcomes suggest higher malignancy
risk in cytological undetermined thyroid lesions with atypia
than without atypia.

The very low incidence of thyroid cancer found in FL
refers to the same perplexity about an unavoidable surgical
treatment, arisen by other authors with similar results [15,
16, 21].

Although all patients with FL should be considered for
surgical resection, they should be also informed about the
low malignancy risk of their condition and other aspects,
such as underlying medical conditions and age of the
patients, presence/absence of thyroid autoantibodies, growth
rate of the nodule, which could be taken in account for the
decision.

Conversely, a more relevant indication to surgery could
be advisable for AUS.

In this lesion, FNAC repetition seems also appropri-
ate. Our data confirm that about half of these aspirates are
reclassified as benign, as already reported in the literature
(3, 12].

Being based on the review of previous cytological data,
our study shares the same limitations of the retrospective
studies, not allowing a prospective, two-arm followup of
operated versus nonoperated cases. Therefore our findings
should be evaluated in this light. Anyway, we clearly doc-
umented clinical and cytological findings in subclassified
undetermined cytologic category in 81 nodules histologically
checked and in 49 nodules with repeated FNAC and clinical
and echographic followup.

Two years ago our results led to the employment, in our
department, of a cytological classification similar to that of
the RCP. A larger, prospective study design has been planned
for the risk assessment in each cytological category.

In recent years, molecular tests have been shown to
be useful in the diagnosis of thyroid neoplasms. Point
mutations in BRAF and RAS genes and gene rearrangements
involving PAX8/PPARy and RET/PTC have been found in
approximately 70% of thyroid neoplasia [32].

The B-RAF V600E mutation has been shown as diagnos-
tic marker for PTC, and there have been many reports on its
diagnostic usefulness in refining the cytological diagnosis of
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this tumor [33-37]. But, unfortunately BRAF analysis is of
limited value in preoperative diagnosis of FVPTC [38].

Moreover, several studies indicate that molecular testing
of thyroid nodules for a panel of mutations can enhance the
accuracy of undetermined FNAC [39, 40], but at present no
single marker seems to be accurate enough to distinguish
thyroid carcinoma from its benign mimics to be introduced
in the routine [41].

Finally, our results support the indication to distinguish
undetermined thyroid cytological samples with follicular
patterned feature without atypia from the undetermined
samples with atypical cells and to relate the FNAC results
with clinical and echographic findings.
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Thyroid cancer in children and adolescents is usually a major concern for physicians, patients, and parents. Controversies regarding
the aggressiveness of the clinical presentation and the ideal therapeutic approach remain among the scientific community. The
current recommendations and staging systems are based on data generated by studies in adults, and this might lead to overtreating
in some cases as well as undertreating in others. Understanding the differences in the biology, clinical course, and outcomes in
this population is crucial for therapeutic decisions. This paper evaluates the biology, clinical presentation, recurrences, and overall
survival as well as the staging systems in children and adolescents with differentiated thyroid cancer.

1. Introduction

Palpable thyroid nodules can be diagnosed in 4 to 7% of the
adult population. The high-resolution ultrasounds are able
to detect nodules around 19% of the adult population, reach-
ing up to 67% in populations at higher risk such as women
and elderly individuals [1]. Considering autopsy series, this
prevalence can reach 50%. Although common, only 5% are
malignant [2].

Thyroid cancer is a rare pathology in childhood and ado-
lescence being responsible for 1.5-3% of all carcinomas in
this age group in the USA and Europe [3]. Such as the adults,
the differentiated thyroid carcinoma is the most commonly
found, especially the papillary carcinoma. In this popula-
tion, age, family history of thyroid disease and radiation
exposure are very important factors as already shown in
various ser-ies [4—6], especially after the Chernobyl accident,
when a substantial increase in the incidence of thyroid
carcinoma in children exposed to radiation was documented
[7].

Staging thyroid carcinoma in children and adolescents is
still a controversial issue. To avoid overtreating, a risk classi-
fication system, with the highest accuracy as possible, should

be used to identify patients who should be treated in a more
conservative or more aggressive way.

The current treatment recommendation is the total thyr-
oidectomy followed by radioiodine therapy, based on good
response and high disease-free survival rate for this age
group. However, many authors question the aggressiveness
of this treatment given the long lifespan of these patients and
long-term complications of high doses of radioiodine.

This revision aims to evaluate the initial therapeutic ap-
proach for children and adolescents with DTC regarding
surgery, adjuvant therapy, and staging.

2. Epidemiology of the Disease

The incidence of clinically palpable thyroid nodules in
children is estimated to be around 1-1.5%. However, in teen-
agers, this prevalence may reach 13% [8]. When compared
to adults, children have four times greater risk of malignancy
when a thyroid nodule is diagnosed. In the US, around 350
individuals aged less than 20 years receive the diagnosis of
thyroid carcinoma annually [9]. In Brazil, the incidence can
reach 2% of all pediatric cancers according to the National
Cancer Institute database [10].



Besides being a rare disease, the differentiated thyroid
carcinoma accounts for about 0.5-3% of all malignancies
in the pediatric population [8]. In addition, the thyroid is
one of the most common sites of a second primary tumor
in children who received external beam radiotherapy to the
neck for the treatment of other neoplasms.

The occurrence of thyroid carcinoma in early childhood
is very rare. In the literature, there are isolated cases of
differentiated thyroid carcinoma in neonates and infants
aged less than 1 year old [11, 12].

Furthermore, the incidence of thyroid cancer seems to
increase with age. In a series with 235 children and adoles-
cents who followed Maria Sktodowska Memorial Cancer
Center and Institute of Oncology for thyroid cancer, 5%
were diagnosed under 6 years old, 10% with 7-9 years,
increasing substantially after 10 years old. The difference
between boys and girls was seen more clearly after 13-14
years old [13]. Also the latest records of SEER cohort (Sur-
veillance, Epidemiology and End Results) from a group of
1753 patients aged less than 20 years confirm the greater
incidence in girls (0.89 cases/100,000 for girls versus 0.2
cases/100,000 for boys) [14].

3. Risk Factors

In the past 60 years, the incidence of thyroid carcinoma in
the pediatric age group presented two distinct peaks. The
first occurred around 1950 due to the use of radiation for the
treatment of common childhood conditions such as Tinea
capitis, acne, chronic tonsillitis, and thymus hyperplasia [15,
16]. In these cases, the thyroid carcinoma was diagnosed on
average 10-20 years after exposure, but with risk persisting
until 40 years later. When the causal relationship between
neck irradiation and thyroid carcinoma was established, such
practices were abandoned leading to a decreasing incidence
in this population [11]. These data led to acceptance of ioniz-
ing radiation, a risk factor for the development of thyroid
cancer [17]. Similarly, external beam radiotherapy for the
treatment of other childhood malignancies would also be
associated with an increased incidence of thyroid carcinoma
in this population [18-20].

A second peak incidence occurred in the mid-1990s in
some regions of Eastern Europe on behalf of the nuclear acci-
dent that occurred in Chernobyl in 1986 [4-6]. The first cases
were diagnosed approximately 4-5 years later, especially in
children under 5 years old at the time of exposure [4, 21].
About 75% of these cases were exposed to the radioactive
fallout between birth and 14 years of age, with most of the
other 25% being from 14 to 17 years old at the time of ex-
posure [21]. The Chernobyl accident confirmed the high-er
sensitivity of the pediatric population, to the effects of radia-
tion when compared to adults [22].

The effects of ionizing radiation on thyroid remain of
great interest of the scientific community. The British Child-
hood Cancer Survivor Study (BCCSS) is a cohort of 17,980
patients who were followed on average for 17.4 years, so far,
whose main objective is to determine the occurrence of a
second primary tumor. Eighty-eight percent of thyroid car-
cinomas were found in patients undergoing radiotherapy
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covering the cervical region. The risk of thyroid carcinoma
was higher in patients treated for Hodgkin’s disease (RR
3.3—IC: 1.1-10.1) and non-Hodgkin Lymphoma (RR 3.4—
IC: 1.1-10.7) [23].

4. Presentation in Childhood

Regarding the clinical presentation, some characteristics are
markedly different in pediatric population.

First, the tumor volume tends to be larger in patients with
less than 20 years old when compared to patients diagnosed
between 20 and 50 years [24]. Zimmerman et al. already
showed, in 1988 [25], that newly diagnosed tumors were
greater than 4 cm in 36% of children as opposed to 15% of
adults and had less than 1 cm in 9% of children as opposed
to 22% of adults. In series contemplating only patients with
papillary carcinoma, only 1.5-3% of tumors had less than
1 cm size at diagnosis [26, 27].

Furthermore, probably due to the fact that thyroid vol-
ume is smaller in children, an early involvement of thyroid
capule and surrounding tissue is seen [28]. Thus, the cate-
gory of microcarcinoma (including tumors with less than
1 cm), commonly used in adults, should be avoided in child-
ren, since a 1 cm tumor constitutes a very important finding
in this age group.

Secondly, the multicentricity also occurs more frequently
in the pediatric age group, especially in the subtype papillary
carcinoma [29, 30]. Such outbreaks have been considered as
polyclonal in most cases [31]. This becomes especially im-
portant as it can be used as an argument in favor of total
thyroidectomy as primary surgical approach for these pa-
tients.

Third, pediatric patients have a higher probability of cer-
vical lymph node metastasis as well as distant metastasis
[21, 32]. In a series done at the Mayo Clinic with 1039
patients with papillary thyroid carcinoma, cervical lymph
node invol-vement was detected in 90% and metastasis
distance in approximately 7% of children versus 35%
of cervical lymph node involvement and 2% of distance
metastasis in adults [25]. In a study performed by our
group with 65 children and adolescents, the occurrence
lymph node metastasis at diagnosis was 61.5%, local invasion
39.5%, and distant metastases 29.2%, all of them being
in the lungs [33]. As the diagnostic methods improved,
clinical presentation of differentiated thyroid carcinoma in
the pediatric age group has changed over time. A review held
at the University of Michigan comparing patients diagnosed
between 1936-1970 with those diagnosed between 1971
and 1990 showed that the patients diagnosed more recently
had a lower in-cidence of lymph node involvement (36%
versus 63%), less local invasion (6% versus 31%), and lower
incidence of lung metastases (6% versus 19%), reflecting a
precocity in diagnosis over the decades, with a consequent
better pro-gnosis, particularly if older than 10 years of age
[34].

The most common site of distant metastasis in children
is the lung with just a few cases described of bone metastases
[12, 35] and of central nervous system metastases [12, 36].
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The histological subtype follows a distribution similar to
adults: 90-95% papillary carcinomas and 5% follicular [9,
37, 38]. Poorly differentiated tumors as insular and anaplastic
are extremely rare [38].

5. Prevalence of Mutations and
Expression of NIS

An important difference between thyroid carcinoma in
pediatric and adult age is related to the high prevalence of
expression of sodium-iodide transporter (NIS) in metastatic
focus found in children [39—41]. In the absence of stimula-
tion of TSH, the expression of NIS is undetectable in 65% of
papillary tumors and 56% of follicular in patients with less
than 20 years [39]. In contrast, the expression of NIS is absent
or negligible in 90% of differentiated carcinomas in adults,
either when searched by PCR with reverse transcription [40]
or by Immunohistochemistry [42].

The greater expression of NIS in the pediatric population
results in greater responsiveness to radioiodine treatment
and better prognosis. In young patients, the recurrence risk
increases in those who do not express the protein NIS when
compared to those who have it [39]. Thus, the degree of NIS
expression correlates with radioiodine avidity by metastases
[43] and lower clinical recurrence rates [44].

Regarding the molecular biology of these tumors, ap-
parently RET-PTC rearrangements occur in childhood more
frequently than in adults, especially in the radiation-relat-
ed tumors. Initial studies of Chernobyl-associated PTC
identified RET/PTC-3 as the most common form of RET
rearrangement in radiation-induced childhood PTC [45-
49]. However, Pisarchik et al. found that 29% of adult and
childhood PTC in Belarus actually contained RET/PTC-1 re-
arrangements [45]. It was hypothesized that the increase in
frequency of the RET/PTC-1 rearrangements in those adults
could be related to a longer latency period in those cases. In
addition, patients who had RET/PTC-3 rearrangements were
diagnosed much earlier after the Chernobyl incident [45].
Motomura et al. reported that 71% of sporadic PTC from
children in the United States and 87% of PTC from child-
ren living in radiation-contaminated areas of Belarus contain
rearrangements of the RET oncogene [50, 51].

Besides RET/PTC rearrangements, other groups suggest-
ed the immunohistochemical overexpression of MET associ-
ated with high recurrence rate in children and adolescents
[51], in addition to the immunohistochemical overexpres-
sion of growth factors of vascular endothelium [52] and telo-
merase, however, without definitive findings [53].

In the case of follicular carcinomas, the two most freq-
uently involved genes would be RAS and PPAR gamma,
and their rearrangement might serve as a trigger to the
transformation from adenoma to carcinoma [54]. However,
little is known about its role in the prognosis of such neo-
plasms.

6. Prognosis

The prognosis of these tumors in childhood is a very in-
teresting issue. Despite having a greater recurrence rate

when compared to adults, survival seems to be better [55].
Mazzaferri and Kloos in a series with 16.6 years of followup,
found a recurrence rate, in patients with less than 20 years
old, around 40%, while those with more than 20 years of age
had 20% recurrence rates [24]. In contrast, survival is greater
than in adults. In a study done in Minsk with a large cohort
of 741 patients, the survival rate was 99.3% in 5 years and
98.5% in 10 years in a pediatric population [56].

Age seems to be a very important prognostic factor in
thyroid cancer. Children and adolescents are usually classi-
fied as having a better prognosis and they are classified to-
gether with all patients under 45 years old. However, Lazar
et al. showed that patients with less than 10 years, mainly
prepubertal, had a worse prognosis than the older and more
advanced pubertal stages patients [34].

7. Treatment

Regardless, the biology of papillary and follicular tumors,
the therapeutic approach is very similar for both subtypes
of tumors [12, 55]. As well as in adults, the treatment of
differentiated thyroid carcinoma is based on the combination
of three therapeutic modalities: surgery, hormone replace-
ment with levothyroxine, and radioiodine treatment. The
surgery can vary from lobectomy to total thyroidectomy
accompanied by cervical lymphadenectomy in various ways.
Latest guidelines recommend total thyroidectomy, mainly
for larger tumors, 1 cm [24, 57, 58] associated with cervical
dissection of central or lateral compartment block if lymph
node metastases are seen in preoperative imaging or during
the surgery. The main surgical complications include persis-
tent hypoparathyroidism and laryngeal nerve damage that
may cause a wide spectrum of clinical consequences: from
hoarseness to total vocal cord paralysis, with need for de-
finitive tracheotomy [59].

After a total or near-total thyroidectomy, the volume of
remaining gland should be less than 2 g seen in the cervical
ultrasound performed around one month after surgery [55].

Even after total thyroidectomy, some radioiodine uptake
is seen in the thyroid bed. Generally, this phenomenon is
assigned to the remaining normal thyroid cells left by the
surgeon to protect the nerve and around Berry’s ligament.
However, because multicentricity and metastatic disease are
more common in the pediatric age group, the possibility of
such outbreaks being malignant cells cannot be ruled out.
Thus, most societies recommend radioiodine ablation in the
vast majority of patients under 45 years old but none of them
make specific recommendations for children and adolescents
[55, 58—60]. However, the radioiodine treatment should be
used to complement, not replace, the total thyroidectomy.
The success of ablation is significantly lower in patients who
have undergone less extensive surgery, such as near-total
thyroidectomy [24, 61]. In most cases, one dose of radio-
iodine treatment is capable of achieving complete ablation;
however, the procedure may have to be repeated usually
6—12 months after the first [62]. Some variables seem to
influence the success of thyroid remnant ablation and the
most important one seems to be the presence of lymph node
metastases in low risk patients [33]. However, little is known



about the prognostic significance of achieving a successful
ablation with the first dosage of I-131 in patients with differ-
entiated thyroid cancer. Mazzaferri and Jhiang have shown
that adult patients with a successful ablation had a better
prognosis than those who failed: disease-free survival was
87% versus 49% after 10 years; additionally, thyroid-cancer
related survival was 93% versus 78% [63]. On the other hand,
the Mayo Clinic studies did not show a major impact in the
overall survival and in the recurrence rates [25, 64].

The third treatment modality is thyroid hormone re-
placement. This suppressive therapy with thyroid hormone is
believed to reduce the risk of growth or tumor proliferation
induced by TSH [65]. In children and adolescents still under-
going growth, there are several studies that guarantee the
efficacy and safety of this approach, particularly with regard
to their final height, as long as they are carefully controlled
[55].

Possible side effects of long-term suppressive therapy in-
clude osteoporosis and cardiovascular disease, especially of
left ventricular hypertrophy [65, 66]; such are effects docu-
mented in adults.

8. Radioiodine in Childhood and Its Side Effects

The radioiodine treatment in pediatric age should be pre-
ferably administered in capsule form, in association with an
antiemetic medication, in an attempt to ensure that the activ-
ity administered has been fully ingested.

Iodine 131 therapy can lead to a temporary loss of sali-
vary flow and change of taste in up to 30% of the cases [59].
However, permanent xerostomia is rare. The most serious
side effect from radioiodine treatment is radiation-induced
leukemia that happen in 1 out of 26 treated patients in a
study held in Netherlands with children and adolescents [59].
Another concern is pulmonary fibrosis that may occur in up
to 1% of cases, mostly in those with diffuse lung metastases.
Both effects are dose dependent and usually are seen in pa-
tients that underwent multiple treatments with a total dose
above 600 mCi [59].

The actinic sialoadenitis is common but usually is rever-
sible [67]. This complication is more frequent in the absen-
ce of iodine-avid metastases and discrete thyroid remnant,
situations with greater availability of radioiodine to the sali-
vary glands [34, 67]. A transitional impairment of sper-
matogenesis [34, 67, 68] is observed after ablation thera-py
with high doses of iodine 131. Permanent infertility is pos-
sible with accumulated high doses [69]. Usually the pro-
duction of testosterone is preserved [68, 69], although an
elevation of LH can occur [69]. In women, an increment of
FSH and reversible menstrual changes [68, 69] and even in-
fertility and early menopause [69] may occur after high doses
of radioiodine.

Whereas the maximum dose absorbed by the gonads is
5 mGy/mCi, Maxon inferred that permanent infertility does
not occur in women with doses up to 300 mCi iodine-131
and happen in less than 10% of men with this same dose.
With doses of 800 mCi or more, infertility would go up to
60% of women and more than 90% of men [69, 70].

Journal of Thyroid Research

In adolescent boys, radioiodine can also cause a decrease
in quantity and affect sperm quality leading to infertility that
may be transient or permanent [71].

9. Controversies

Even with all knowledge acquired today, the controversies on
the ideal approach of these patients remain. The lack of stud-
ies demonstrating real benefit in overall survival of these pa-
tients comparing the different therapeutic modalities con-
tributes to this discussion. Groups like the Mayo Clinic advo-
cate a conservative treatment (considering the possibility of
partial thyroidectomy without adjuvant radioiodine therapy)
using as argument the observation of 1.7% mortality after
28 years of monitoring and 3.4% recurrence in 30 years in
58 patients under 17 years at diagnosis, in which only 38%
underwent total thyroidectomy and 17% radioiodine treat-
ment adjuvant, that is, a good evolution even without the
traditionally recommended intensive treatment [25].

The main arguments of those who prefer a more aggres-
sive approach are based on studies with long follow-up per-
iod analyzing disease-free survival and recurrence rate. For
example, Chow et al., in this univariate analysis, showed that
the local recurrence rate in children was reduced from 42% to
6.3% when radioiodine adjuvant treatment was per-formed
(P =.0001) [72].

The application of the current staging system created by
the International Union against Cancer (AJCC/UICC) bas-
ed on the TNM and age is recommended for all types of
tumors including thyroid [73], in an attempt to standardize
the tumoral extension description [73]. However, in thyroid
carcinoma, TNM staging does not take into consideration
several additional factors that influence the evolution and
prognosis and so has a limited capacity of predicting out-
come in some cases. Thus, several other staging systems are
being proposed in the attempt to achieve a better accur-
acy, among them: CAEORTC, AGES, AMES, MACE, and
ATA. [58, 74-77]. These systems take into account factors
identified as predictor of outcomes in retrospective studies,
usually taking into consideration the presence of metastases,
the age of the patient, and the extent of the tumor site.
However, most of them were developed to predict cancer-
specific mortality not to predict recurrence [76]. Because the
mortality is low, there is not an ideal standing system for
thyroid cancer yet, especially when it comes to the pediatric
population. These patients are usually grouped with minors
45 years which may be responsible for the low accuracy
of all existing systems for patients under 20 years of age,
that clearly have a different clinical presentations and bio-
logy when compared to older patients. In a recent study
performed with 65 patients under 20 years old, the staging
system proposed by ATA in 2009 seems to be better than the
others for predicting disease-free survival [33]. More studies
with this specific population are needed to develop a specific
risk assessment for this age group.

10. Conclusion

Although children with DTC typically present with locore-
gional metastases and a high rate of distant metastatic
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disease, overall survival is very good. Treatment should be
based on their increased risk for recurrence instead of overall
mortality, and lifelong followup is required because recur-
rence and death may not occur for decades after diagnosis.
Initial treatment will generally include total thyroidectomy
and central compartment lymph node dissection especially if
lymph node disease is found in the preoperative evaluation.
Radioiodine ablation should be individualized and given to
those with a higher risk of recurrence.

Large multicenter studies are needed to better under-
stand optimal treatment approaches to this unique pop-
ulation. All care of pediatric DTC should be delivered
by multidisciplinary specialized teams which include both
pediatricians and thyroid cancer specialists to minimize
possible complications and ensure competent followup.
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Medullary thyroid carcinoma occurs in both sporadic (75%) and hereditary (25%) forms. The missense mutations of RET
proto-oncogene in MTC development have been well demonstrated. To investigate the spectrum of predominant RET germline
mutations in exons 10, 11, and 16 in hereditary MTC in Iranian population, 217 participants were included. Genomic DNAs were
extracted from the leukocytes using the standard Salting Out/Proteinase K method. Mutation detection was performed through
PCR-RFLP and DNA sequencing. In 217 participants, 43 missense mutations were identified in exons 10 (6%), 11 (13%), and 16
(0.9%). Moreover, a novel germline mutation was detected in exon 11 (S686N). Also four different polymorphisms were found in
intron 16 in eight patients. The obtained data showed the frequency profile of RET mutations in Iranian individuals with MTC
(19.8%). The most frequent mutation in our population was C634G whereas in most population it was C634R. Altogether, these

results underline the importance of the genetic background of family members of any patient with MTC.

1. Introduction

Thyroid carcinoma is the most frequent malignant tumor
of the endocrine system and accounts for nearly 1% of
total human cancers [1]. Medullary thyroid carcinoma
(MTC) is a malignancy of the parafollicular C cells derived
from neural crest. MTC represents 5-10% of all types of
thyroid cancers [2—4] and occurs in both sporadic (75%)
and hereditary (25%) forms. The latter has an autosomal
dominant mode of inheritance with variable expressivity and
an age-related penetrance [5, 6]. This form of MTC is divided
into 3 subtypes: isolated Familial MTC (FMTC) and multiple
endocrine neoplasia type 2A and 2B (MEN2A, 2B). Affected
individuals in FMTC develop MTC without any other abnor-
malities. MEN2A is characterized by MTC, pheochromocy-
toma, and parathyroid hyperplasia (75% of hereditary MTC)
and MEN2B is characterized by MTC, pheochromocytoma,

mucosal neuromas, ganglioneuromatosis of the gut, and a
Marfanoid habitus (MEN2B) [5-8]. The gene(s) responsible
for FMTC, MEN2A, and MEN2B were mapped on chro-
mosome 10q11.2 by genetic linkage analysis [9]. Rearranged
during transfection (RET) proto-oncogene is located on
10q11.21 chromosome [10] within the candidate region and
has 21 exons and its point mutations have been identified in
FMTC, MEN2A, and MEN2B. This proto-oncogene encodes
a single-pass transmembrane receptor with a tyrosine kinase
activity that is crucial in signal transduction during cell
growth and differentiation [11]. The RET receptor in cell
membrane is composed of one cystein rich residue, four
cadherin-like repeats, and one calcium binding site in ex-
tracellular portion and contains tyrosine kinase domain in
intracellular portion [12-14]. Upon ligand binding, RET
dimerization is induced and mutual transphosphorylation
of tyrosine residues occurs [15].



RET proto-oncogene loss of function results in Hirch-
sprung disease and its gain of function is implicated in a
number of cancer syndromes such as MTC [13, 15]. As
RET is a proto-oncogene, a single activating mutation in its
one allele is sufficient to cause neoplastic changes [16].
Hereditary MTC is caused by germline mutations in the RET
proto-oncogene and its somatic mutations is implicated in
the sporadic MTC [2, 17]. The most frequent mutations in
the RET proto-oncogene have been found in five cysteine
codons 609, 611, 618, and 620 of exon 10 and codon 634 of
exon 11. In addition, some other mutations have also been
identified in noncystein codons such as 804 in exon 14,
883 in exon 15, and 918 in exon 16 [18, 19]. A germline
mutation in this proto-oncogene has been observed in more
than 95% of MEN2 patients [3] and several studies have
found that point mutations are the extracellular domain
in more than 96% MEN2A and 86% FMTC patients [13,
20]. These mutations induce RET proto-oncogene catalytic
activity through disulfide homodimerization even in ligand
absence [21-24]. Germline mutations also occur in the RET
intracellular domain in codons 768, 790, and 791 (exon 13),
codons 804, 844 (exon 14), and codon 891 (exon 15) in the
FMTC [25] and codon 918 (exon 16) in MEN2B patients
[16].

The early diagnosis of carrier RET mutation individuals,
which are susceptible to develop MTC later in life, is possible.
Genetic screening especially is useful for first-degree kindred
of MTC patients. The aim of this study was to determine the
allele frequency of predominant RET germline mutations in
exons 10, 11, and 16 among Iranian hereditary MTC patients.

2. Materials and Methods

2.1. Patients. The study population consisted of 217 individ-
uals, including 151 patients and 66 their first-degree relatives
diagnosed for MTC between 2002 and 2010. They were
referred to Research Institute for Endocrine Sciences, Shahid
Beheshti University of Medical Science and the volunteer
individuals were included in the survey after obtaining an
informed consent. The diagnosis of MTC was confirmed by
histopathologic documents. After germline RET mutation
analysis, the first-degree relatives of MTC patients with
positive mutations were also examined for RET mutations.
This study has been approved by the Institutional Review
Board and Ethics Committee of Obesity Research Center,
Research Institute for Endocrine Sciences, Shahid Beheshti
University of Medical Sciences.

2.2. RET Genetic Analysis. Blood samples were collected in
EDTA from all 217 subjects. Genomic DNA was extracted
from peripheral leucocytes samples according to a Standard
Salting-out/Proteinase K method. An aliquot of DNA for
each individual was stored at —20°C.

The RET gene exons 10, 11, and 16 were analyzed in
all subjects using PCR-RFLP methods [22, 23]. For positive
patients, sequencing was carried out in both sense and
antisense direction.

For amplification of the DNA segment containing RET
exon 10, the following primers were used: (10F 5 GCG-
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CCCCAGGAGGCTGATGC3") and (10R 5'CGTGGTGGT-
CCCGGCCGCCLYI'). The RET exon 11 was amplified using
following primers: (11AF 5'CCTCTGCGGTGCCAAGCC-
TC3") and (11AR 5"CACCGGAAGAGGAGTAGCTG3') [23,
24, 26]. Amplification was carried out in a volume of
50 uL containing 1.5uL of 10xbuffer, 50ng DNA, 0.3 uL
of each dNTPs (10 mM) (Boehringer Mannheim Co.), 1 L
of each exons 10 and 11 primers (10 M) (TIB MOLBIOL
Synthesalabor Co.), 0.25uL MgCl, (50 mM), and one U
Taq polymerase (Boehringer Mannheim Co.). PCR reaction
for both exons 10 and 11 was 30 cycles and performed
in an automatic thermocycler (Omnigene & Hybaid Co.)
under the following conditions: denaturation at 93°C for
45 seconds, annealing at 67°C for 30 seconds and extension
at 72°C for another 45 seconds, and final extension at 72°C
for 10 minutes [18, 27].

For amplification of the DNA segment containing RET
exon 16, the following primers were used: (16F 5’GTGCCC-
AGGAGTGTCTACCA3') and (16R 5 CAGGACCACAGG-
AGGGTAAC3’). A PCR reaction of exon 16 was performed
in a 15yl mixture containing 50ng DNA, 0.35uL of
MgCl, (50 mM), 0.5 uL of each dANTPs (10 mM) (Boehringer
Mannheim Co.), 0.6 4L of each exon 16 primers (10 uM)
(TIB MOLBIOL Synthesalabor Co.), 1.5uL of 10 X buffer,
and one U Taq polymerase (Boehringer Mannheim Co.).
PCR reaction for exon 16 was 30 cycles and performed
in an automatic thermocycler (Omnigene & Hybaid Co.)
under the following conditions: denaturation at 92°C for
10 minutes and 93°C for 45seconds, annealing at 59.5°C
for 30seconds, extension at 72°C for 55seconds, and final
extension at 72°C for 10 minutes [27-29].

The amplified PCR products were digested by each of
Taq I, BstU I, Mbo II, Rsa I, Nla IV (England Biolabs), and
Cfo I (Roehe Molecular Biochemicals) restriction enzymes
for exon 10. The products were digested with the following
restriction enzymes Cfo I, Rsa I, Hae III, and Dde I for exon
11, and FokI for exon 16 (England Biolabs) in the restriction
buffer according to the manufacturer’s instructions [10,
27, 28]. The RFLP-produced patterns by these restriction
enzymes in the presence and absence of each RET exon
10, 11, and 16 mutations have been shown in Table 1. The
digested samples were separated by electrophoresis through a
10% nondenaturing polyacrylamide gel electrophoresis and
then detected by silver staining method. The positive samples
for RET mutation then were sequences.

3. Results

Altogether, 217 individuals, including 126 females and 91
males, participated in this study and the overall female-to-
male ratio was 1.4:1. Among these, 151 individuals were
diagnosed with MTC (88 females and 63 males) and 66
individuals were their first-degree relatives. The mean age of
individuals was 33.4 + 15.8 years. Genetic analyses revealed a
germline RET missense mutation in 43 out of 217 (19.8%)
individuals that 24 mutations occurred in female and 19
mutations were in male. From RET positive individuals, 36
mutations were in patients and seven mutations were in their
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TaBLE 1: Characterization and distribution of RET proto-oncogene germ-line mutations in exons 10, 11, 16, and intron 16 among patients

with MTC and their families.

RET

. Exon Changed bp
mutation
Normal (Mutant) Frequency Families

C611W 10 TGC (TGG) 0 0
C618Y 10 TGC (TAC) 5 2
C618R 10 TGC (CGC) 1 1
C618F 10 TGC (TTC) 4 4
C618S 10 TGC (AGC) 1 1
C620R 10 TGC (CGC) 1 1
C620F 10 TGC (TTC) 1 1
C634R 11 TGC (CGC) 1 1
C634Y 11 TGC (TAC) 5 3
C634G 11 TGC (GGC) 11 9
C634W 11 TGC (TGG) 1 1
C634S 11 TGC (AGC) 9 2
S686N 11 AGC>AAC 1 1
MI18T 16 ATG (ACG) 2 2
Intron 16 A>T (rs3026772) 2 2

45044G>A 1 1

45095C>A 4 1

45190C>A 1 1

first-degree relatives. Moreover, the mutations found in this
study are belonging to the independent families.

In this study the majority of RET mutations (28 of 43,
65.1%) were located in exon 11 (11 C634G, nine C634S, five
C634Y, one C634R, one C634W, and one S686N) (Figure 1).
Interestingly, one of the positive RET patients had a new
restriction site in exon 11 for Cfol restriction enzyme, but
its cut fragments on a poly acryl amid gel were differed
from another positive patients who had this restriction site
(C634R). With direct DNA sequencing of exon 11 of this
patient, a new missense mutation was detected at codon
686 (Ser686Asn, AGC>AAC) that has been not reported yet.
This patient was an 18-year-old girl who had underwent
thyroidectomy for thyroid nodules about 2 years ago, and her
father suffered from very aggressive MTC.

The other 15 mutations were found in exons 10 and 16. In
particular, 13 of 43 mutations (30.2%) were in exon 10 (five
C618Y, four C618F, one C618S, one C618R, one C620F, and
one C620R). In addition, two of 43 mutations (4.6%) were
identified at codon 918 of exon 16 (M918T). One of these
patients was a 14-year-old girl with early-diagnosed MTC.
This mutation was found only in this patient although her
parents were normal suggesting that it may be a de novo
mutation. The other patient with M918T mutation was a
boy that had been thyroidectomized when he was 10-year-
old and he was diagnosed for early MTC. Unfortunately, he
died when he was 19-year-old, because of distant metastasis
to lung and brain.

Additionally, in the present study four sequence varia-
tions were detected in intron 16 of the RET proto-oncogene
in seven patients and one their relatives, which three of those

were new variations. These polymorphisms include A>T
(rs3026772), 45044G>A, 45095C>A, and 45190C>A. A first
variant, A>T (rs3026772), was identified in intron 16 in
2 patients affected to MTC. A second variant, 45044G>A,
was detected in a patient that had a mutation in codon
634 (C634S). A third variant, 45095C>A, was identified in
a family (4 individuals) with MEN2B where all of them
carried a mutation in codon 611 (C611Y). The last variant,
45190C>A, was in a patient diagnosed for MTC with
additional mutation in codon 620 (C620R).

4. Discussion

In present study, by mutational screening of the RET
proto-oncogene we found 43 germline mutations in the
predominant codons of exons 10, 11, and 16 among 217
individuals with MTCs. All of these encode cysteine codon
618 or 620 in exon 10 (30.2%) and cysteine codon 634
in exon 11 (65.1%), except of two (4.6%) mutations that
occurred in codon 918 in exon 16 (M918T) and one new
mutation that found in codon 686 in exon 11 (S686N). In
this investigation, overall frequency profile of RET proto-
oncogene germline mutation in Iranian MTC patients was
estimated 19.8%.

Mutations of the extracellular RET cysteine-rich domain
at codons 634, 609, 611, 618, and 620 resulted in ligand-
independent dimerization of receptor molecules, enhanced
phosphorylation of intracellular substrates, and cell transfor-
mation. Germline mutations in codons 609, 611, 618, 620,
634, and 768 have been discovered predominantly in MEN
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2A and FMTC [27-29]. Mutation of the intracellular tyrosine
kinase (codon 918) has no effect on receptor dimerization
but causes constitutive activation of intracellular signaling
pathways and also results in cellular transformation. It is
demonstrated that patients with codon 918 mutations and
MEN2B have a high risk of aggressive MTC occurring at a
young age [29].

The mutations at codon 634, known as a common
mutation in Caucasians [26], accounted for 65.1% of all
mutations found in Iranian patients with MTC, in our study.
Among five different types of nucleotide substitution found
in this codon, changes from Cys to Gly (11 of 43) were the
most common, followed by Cys to Ser (9 0of 43), Cys to Tyr (5
of 43), Cys to Arg (one of 43), and Cys to Trp (one of 43). A
comparison of our data with those available in the literature
on other Caucasians indicates that the common alteration
from Cys634Gly in this study may represent a founder
effect. Indeed it has been reported that Cys634Arg mutation-
that is the most common mutation in MTC patients in
many population—is related to parathyroid diseases [30].
However, this mutation is rare in our population (identified
in one patient, only). However, in the very recent study
that carried out by Alvandi et al. in Iran, the most frequent
mutation was Cys634Arg (five mutations in 55 patients).
This different result in comparison with our study may
be related to different genetic background of those studied
population [31].

Fernandez et al. in a study showed that the most
frequent RET mutation in MEN 2A Spanish families is
C634Y [32]. The RET proto-oncogene mutation analyses in
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French hereditary MEN2A and their first-degree relatives
revealed that the most frequent mutation in this popula-
tion was C634R and C634Y [29, 33]. In contrast, more
prevalent mutation in FMTC in Sardinia was observed in
codon 804 (V804M) and the less frequent mutant allele
was present in codon 634 [34]. Also, high prevalence of
RET mutations in the hereditary type of MTC has been
found in codons 634 (C634R), 918 (M918T), 768, and
804 in American population [19]. Another study in China
showed that the highest frequency of the RET mutation in
patients with hereditary MTC was in codon 634 (C634Y)
and 918 (M918T) in MEN2A and MEN2B, respectively.
However, the most frequent RET proto-oncogene mutations
in Saudi’s families with MEN2A and FMTC [35] and in
the Netherlands population with FMTC were at codon 618
[19]. A mutation rate in codon 918 (M918T) was high in
sporadic type of MTC in Portugal, Czech Republic, and Italy
population [2—4, 33, 36]. However, we identified only two
M918T germline mutations in studied population, which in
comparison with other population is low.

In general, it is apparent that the prevalence of RET
proto-oncogene mutations in most Caucasian population
may be related to codon 634 and codon 918. The present
study also is in agreement with these reports, except for
codon 918.

We showed the frequency profile of RET proto-oncogene
mutations in a sample of 151 Iranian MTCs and 66 their
relatives. These results underline the importance of the
genetic background in the distribution of RET mutations and
should be taken into account in genetic evaluation of MTC
patients.

Finally, it is suggested that other RET exons especially
those with high frequency of mutations such as exons
13, 14, and 15 should be examined. Direct sequencing
analysis is also an accurate method to detect unknown
RET mutations. Furthermore, a transforming activity and
functional effect(s) of a new RET mutants such as S686N and
intronic polymorphisms remain to be elucidated.
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Research on medullary thyroid carcinoma (MTC) over the last 55 years has led to a good understanding of the genetic defects and
altered molecular pathways associated with its development. Currently, with the use of genetic testing, patients at high risk for
MTC can be identified before the disease develops and offered prophylactic treatment. In cases of localized neck disease, surgery
can be curative. However, once MTC has spread beyond the neck, systemic therapy may be necessary. Conventional chemotherapy
has been shown to be ineffective; however, multikinase inhibitors have shown promise in stabilizing disease, and this year will
probably see the approval of a drug (Vandetanib) for advanced unresectable or metastatic disease, which represents a new chapter
in the history of MTC. In this paper, we explore newly understood molecular pathways and the most promising emerging therapies

that may change the management of MTC.

1. Introduction

Medullary thyroid carcinoma (MTC) is a neuroendocrine
tumor derived from parafollicular cells of the thyroid gland
[1]. MTC represents less than 3% of thyroid carcinomas
in the United States [2]. The first description of its major
histological features and characterization as a separate
entity was done in 1959 by Hazard et al. [3]. It was
then rapidly recognized that this carcinoma had distinctive
clinical features, in that MTC was found to be associated with
pheochromocytomas and other tumors, an association now
known as multiple endocrine neoplasia type 2 (MEN2) [4].
The identification of familial cases led to the conclusion that
many MTCs were probably hereditary [5]. In 1966, MTC was
found to arise from the calcitonin-secreting parafollicular
cells [6]. Subsequently, calcitonin provocation tests with cal-
cium and/or pentagastrin were used to identify individuals
susceptible to familial MTC, and those individuals were
offered prophylactic thyroidectomy [7].

Activating mutations of the Rearranged during Trans-
fection (RET) proto-oncogene were described for the first
time in patients with familial forms of MTC in 1993 [8, 9].

Since then, several germline RET proto-oncogene mutations
have been found in almost 100% of hereditary MTCs.
Additionally, somatic RET proto-oncogene mutations have
been found in approximately 40% of patients with sporadic
MTC [10, 11]. These discoveries created new paradigms for
the management of MTC: (1) the identification of germline
RET proto-oncogene mutation carriers would allow the
removal of the thyroid cells at risk for transformation early
in life (this paradigm is perhaps the most perfect example
of primary cancer prevention in humans to date), (2) the
identification of several hidden familial medullary thyroid
cancers [12], and (3) the abnormally activated RET gene
might become a target to treat patients with advanced
sporadic and hereditary MTC. Our goal in this paper is
to describe the molecular pathways associated with MTC
tumorigenesis and emerging therapies against this disease
(Figure 1).

2. MTC and the RET Proto-Oncogene

Autonomous cell growth is the defining feature of all
benign or malignant tumors. Malignant neoplasms have
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in unresectable and/or extensive metastatic disease and/or progression. (b) *Every patient should be evaluated in an individual basis, and the
decision to treat as well as the indication is not always clear cut as one must take into consideration quality of life issues and adverse events

associated with treatment.

the capacity to invade the surrounding normal tissue and
metastasize to distant sites. Molecules that are responsible for
growth and other fundamental cell functions are frequently
mutated in cancers. An example of such molecules is the
tyrosine kinase (TK) receptors (Figure2). TK receptors
are membrane-spanning proteins with large N-terminal
extracellular domains that act as ligand-binding sites and
intracellular domains that catalyze the transfer of the y
phosphate of adenosine-5'-triphosphate (ATP) to hydroxyl
groups of tyrosines of target proteins. TKs control a wide
range of fundamental processes of cells such as the cell
cycle, proliferation, angiogenesis, differentiation, motility,
apoptosis, and survival.

The RET proto-oncogene is located in chromosome
10q11.2 [13]. The gene has 21 exons [14] and codes for a
receptor TK [15]. The RET receptor is a transmembrane
protein constituted by extracellular, transmembrane, and
cytoplasmatic domains. The extracellular domain has a
stretch of approximately 100 amino acids that are similar
to members of the cadherin family of Ca2*dependent cell
adhesion molecules [16]. The binding of calcium to this
cadherin-like domain is needed for conformational changes
necessary for the interaction with different glial cell line-
derived neurotrophic factor ligand family members (GDNE,
neurturin, artemin, and persephin) [17]. These ligands in
conjunction with a ligand-specific coreceptor (GFRa 1-4)
activate RET [18]. These ligands or coreceptors are not
always needed for RET activation [19]. Following RET
activation, specific tyrosine residues are phosphorylated.
These residues serve as docking sites for adaptor proteins that

link the receptor to the main signal transduction pathways.
Different activated sites trigger the activation of different
pathways. For instance, tyrosine 1015 is a binding site for
phospholipase C that activates protein kinase C (PKC). Other
examples are given by the phosphorylated y tyrosine 981
which is responsible for Src activation upon RET engagement
[20] and the phosphorylation of tyrosine 1062, several
adaptor or effector proteins are recruited including Shc,
FRS2, Dok family proteins, insulin receptor substrate 2,
and Enigma [21]. Then, various pathways that regulate cell
survival, differentiation, proliferation, and chemotaxis [20]
are activated, including RAS-extracellular signal-regulated
kinase (ERK), phosphatidylinositol 3-kinase (PI3K)-Akt,
P58 mitogen-activated protein kinase (MAPK), and Jun N-
terminal kinase (JNK) [22] (Figure 3).

Mutated RET is expressed in derivatives of neural crest
cells, including hereditary and sporadic MTC and pheochro-
mocytoma [23]. These mutations are referred to as gain-of-
function, because they lead to either a constitutively active
TK or decreased specificity of the TK for its substrate [24].

3. RET Genotype-Phenotype Correlations

3.1. Sporadic MTC. Sporadic MTC constitutes 65% to 75%
of MTC cases [25]. The most frequent clinical presentation is
that of a thyroid nodule. Up to 75% of patients with palpable
MTC have nodal metastases in the central and ipsilateral
neck compartments, and 47% of patients with palpable MTC
have nodal metastases in the contralateral neck [26]. Distant
metastases frequently occur in the liver, lungs, and bones.
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Figure 2: Simplified schematic representation of some of the TKs and pathways involved in MTC carcinogenesis as well normal physiology.
These TKs represent important targets of TKIs. Written in the gray box are the consequences of the activation of multiple pathways and not

of any one in particular.

Somatic mutations occur in 30% to 40% of cases
[10, 11]. Exon 16, codon 918 ATG — ACG mutation is the
most common somatic mutation in sporadic MTC [27].
This mutation is associated with larger tumors and a more
advanced disease stage at diagnosis [11].

3.2. Hereditary MTC. Hereditary MTC constitutes 25% to
35% of MTC cases [25]. Hereditary MTC is preceded by
C-cell hyperplasia and is usually bilateral and multicentric
[28]. Hereditary forms of MTC are caused by germline
RET proto-oncogene mutations and occurs as part of
the MEN2 syndromes. MEN2A is characterized by MTC
in almost 100% of gene carriers, pheochromocytomas,
and parathyroid tumors. The most common mutations in
MEN2A occur in one of six cysteine residues (codons 609,
611, 618, 620, 630, and 634) in the RET extracellular domain.
The most frequently mutated residue found in patients
with MEN2A is cysteine 634, in which removal of one-
half of an intramolecular disulfide bond allows formation
of an intermolecular disulfide bond with a second mutant
molecule, thus leading to constitutive receptor dimerization
[29]. PI3K-Akt and MAPK pathways have been implicated in
MEN2A [30].

There are three variants of the syndrome: (1) MEN2A
with Hirschsprung disease, (2) MEN2A associated with
cutaneous lichen amyloidosis, and (3) familial MTC, in
which MTC is the only manifestation. Familial MTC RET-
mutation affects the extracellular cysteine-rich region and
the TK domain. This variant tends to be the least aggressive
form of hereditary MTC.

MEN2B is the most distinctive and aggressive MEN2
syndrome. The most common mutations associated with
MEN2B are M918T and A883F. These mutations, unlike
MEN2A, are in the TK domain and lead to an activated

monomeric form, thus altering substrate specificity [29].
The PI3K/Akt cascade has been shown to be important in
the pathogenesis of MEN2B in cell lines [31].

4. TK Receptors Other Than RET Involved in
MTC Tumorigenesis

4.1. Epidermal Growth Factor Receptor. The epidermal
growth factor receptor (EGFR/HER-1/erbB1) is a TK recep-
tor. It is one of four homologous transmembrane receptors
(the others are HER-2/erbB-2, HER-3/erbB-3, and HER-
4/erbB-4) that mediate the actions of different growth fac-
tors, such as epidermal growth factor, transforming growth
factor-a, and neuregulins [32]. The binding of ligands
to these receptors induces EGFR homo- and/heterodimer
formation, kinase domain activation, and phosphorylation
of specific tyrosine residue that serve as docking sites for
molecules that lead to the activation of several cascades,
including the MAPK and PI3K pathways [33].

EGFR oncogenic activation can occur due to several
mechanisms: excess ligand or receptor expression, activating
mutations, failure of inactivation, or transactivation through
receptor dimerization [34]. To date, two major types of
EGFR-targeting agents exists monoclonal antibodies and
small-molecule ATP-competitive TK inhibitors (TKIs) [35,
36]. PKI166, a potent EGFR kinase inhibitor, also decreases
RET autophosphorylation and signaling in cell extracts
despite lacking an effect on RET kinase activity. PKI166
was tested in clinical trial in patients with MTC amongst
others. However, due to liver toxicities the development of
this drug was halted [37]. AEE788, another EGFR kinase
inhibitor, inhibits RET-induced growth at concentrations
below its half maximal inhibitory concentration (IC50) [38].
However, AEE788 does not have any active clinical trials
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FIGURE 3: A summary of the signaling pathway mediated by RET.

in MTC patients. A study of 153 primary and metastatic
MTC samples revealed that although EGFR mutations were
rare, EGFR expression was higher in metastatic sites than
in primary tumor sites [39]. MTC samples associated with
RET 883 and 918 mutations had a significantly lower number
of EGFR polysomes and a tendency toward less EGFR
immunopositivity compared with samples associated with
other RET mutations. Therefore, it is speculated that the
most aggressive RET mutations are less dependent on EGFR
activation, thereby explaining why EGFR inhibitors are less
effective in codon 918-mutated cell lines than in codon 634-
mutated cell lines.

4.2. Vascular Endothelial Growth Factor. The vascular end-
othelial growth factor (VEGF) family of growth factors stim-
ulates angiogenesis, endothelial cell proliferation, migration,
survival, and vascular permeability by various TK receptors:
VEGFR-1, VEGFR-2, and VEGFR-3 [40]. There are several
ligands for VEGFRs: VEGF-A (VEGF) binds to both VEGFR-
1 and VEGFR-2; VEGF-B and placenta growth factor bind
to only VEGFR-1; and VEGF-C and VEGF-D are specific
ligands for VEGFR-3 [41].

Angiogenesis is one of the essential alterations in cell
physiology that predispose to malignancy in many tumors,
and it is fundamental in tumor growth and metastasis.
Many molecules have been implicated as positive regulators
of angiogenesis, including VEGEF, hepatocyte growth factor,
interleukin-8, and platelet-derived growth factor (PDGEF).

The major mediator of tumor angiogenesis is VEGE, which
signals mainly through VEGFR-2. Activation of this receptor
leads to a cascade of different pathways, including PLC y-
PKC-Raf-MEK-MAPK and PI3K-Akt [42]. Lymphangiogen-
esis is also involved in tumor biology, and since lymphatic
vessels arise from blood vessels, some of the angiogenic
mechanisms are also used in this process. VEGF-C and
VEGE-D stimulate both angiogenesis and lymphangiogen-
esis and link both processes [43]. VEGFR-3 is expressed
mainly in lymphatic endothelial cells and is thought to be
primarily involved in lymphangiogenesis.

MTC has at least twofold expression when compared
with normal thyroid tissue of VEGF and VEGF-R2 [44].
There is also an up to 20-fold increased expression of VEGEF-
C and VEGF-R3 in metastatic MTC [45]. Overexpression
and activation of VEGFR-2 in MTC correlate with metastasis
[39].

4.3. c-MET. The c-met (MET) proto-oncogene codes for the
TK receptor of the hepatocyte growth factor [46]. MET is
an important factor in tumorigenesis. Deregulated activation
of MET confers unrestricted proliferative, antiapoptotic, cell
motility/migration, invasive, metastatic, and angiogenenic
properties to cancer cells [47]. Silencing the endogenous
MET proto-oncogene, which is overexpressed in tumor cells,
has been proven to impair the invasive growth in vitro, to
decrease the generation of metastases in vivo, and to pro-
mote the regression of already established metastases [48].
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TasLE 1: Some of the TKIs currently used for the treatment of MTC in clinical trials and off-label.

Drug Oral daily dose Major targets
Vandetanib 100-300 mg VEGFR-1, VEGFR-2, VEGFR-3, RET, EGFR
Sorafenib 400-800 mg RET, VEGFR-2, VEGFR-3, Flt-3, PDGFR, KIT,
RAF-1
37.5 mg every day
Sunitinib 50 mg daily 4 weeks on 2 VEGFR-2, PDGFRS, KIT, RET
weeks off

Cabozantinib (XL184) 125-175 mg/day

E7080 24 mg

MET, VEGFR-2, RET, KIT, Flt-3, Tie-2
VEGFR-2, VEGFR-3, VEGFR-1, KIT, FGFR1,
PDGEFR, EGFR

MET and hepatocyte growth factor coexpression has been
seen in a subset of MTC tumors and is associated with
multifocality in MTC [49].

5. Targeted Therapy

Different TKs and pathways are abnormally activated in
MTC cells. Inhibiting only one receptor may induce other
TKs compensatory activation [50]. Therefore, simultaneous
inhibition of different activated TKs may be the best way
to approach MTC (Table 1) [51]. To date, systemic targeted
therapy for MTC has been administered in the context
of clinical trials or has consisted of off-label use of drugs
approved for other solid tumors. In this section, we review
the most promising TK inhibitors against MTC.

5.1. Vandetanib. Vandetanib is a 4-anilinoquinazoline that is
available as an oral daily agent. It inhibits VEGFR-2, VEGFR-
3, RET, and to a lesser extent EGFR and VEGFR-1 [52].
The 4-anilinoquinazoline docks to the ATP binding pocket
of RET kinase, inhibiting it [53].

At pharmacologically relevant doses, vandetanib inhibits
tumor cell proliferation, survival, and angiogenesis without
leading to direct cytotoxic effects on tumor or endothelial
cells [52]. In 2002, vandetanib was shown to inhibit the
kinase activity of NIH-RET/C634R (MEN2A) and NIH-
RET/M918T (MEN2B) oncoproteins in vitro and to inhibit
RET/MEN2B phosphorylation and RET/MEN2B-dependent
MAPK activation in vivo in NIH-RET/MEN2B [54]. Two
years later, a panel of point mutations targeting the RET
kinase domain in MEN2 and sporadic MTC was screened for
susceptibility to vandetanib. Most of the mutant oncopro-
teins (RET/E768D, RET/L790F, RET/Y791F, RET/S891A, and
RET/A883F) were sensitive to vandetanib, while mutations
substituting valine 804 either to leucine or to methionine
(as occur in some cases of MEN2A) rendered the RET
kinase significantly resistant. This is probably due to steric
hindrance, because the Val804Gly mutation increased the
sensitivity of RET to vandetanib [55]. Mice carrying a RET
C634R mutation from a sporadic human MTC treated with
vandetanib had inhibition of tumor growth [56].

Inhibition of other kinases seems to be very important,
too. MTC metastases express more EGFR and VEGFR-2 than
primary tumor sites. Both EGFR and VEGFR-2 have been
shown to be phosphorylated in TT and MZ-CRC-1 cells

and inhibited by vandetanib. Yet, in the presence of active
RET, neither plays a prominent role in TT cell proliferation.
However, when RET activity is inhibited, overstimulation
of EGFR is able to partially replace RET through a partial
rescue of the MAPK pathway. In such scenario, the inhibition
of EGFR by vandetanib was shown to prevent this rescue
of the MAPK pathway. These data support the idea that
dual inhibition of RET and EGFR is important, as it may
overcome the risk of MTC cells’ escaping from RET blockade
through compensatory overstimulation of EGFR [50].

In phase I clinical studies of patients with solid tumors
(not including MTC) [57], doses of vandetanib up to
300 mg/day were well tolerated, and adverse effects were
generally mild and controlled with either dose adjustments
or symptomatic therapy. The most common adverse events
were rash, diarrhea, fatigue, asymptomatic QTc prolonga-
tion, proteinuria, and hypertension. Since QT prolongation
was note as an adverse event, patients should have EKG and
electrolytes at baseline and at regular intervals during the
course of treatment.

In a phase II study, 30 adult patients with unresectable,
locally advanced, or metastatic hereditary MTC received
300 mg/day of vandetanib [58]. The primary endpoint was
the objective response rate (ORR) according to the 2000
Response Evaluation Criteria in Solid Tumors (RECIST)
guidelines [59]. Objective partial responses (PRs) were
observed in 20% of patients, and the median duration of
PR was 10.2 months. Additionally, 53% of patients had
stable disease (SD) for a median of 24 weeks. In another
trial of vandetanib at 100 mg/day (or up to 300 mg/day in
cases with disease progression), patients with similar disease
characteristics achieved similar results (ORR 68%) [60].
Both trials showed a >50% reduction in calcitonin and
carcinoembryonic antigen levels from baseline. However,
the reduction in calcitonin levels did not correlate with the
degree of tumor growth inhibition. It seems that RET activity
is required for ligand-induced calcitonin gene expression
[61]. In that sense, carcinoembryonic antigen levels may
be a better marker of tumor response to vandetanib. Of
interest, there was no apparent association between specific
RET germline mutations and response to treatment (no
patients with 804 RET mutation were included). Other phase
I and II studies are ongoing to determine the effectiveness of
vandetanib in sporadic MTC and its safety and efficacy in
children and adolescents. (http://www.ClinicalTrials.gov/).



Data on vandetanib have been presented to the United
States Food and Drug Administration (FDA), including
results from the largest randomized, double-blind, placebo-
controlled trial, which was conducted in 331 patients
with advanced unresectable or metastatic MTC, “Study
D4200C00058”. This trial showed that median progression-
free survival (PFS) was 11 months longer in the group
randomly assigned to vandetanib and 45% had an ORR. As
the drug seems to be effective in stabilizing symptomatic
and/or progressive disease, it will likely become the first FDA-
approved drug for MTC.

Nuclear factor kB (NF-xB) activation can block cell-
death pathways and contribute to the oncogenic state by
driving proliferation, enhancing cell survival, and promoting
angiogenesis and metastasis. NF-xB has a high baseline activ-
ity in MTC cell lines through RET-induced phosphorylation,
ubiquitination, and proteosomal degradation of inhibitors
of NF-kB (IkB), which allows NF-xB to enter the nucleus
and bind to the DNA [62]. Bortezomib inhibits proteosome-
mediated IkB degradation in MTC cells, resulting in its accu-
mulation and thus preventing NF-«B translocation to the
nucleus [63], thereby leading to apoptosis. A phase I/II trial
of the combination of vandetanib plus bortezomib is cur-
rently recruiting patients (http://www.ClinicalTrials.gov/).
Patients with MTC will participate in the phase II study.

5.2. Sorafenib. Sorafenib is a small TKI that targets RET,
VEGFR-2, VEGFR-3, Flt3, PDGFR-f3, KIT, and the RAF
family serine/threonine kinases RAF-1 and BRAF. It inhibits
the growth of RET-driven tumors by a combination of
activities that target RET-dependent thyroid cancer cell
proliferation and VEGF-dependent tumor angiogenesis. In
vitro, sorafenib inhibits RET signaling and the growth of
RET-transfected fibroblasts and human thyroid cancer cells
that harbor RET/PTC and RET/MEN?2 oncogenes. Sorafenib
action is mainly cytostatic, but the drug also exerts a
proapoptotic effect. Sorafenib has been shown to signifi-
cantly reduce tumor growth in nude mice with xenograft
tumors derived from MTC cell lines [64]. Sorafenib has been
investigated in four phase I trials with different doses and
administration schedules. A dose of 400 mg orally twice daily
was found to be safe and generally well tolerated, and the
most frequently reported drug-related adverse events were
fatigue, anorexia, diarrhea, rash/desquamation, and hand-
foot syndrome. Hand-foot syndrome is characterized by
painful erythematous lesions that affect the palmo-plantar
surface. It is the most common reported adverse effect in
patients taking the multikinase inhibitors like sorafenib and
sunitinib. The lesions are pronounced on the pressure points
on the palms and the soles but can also affect the margins
of the feet and skin between fingers and toes. These lesions
are not life threatening but significantly impair the quality
of life requiring dose reduction or even discontinuation of
the drug [65].Severe hematological, cardiovascular, hepatic,
and renal toxic effects were not reported. Treatment-related
hypertension was reported in 5% to 11% of patients in
all four phase I trials. Sorafenib demonstrated evidence
of antitumor activity by inducing disease stabilization in
patients with refractory tumors, a finding that was consistent
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with the results of preclinical studies [66]. No patients with
thyroid cancer were included in the phase I study. Because of
the role of RET signaling in MTC and the antitumor activity
exhibited by sorafenib in preclinical and in vitro studies,
MTC was recognized as a potential target for sorafenib.
In a small 2007 pilot study that included five patients
with metastatic MTC with excessive calcitonin secretion,
calcitonin secretion was decreased by >50% in all patients
after 3 months of treatment, and all patients were free of
calcitonin-related symptoms. After 6 months of therapy, one
patient had a complete response (CR), and patient had a
PR [67]. Sorafenib was administered orally at a dose of
400 mg twice daily continuously in a larger, open-label phase
IT study in patients with histologically confirmed metastatic
or locally advanced MTC. Patients were monitored regularly
with physical examination and biochemical and radiologic
testing. In the event of any significant drug-related adverse
event, the drug was withheld and restarted at a lower dose of
400 to 600 mg/day with dose re-escalation as tolerated. The
median duration of therapy with sorafenib was 15 months.
ORR was assessed using RECIST version 1.0. Of the 15
evaluable patients in this study, all showed some degree of
tumor shrinkage. One patient achieved PR; 14 patients had
SD, eight of whom had SD =15 months; and one patient had
clinically progressive disease. Most patients had decreased
calcitonin levels 2 months after treatment initiation, but they
did not correlate with the degree or duration of response as
assessed using RECIST [68]. Sorafenib has been approved
by the FDA for treatment of renal cell and hepatocellular
carcinoma. Therefore, sorafenib is an option for patients
with advanced MTC who are not eligible for clinical trials
[69].

5.3. Tipifarnib. Tipifarnib inhibits farnesylation of RAS and
other proteins. Farnesylation is a type of lipid modification
that is critical for the biological functionality including
several signal transduction proteins. Farnesyltransferase
inhibitors target multiple pathways, including the RAS path-
way, and are among the first systematically investigated drugs
in oncogene-targeted therapy. RAS genes encode proteins
involved in cell proliferation, differentiation, and adhesion
and apoptosis regulation. At least three associated genes (H-
RAS, K-RAS, and N-RAS) are present in mammalian cells. Of
all human tumors, 30% might have a mutated RAS isoform.
Thyroid cancer has mutations in all three RAS genes. In
in vitro studies, tipifarnib inhibited the growth of several
human tumor cell lines, and in in vivo studies, tipifarnib was
shown to inhibit colon and pancreatic cancer xenografts in a
dose-dependent manner. The antitumor effects were mainly
due to decreased cell proliferation, antiangiogenesis, and
apoptosis. A phase I trial of tipifarnib in combination with
sorafenib in patients with advanced malignancies included
15 patients with thyroid cancer, eight of whom had MTC.
Three of the six patients who reached first restaging had
PRs, whereas the others had some minor regressions and
hence SD lasting from 12 to 16 months. The most common
side effects reported were rash, hyperglycemia, and diarrhea.
RET mutational analysis in these six patients revealed RET
mutations; thus, it is unclear whether the response to
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sorafenib and tipifarnib was entirely due to RET inhibition
by sorafenib [70]. In a previously reported case, the rate of
response rate to combination therapy was higher than that
reported for sorafenib alone. It should be noted that the RET
pathway is complex and the RET kinase can activate a cascade
of signaling pathways. Tipifarnib can also affect various other
pathways, including Akt and MAP/ERK, and may have acted
synergistically to produce the clinical response [71]. The FDA
has not approved tipifarnib because of its inferior outcomes
in phase III trials in patients with other malignancies [72].
However, the data from trials of thyroid cancer so far
seem encouraging, and studies combining various oncogene-
targeted therapies are needed.

Preclinical studies have shown that activating RET muta-
tions in V804 (V804L and V804M) causes resistance to
various structural classes, including vandetanib. Mutations
in V804 slightly affect RET susceptibility to sorafenib, thus
indicating that a structurally different inhibitor may be
used to overcome the mutational resistance to a particular
TKI [73]. This might be clinically significant as a recent
study showed RET V804M (19.6%) is a prevalent cause of
hereditary MTC [74].

5.4. Sumitinib. Sunitinib is a derivative of indolinone and
inhibits the activity of many TKs, including VEGFR, PDGFR,
KIT, and RET. Sunitinib exerts antitumor activity by affecting
cell proliferation and survival in cancers in which these
receptors are involved [75]. Its inhibitory effect on VEGF
and RET makes this drug a rational choice for treating MTC.
In a phase II study of sunitinib in patients with progressive
thyroid cancer that included six patients with MTC, disease
stabilization was seen in five of the six patients (83%)
[76]. Results from another phase II study that included
only patients with progressive MTC also showed responses.
Among the 23 patients evaluated, eight (35%) achieved PR,
with a median response duration of 37 weeks, and 13 (57%)
had SD, with a median response duration of 32 weeks [77].
A trial using a lower dose of 37.5mg/day in a continuous
manner included six patients with MTC. Three of the six
patients had an objective response [78]. The most common
drug-related adverse events were fatigue, diarrhea, palmar-
plantar erythrodysesthesia, neutropenia, and hypertension.
Sunitinib has been approved by the FDA as the treatment
of renal cell carcinoma and is therefore available for use in
selected patients with MTC not enrolled in a clinical trial
[69].

5.5. Cabozantinib (XL184). Cabozantinib (XL184) is a small
molecule that inhibits MET, VEGFR-2, RET, KIT, Flt-3, and
Tie-2 [79]. In the context of MTC, preclinical data have
demonstrated that XL184 can inhibit the proliferation of
cells harboring activated RET. In 2009, results of a phase
I trial that included 37 patients with MTC revealed that
44% of patients achieved at least 30% reduction in tumor
size, and 29% of patients confirmed PR. There was no
correlation between RET mutation status (either germline
or somatic) and tumor response [80]. Side effects included
fatigue, diarrhea, appetite loss, weight loss, hair hypopig-
mentation, and hypertension. Other effects, such as elevated

aspartate aminotransferase, alanine aminotransferase, lipase
elevations, palmar/plantar erythema, and mucositis, were
dose dependent. Because of the noted antitumor effects
of XL184, a phase III clinical trial called the “Efficacy of
XL184 in Advanced Medullary Thyroid Cancer (EXAM)”
is recruiting patients (http://www.ClinicalTrials.gov/). The
purpose of the study is to evaluate PFS with XL184 compared
to PFS with placebo in subjects with unresectable, locally
advanced, or metastatic MTC.

Recently, in addition to giving XL184 a generic drug
name, FDA had granted XL184 an orphan drug designation
for treatment of follicular, medullary, and anaplastic thyroid
carcinoma, and metastatic or locally advanced papillary
thyroid cancer.

5.6. E7080. E7080 inhibits VEGFR-1, VEGFR-2, VEGFR-3,
KIT, FGFR1, PDGEFR, and to a lesser extent EGFR. This
drug has been shown to be a potent inhibitor of in vitro
angiogenesis in human small cell lung cancer via inhibition
of VEGF/VEGF-2 and the stem cell factor/KIT signaling
pathways. Via dual inhibition of VEGFR-2 and VEGEFR-3,
E7080 has also been shown to decrease lymphatic vessel
density in the primary tumors of VEGFC-overexpressing
MDA-MB-231 mammary fat pad xenograft models as well
as within the metastatic nodules in the lymph nodes of nude
mice [81].

In phase I trials, E7080 caused hypertension and pro-
teinuria, which were the major dose-limiting toxic effects
[82]. Other observed adverse events included thrombosis,
tachycardia, febrile neutropenia, and thrombocytopenia.

A phase II trial to evaluate the safety and efficacy of
oral E7080 in medullary and iodine-131-refractory, unre-
sectable differentiated thyroid cancers is ongoing (http://
www.clinicaltrials.gov/). The primary purpose of the trial
is to determine the effect of E7080 on the objective tumor
response rate according to RECIST.

5.7. Pazopanib. Pazopanib is an oral multikinase inhibitor.
In vitro studies have shown that it is a potent inhibitor of
VEGEFR-1, VEGFR-2, VEGFR-3, PDGFR-« and — 3, and KIT
[83]. The antineoplastic activity of pazopanib is primarily
due to its effect on the angiogenic pathways. Phase II studies
of pazopanib for MTC are ongoing [84].

6. Conclusion

Research on MTC over the last 55 years has led to a good
understanding of the genetic defects and altered molecular
pathways associated with its development. Subsequently,
promising targeted therapies have been developed for pro-
gressive and advanced MTC. Multikinase inhibitors have
shown good results in terms of stabilizing disease, and this
year will probably see the approval of a drug for advanced
unresectable or metastatic MTC, which would represent a
new chapter in the history of this disease. The challenge
for the years to come is to discover more effective ways
to target multiple key pathological pathways as well as the
identification of the individuals who will benefit the most.
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The significance of RET in thyroid cancer comes from solid evidence that, when inherited, an RET activating mutation
primes C-cells to transform into medullary carcinomas. Moreover, environmental exposure to radiation also induces rearranged
transforming RET “isoforms” that are found in papillary thyroid cancer. The RET gene codes for a tyrosine kinase receptor that
targets a diverse set of intracellular signaling pathways. The nature of RET point mutations predicts differences in the mechanisms
by which the receptor becomes activated and correlates with different forms of clinical presentation, age of onset, and biological
aggressiveness. A number of RET-targeting Tyrosine Kinase Inhibitors (TKIs) are currently undergoing clinical trials to evaluate
their effectiveness in the treatment of thyroid cancer, and it is conceivable that the RET genotype may also influence response to
these compounds. The question that now emerges is whether, in the future, the rational for treatment of refractory thyroid cancer
will be based on the management of an abnormal RET signal. In this paper we address the RET-targeting TKIs and review studies
about the signaling properties of distinct RET mutants as a means to predict response and design combinatorial therapies for the
soon to be available TKIs.

1. The RET Tyrosine Kinase Receptor
Targets a Diverse Spectrum of
Intracellular Signaling Pathways

the usual receptor/ligand binding. To date, several ligands
of the glial-derived neurotrophic factor (GDNF) family,
which include GDNE, artemin, neurturin, and persephin
and a family of GPI-linked RET coreceptors (GFR1-4), have

RET (Rearranged during Transfection) encodes a mem-
brane receptor tyrosine kinase (RTK) composed of four
extracellular cadherin-like motifs and a cysteine-rich region,
a transmembrane portion, and an intracellular domain
with tyrosine kinase activity [1]. The RET signaling path-
ways are outlined in (Figure 1). RET signals through
a ligand/coreceptor/RET multiprotein complex instead of

been identified [2]. The formation of ligand/coreceptor and
RET complexes results in RET dimerization and triggers
autophosphorylation at intracellular tyrosine residues. Phos-
phorylated tyrosine 687 (Y687), serine 696 (5696), Y752,
Y791, Y806, Y809, Y826, Y864, Y900, Y905, Y928, Y952,
Y981, Y1015, Y1029, Y1062, Y1090, and Y1096 constitute
docking sites for numerous intracellular adaptor proteins
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FIGURE 1: Outline of RET signalling pathways.

such as RAC1-guanine exchange factor (GEF) [3], growth
factor receptor-bound (GRB) docking proteins GRB7/10
[4], chicken Rous sarcoma virus oncogene (c-Src), focal
adhesion kinase (FAK) [5], phospholipase C-y (PLC-y) and
Src homologue collagen (Shc), insulin receptor substrate 1/2
(IRS1/2), fibroblast growth factor substrate 2 (FRS2), or
downstream of kinase 1/4/5 (DOK1/4/5) (reviewed by De
Groot et al. [6]).

Phosphorylation of intracellular target proteins
activates several downstream pathways which include
mitogen-activated protein kinase cascade: rat sarcoma
oncogene/rapidly accelerated fibrosarcoma/extracellular
regulated kinase 1/2 (RAS/RAF/ERK1/2), the phosphatidyli-
nositol 3-kinase/protein kinase B pathway (PI3K/AKT)

[7, 8], the c-Jun N-terminal kinase pathway (JNK) [9],
P38, enigma extracellular regulated kinase 5 (ERKS), the
cAMP-responsive element-binding protein, and the signal
transducer and activator of transcription 3 (STAT3) (for a
review see Arighi et al. [10] and De Groot et al. [6]. More
recently, Gujral et al. [11] have shown that RET mediates
direct tyrosine phosphorylation of beta-catenin, which
associated with an induction of the WNT pathway, that
accounts for a part of RET tumorigenic ability in vivo [11].
Many of the above-mentioned intracellular signalling
pathways are otherwise known to be general signal transduc-
ing pathways targeted not only by RET, but by other RTKs
as well. Yet, RET is the main RTK targeted for genetic lesions
in thyroid cancer. The transforming ability of activated RET,
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which was actually on the basis of its isolation as an oncogene
[12], could be attributable to the diversity of its signalling
which covers several hallmarks of cancer [13].

Increased growth signals and proliferation result from
the activation of the RAS/RAF/ERK1/2 cascade and phos-
phorylation of STAT3 [14, 15].

Cell migration is dependent on RET-mediated activation
of RAC1 and JNK [3, 16], and FAK [5] is also reported to play
a role in cell migration and to be required for invasion and
metastatic behaviour [5, 17].

Inflammation (regarded as the 7th hallmark of cancer
[18]) has also been shown to operate as a major compo-
nent downstream of oncogenic RET mutations. In freshly
isolated human thyrocytes, the activation of RET generates
a transcriptional program that is similar to that which occurs
during inflammation [19] inducing the expression of various
inflammatory factors [19-21]. Furthermore, key protein
components of the RET-activated “inflammatory” program
were found in tumor specimens taken by biopsy, and larger
amounts of these inflammatory molecules were found in the
primary tumors of patients with lymph-node metastasis than
in primary tumors in the absence of lymph-node metastasis
(reviewed in [22]). These and other results ({23, 24]; [25])
connect the activation of RET to inflammation.

2. Hereditary MTC-Associated Activating
Mutations Cluster at Specific Functional
Domains of the RET Receptor Kinase

Overall, as stated before, varied signalling properties, cover-
ing multiple hallmarks of cancer, might afford explanation
for the ability of RET to transform certain cell types.
Nonetheless, the most solid grounds for the significance
of RET as a cancer gene come from the fact that, when
inherited, an RET germline point mutation alone primes
a specific spectrum of tissues to develop endocrine tumors
[26, 27]. Carriers of RET germline mutations develop
hereditary medullary thyroid carcinoma (hMTC) as the
first and most common clinical presentation. Along with
hMTC, patients present with pheochromocytoma (tumor
of the adrenal medulla) and parathyroid adenomas. This
syndromic condition is referred to as Multiple Endocrine
Neoplasia type 2 (MEN2) [28]. Penetrance for hMTC is near
complete, which highlights the critical role of RET activation
in the development of MTC and can be further taken to
pinpoint RET as a relevant therapeutic target for MTC.

In hMTC, RET mutations occur in a specific spectrum
of codons and result in gain of function, increased
kinase activity, and receptor activation [29]. Mutational
hotspots are located at the cysteine-rich region of the
extracellular domain and in the intracellular tyrosine kinase
domain [28]. The clustering of mutations in hotspots
might be explained by the fact that proto-oncogene
activation requires changes at residues that specifically
interact in specific ways with receptor function, and
thus mutations cannot occur in a widespread manner. A
comprehensive description of all known germline RET

variations can be found at the MEN2 RET database
(http/www.arup.utah.edu/database MEN2MEN2 Welcome).
The most common RET germline mutations are missense
substitutions of extracellular cysteine residues, occurring at
cysteine codon 634 in 80% of cases. Cysteine codons 609,
611, 618, 620, and 630 are less frequently affected. Other
noncysteine extracellular domain mutations, located at exons
5 and 8, have been detected [30]. Tyrosine kinase domain
mutations affect a more varied spectrum of amino acids,
and most frequently recurring mutations replace Met918,
Val804, Leu790, Tyr791, and Ala883. Less frequently, residues
768, 876, 891, 886, and 912 are affected. Rare mutations
found in isolated families have been reported, comprising
homozygous mutations [31], duplications [32], and double
mutations [33].

Besides the point mutations found in MTC, an alter-
native somatic genetic event that causes RET activation is
found in the papillary type of thyroid carcinoma (PTC).
This involves chromosomal translocations between RET and
a number of other loci, referred in general as RET/PTC
rearrangements, which interestingly occur as alternative
events to the V600OE somatic BRAF mutation [34].

3. Distinct RET Mutations Determine
Different Clinical Presentations of
MEN?2 and Predict Age of Onset of h(MTC

In MEN2 there are consistent genotype/phenotype corre-
lations that underlie aspects such as clinical manifestation,
RET activation mechanisms, and disease penetrance, allow-
ing for a mutation-specific classification of MEN2 [28]. In
clinical terms, three disease phenotypes can be recognized:
MEN2A, MEN2B, and a familial form of medullary thyroid
carcinoma (FMTC). MEN2A was found to be associated
with substitutions at one of six specific cysteine residues
in exons 10 (609, 611, 618, 620) and 11 (630 and 634).
MEN2A cysteine mutations give rise to MTC at young age
(onset at 5 to 25 years), along with variable expression of
pheochromocytoma (50%) and hyperparathyroidism (15—
30%) [28]. MEN2B, on the other hand, is mainly caused by a
specific missense mutation located at the RET tyrosine kinase
domain (Met918Thr), which accounts for 95% of cases [35].
A second tyrosine kinase domain substitution (Ala883Phe)
has been detected in a small proportion of MEN2B patients
[36]. Additionally, double mutations affecting codons 804
and 805 and 804 and 806 were described in individual
MEN2B cases [33, 37]. MEN2B kinase domain mutations
give rise to a more complex clinical phenotype characterized
by an early onset (sometimes <1 year old) and very aggressive
form of MTC, concomitant with pheochromocytoma in 50%
of cases and accompanied by other nonneoplastic features,
such as mucosal neuromas of the tongue, lips, and eyelids,
ganglioneuromatosis of the gastrointestinal tract, thickening
of corneal nerves, and Marfanoid habitus [38]. In FMTC
the only disease manifestation is MTC, which usually occurs
in adult age, with no additional endocrinopathies. RET
mutations with low clinical expression, involving codons
321, 533, 768, 790, 791, 804, and 891, may be found in these



families [28]. Occasionally, patients with these mutations
may also develop the MEN2A phenotype, showing that
FMTC and MEN2A represent a continuum of clinical
expression in a common genetically related disorder [39-
42]. Age-dependent penetrance for MTC in MEN2 is also
codon specific, and classification of the risk of developing
MTC can be done based on the genotype (reviewed by Raue
and Frank-Raue in [43]). This is of clinical relevance because
the ideal timing of prophylactic thyroidectomy should take
into consideration the balance between the adverse effects
of thyroidectomy at early ages and the individual risk
of developing MTC. Comprehensive guidelines have been
issued by the American Thyroid Association concerning
this aspect [44]. In general, RET mutations with a very
high risk of producing MTC (risk level D), comprising all
the MEN2B mutations, require surgery before 1 year of
age. RET mutations at codon Cys634 constitute risk level
C and are managed by thyroidectomy before 5 years old.
Level B mutations encompass the changes in the remaining
extracellular cysteine codons 609, 611, 618, 620, and 630. In
these cases, surgery is advised before 5 years old; however
it can be postponed until calcitonin level rise. Risk level A
accounts for the FMTC mutations, for which surgery before
5 years old is not required and can be delayed until calcitonin
levels rise.

4. The Nature of Somatic RET Mutations
Influences the Prognosis of Sporadic MTC

Aside from germline mutations, a somewhat similar spec-
trum of somatic mutations is observed in about 50 to
60% of the cases with sporadic MTC. A catalogue of
somatic mutations can be found at the COSMIC database
(http://www.sanger.ac.uk/genetics/CGP/cosmic/). The most
frequent somatic lesion is the prototypic MEN2B Met918Thr
mutation at exon 16, which comprises up to 60% of the
mutation positive cases. Moreover, patients in which tumors
harbor MEN2B mutations have a higher prevalence and
number of lymph node metastases, present more often with
multifocal tumors and with persistent disease at advanced
stage, indicating that among the sporadic MTCs, cases with
somatic MEN2B mutations are associated with the worst
prognosis [45, 46]. Interestingly, cases with RET mutations at
the cysteine cluster have the most indolent course, and those
with no RET mutations have an intermediate risk [46].

5. Mutations Activate RET by Distinct
Mechanisms and Confer Somewhat Different
Oncogenic Signaling Properties

The functional basis for the differences in clinical expression
of distinct RET genotypes might be explained by the
recognition of mutation-specific mechanisms of activating
the RET proto-oncogene. Mutations in the extracellular
cysteine-rich region result in the replacement of a cysteine
residue by another amino acid, subsequently leading to loss
of an intramolecular disulfide bond. As a consequence, one
cysteine residue becomes available for the formation of an
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intermolecular disulfide bond, which results in covalently
bound receptors that are constitutively active because of
ligand-independent receptor dimerization [29]. These muta-
tions commonly associate with MEN2A and FMTC. In con-
trast, the intracellular MEN2B-specific mutations and other
tyrosine kinase domain mutations affect receptor activation
in a totally different way. By altering the conformation of the
catalytic core of the tyrosine kinase domain they increase
catalytic activity and alter the spectrum of intracellular
substrates, resulting in remarkable changes of the signalling
properties of the receptor [29].

These observations highlight that distinct clinical pre-
sentations can arise from differences in the RET activation
mechanism and the corresponding output in terms of
oncogenic signalling. However, not much is known about the
specific differences in signalling properties of the different
RET mutants. Studies have shown that wild-type and
mutated RET display differences in the autophosphorylation
levels of docking sites, which are likely to lead to differential
activation of downstream cascades [47]. Support for this
paradigm comes from evidence that there are marked
differences between MEN2A and MEN2B mutations in terms
of their capacity for downstream PI3K/AKT activation.
This pathway seems to be more active in MEN2B than
in MEN2A [7], and this difference might be attributed to
an enhanced autophosphorylation of Y1062 caused by the
MEN2B mutation [48].

Another example concerns RET-induced activation of
STAT3. The MEN2A mutation Cys634Arg activates STAT3
independently of Janus tyrosine kinases (JAKs) [15]. How-
ever, the FMTC mutants, Tyr791Phe and Ser891Ala, seem to
do so through a different route and need the involvement of
Src and JAKSs in order to constitutively activate STAT3 [49].

Thus, on the basis of the above-mentioned evidence that
distinct signalling properties are displayed by RET mutants,
it is conceivable that different sensitivity to the action of
tyrosine kinase inhibitors can occur due to the potentially
different conformations of the receptor in each of the RET
mutants.

6. RET-Targeting Tyrosine Kinase Inhibitors

The small molecule tyrosine kinase inhibitors (TKIs) mecha-
nism of action is based on the principle that sterically block-
ing the ATP-binding pocket results in impaired phospho-
rylation activity, inhibits signal transduction, and prevents
activation of intracellular signalling pathways relevant to
tumor growth and angiogenesis.

The finding of various compounds (Table 1) capable of
inhibiting oncogenic RET (mutated or rearranged), such
as PP1 and PP2 [50], ZD6474 (Vandetanib) [51], RPI-
1 [52], CEP-701, CEP-751 [66], Imatinib [67], Sunitinib
(SU5416, SU11248) [53], Gefitinib [55], Sorafenib (BAY 43-
9006) [57], Motesanib (AMG706) [59], Axitinib (AG013736)
[61] and XL 184, has brought further clinical relevance to
the classification of the pharmacological sensitivity of RET
mutants, as metastatic MTC is the most common cause
of death in patients with MEN2 [68]. In addition, these



Journal of Thyroid Research 5
TaBLE 1: Molecules used in preclinical and clinical trials as RET tyrosine kinase inhibitors.

Compound Trade name Structure Targets Ctlﬁleilcs al Refs
PP1 ..

Zaleplon Pyrazolopyrimidine RET - [50]
PP2
7D6474 Vandetanib Anilinoquinazoline RET; VEGFR; EGFR PhaseII  [51]
RPI-1 — Indolinone RET; MET — [52]
SU5416 e .. .

Sunitinib Butanedioic acid VEGFR-2; PDGFR; c-KIT; RET; CSE-1R Phase IT  [53, 54]
SU11248
7D1839 Gefitinib Anilinoquinazoline EGFR Phase II  [55, 56]
BAY43-9006 Sorafenib Bis-aryl urea RAF-1; BRAF; VEGFR-2/-3; PDGFR-B; Flt-3; ¢c-KIT; RET Phase IT  [57, 58]
AMG706 Motesanib diphosphate  Diphosphate salt VEGEFR; PDGFR; KIT; RET Phase IT  [59, 60]
AG-013736 Axitinib Benzamide RET; VEGFR; PDGEFR; c-KIT PhaseIT  [61]
XL184/XL880 VEGFR2; RET and MET Phase IIT  [***]

[***] Eder et al. [62]. LoRusso et al. [63]. Ross et al. [64]. Salgia et al. [65].

compounds could find application in radioactive iodine-
refractory PTC with RET/PTC rearrangements.

The pyrazolopyrimidines PP1 and PP2 and the 4-
anilinoquinazoline Vandetanib inhibit RET-rearrangement-
derived oncoproteins with a half maximal inhibitor concen-
tration (IC50) below 100 nM. These molecules were shown
to inhibit RET enzymatic activity and phosphorylation
of downstream targets, such as ERK1/2. Vandetanib has
also been found to inhibit RET signalling in two human
PTC cell lines and to reduce tumorigenicity of RET/PTC-
transformed fibroblasts injected into nude mice [50].
Vandetanib blocks in vivo phosphorylation and signalling
mediated by RET/PTC3 oncoprotein and of an epidermal
growth factor- (EGF-) activated EGF-receptor/RET chimeric
receptor. Finally, it blocks anchorage-independent growth of
RET/PTC3-transformed NIH3T3 fibroblasts and the forma-
tion of tumors after injection of NIH-RET/PTC3 cells into
nude mice [51].

Sorafenib (BAY 43-9006) was designed originally as a RAF
inhibitor [69]. Nonetheless, preclinical studies have shown
that Sorafenib can inhibit the kinase activity and signalling of
wild-type and oncogenic RET. Sorafenib inhibited oncogenic
RET kinase activity at an IC50 of 50 nM or less in NIH3T3
cells. It arrested the growth of NIH3T3 and RAT1 fibroblasts
transformed by oncogenic RET and of thyroid carcinoma
cells that harbour rearranged RET alleles. These inhibitory
effects paralleled a decrease in RET phosphorylation [57].
Finally, PTC cells carrying the RET/PTCI rearrangement
were found to be more sensitive to Sorafenib than PTC cells
carrying a BRAF mutation [70]. There is an ongoing phase
IT clinical trial using Sorafenib in patients with advanced
thyroid cancer [58].

RPI-1 is a 2-indolinone derivative initially shown to
inhibit RET/PTC1 activity in an immunokinase assay with
an IC50 of 27-42 uM. It selectively inhibited the anchorage-
independent growth of NIH3T3-transformed cells express-
ing the RET/PTCI gene, and the transformed phenotype
of NIH3T3ptcl cells was reverted to a normal fibroblast-
like morphology. In these cells, the constitutive tyrosine

phosphorylation of RET/PTCI, of the transducing adaptor
protein Shc, and of a series of co-immunoprecipitated
peptides was substantially reduced [52]. Activation of JNK2
and AKT was abolished, thus supporting the drug inhibitory
efficacy on downstream pathways. In addition, cell growth
inhibition was associated with a reduction in telomerase
activity by nearly 85% [71].

Sunitinib was initially described as a TKI targeting VEGF
and PDGFR receptors [72] and also found to inhibit c-
KIT [73]. It is now approved for the treatment of GIST
and renal cell carcinoma. In vitro kinase assays showed
that Sunitinib inhibited the phosphorylation by RET/PTC3
of a synthetic tyrosine kinase substrate peptide in a dose-
dependent manner. RET/PTC-mediated Y705 phosphoryla-
tion of STAT3 was inhibited by addition of Sunitinib, and
the inhibitory effects of Sunitinib on tyrosine phosphory-
lation and transcriptional activation of STAT3 very closely
correlated with decreased autophosphorylation of RET/PTC.
Sunitinib caused a complete morphological reversion of
transformed NIH-RET/PTC3 cells and inhibited the growth
of TPC-1 cells that have an endogenous RET/PTCI [53].
Treatment of two patients with progressive metastatic thy-
roid carcinoma (1 PTC and 1 FTC) demonstrated sustained
clinical responses to Sunitinib over a period of four years
[54].

Gefitinib was initially approved for nonsmall cell lung
cancer since it targets oncogenic EGFR. In vitro data
suggests that EGFR contributes to RET kinase activation,
signalling, and growth stimulation. Conditional activation
of RET/PTC oncoproteins in thyroid PCCL3 cells markedly
induced expression and phosphorylation of EGFR, which
was mediated in part through mitogen-activated protein
(MAP) kinase signalling. RET and EGFR were found to
co-immunoprecipitate. Ligand-induced activation of EGFR
resulted in phosphorylation of a kinase-dead RET, and
this effect was entirely blocked by EGFR kinase inhibitor.
Gefitinib also inhibited cell growth induced by various
constitutively active mutants of RET in thyroid cancer cells
as well as in NIH3T3 cells [55]. These pieces of evidence have



provided a biological basis for clinical evaluation of Gefitinib
in thyroid cancer. The results obtained in a phase II trial
showed no objective responses among the 25 thyroid cancer
patients treated with Gefitinib [56].

CEP-701 and CEP-751 are indolocarbazole derivatives
that also inhibit RET in MTC cells. Effective inhibition
of RET phosphorylation in a dose-dependent manner is
achieved at concentrations <100 nM. These compounds also
block the growth of MTC cells in culture. CEP-751 and
its prodrug, CEP-2563 inhibit tumor growth in MTC cell
xenografts [66]. These drugs also potentiate the effects of
irinotecan treatment in TT cell culture and xenografts and
result in durable complete remission in 100% of the mice.
CEP-751 inhibited the induction of the DNA repair program
(marked by phospho-H2AX) as well as the checkpoint path-
way (marked by the activated Chk1) [74]. Since preclinical
models have demonstrated that both CEP-751 and CEP-2563
have antitumor activity in a variety of tumors, phase I trials
were undertaken [75].

Several other TKI molecules are being evaluated with
regard to their efficacy in metastatic MTC treatment with
limited published data. Axitinib (AG-013736) [76] was
assessed in a phase II study with 60 MTC patients. Eighteen
cases (30%) presented partial responses, and 23 (38%) had
stable disease [61]. Motesanib (AMG706) [77] was evaluated
in differentiated thyroid cancer [59] and in a phase I study in
91 patients with either hereditary (16 cases) or sporadic MTC
(75 cases), 2% of the patients showed partial response, and
81% had stable disease [60]. XL184/XL880 is a compound
that is rapidly going through the clinical evaluation process.
It is a TKI that targets VEGFR2, RET, and also MET
and whose efficacy has been demonstrated for several solid
tumors, especially thyroid cancer [***]. In patients with
hereditary and sporadic MTC very interesting response rates
were obtained with 9/17 patients (53%) showing partial
remission. Based on these findings, a phase III registration
trial of XL184 as a potential treatment for medullary thyroid
cancer (MTC) has been initiated.

7. The Influence of Genotype on the Sensitivity
to RET-Targeting Tkls and Challenges Ahead

Although a number of patients with refractory MTC have
been undergoing treatment with several TKIs in the last few
years, it is not yet clear whether clinical response to these
drugs is actually influenced by the RET genotype of the
tumor cells. At this point, the only reliable source for this
type of information comes from in vitro studies. Indeed,
some compounds used against RET seem to confirm the
paradigm that certain mutations can render RET resistant to
inhibition. This was first illustrated by PP1, PP2, and ZD6474
(Vandetanib) which, despite being efficient in inhibiting
phosphorylation of most of the MEN2-associated RET
mutants (at codons 768, 790, 883, 918, and 634 [50]), were
incapable of inhibiting MEN2-associated swap of Valine 804
for bulky hydrophobic Leucine or Methionine within the
RET kinase domain. Thus Valine 804 emerged as a structural
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determinant amino acid mediating resistance to pyrazolopy-
rimidines and 4-anilinoquinazolines [78, 79]. This was also
found to be the case for the V804M/E805K tandem lesion,
detected in non-Met918/Ala883 MEN2B, which was shown
to also confer resistance to PP1, suggesting a mode of action
different from the classical MEN2B mutations [33].

However, inhibition of RET phosphorylation and sig-
naling by mutation of the Val804 gatekeeper residue was
not impaired in cells subjected to Sorafenib treatment [80],
indicating that this drug could be a potential therapeutic tool
for RET Val804 positive thyroid tumors [80].

The fact that using another compound can overcome a
mutation-specific primary resistance renders further support
to the idea that sensitivity of RET mutants will, in the end,
result from mutation-dependent structural determinants of
the RET ATP-binding site. However, to support the paradigm
of an RET pharmacogenetics, much more needs to be
evaluated before we can confirm that this concept is useful
for the clinical practice. To start, it would be imperative that
the mutation status of the tumors from patients included
in clinical trials is ascertained and correlated with clinical
response. Until now, none of the clinical studies have pub-
lished the mutation status of the patients. On the other hand,
we must not forget that despite the in vitro data has proven
highly informative for genotype/phenotype correlations, it
cannot be taken directly to indicate differences in terms of
clinical response. In addition, many of these small molecule
inhibitors act upon several target RTKs, rendering it difficult
to ascertain which of the effects over different RTKs actually
accounts for the observed clinical response.

We should also be aware that some of the effects of
these compounds may go beyond interference with the ATP-
binding pocket and may affect RET expression. For instance,
Sorafenib suppresses RET tyrosine kinase activity by direct
enzymatic inhibition and also by promoting RET lysosomal
degradation independent of proteasomal targeting [80].

At this point, given that a number of molecules are
starting to become available, it would be worth to compare
these drugs against each other in their efficacy to inhibit the
activity of the most frequent RET genotypes. This may come
as a means to define and stratify drugs for use as first-line and
second-line treatments on the basis of the RET genotype.

As we highlighted before, specific RET mutations may
lead stronger induction of specific intracellular signalling
targets, many of which have their own dedicated inhibitors
under development. In this respect, the information about
the specificities in oncogenic signalling of different geno-
types might be valuable to design combinatorial therapies
employing mutation-specific combinations of inhibitors for
treatment.

At present, the clinical use of tyrosine kinase inhibitors in
patients with thyroid cancer still does not rely in the genetic
background of each tumor [58, 61, 81]. Nonetheless, results
from clinical trials suggest that these compounds have a
more cytostatic than cytolytic effect, and thus are just adding
another step of selective pressure to the progressing tumor
(which buys time), but eventually secondary resistance can
develop. In models such as ABL/CML (imatinib), EGFR/lung
cancer (Gefitinib), or KIT/GIST (imatinib), prolonged
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therapy with TKIs leads to the acquisition of resistance
mutations in the receptors targeted by these drugs, rendering
them insensitive to therapy. Although no secondary RET
mutations have been described thus far, the experience with
patients undergoing clinical trials taught that some patients
suddenly fail to respond while on treatment. Most probably,
the same underlying resistance mechanisms are at play. This
implies that, in order to translate the use of these inhibitors
into increased long-term survival, we may need to perform
molecular followup of the progressing lesions, in order to
predict resistance and eventually change from one inhibitor
to another.

Finally, to reduce the biology of MTC to RET activation
and signaling boosting is almost certainly a simplistic view.
RET mutations do not only determine MTC development
(even in hMTC). Likely these tumours also carry mutations
in other genes, and possibly one should also know these
to think about combinatory therapies. Indeed, data is
accumulating regarding alternative pathways that contribute
to MTC development from precursor C-cell hyperplasia.
This is the case of the WNT pathway activation by RET-
mediated tyrosine phosphorylation of -Catenin [11] and
the synergistic effects of p18 and p27, two members of the
RB pathway [82, 83]. This may provide additional targets
for combination of RET inhibitors with other compounds
targeting these pathways. Also relevant to this is the recent
recognition of mechanisms of cross-talk between different
RTKs. For instance, EGFR may cooperate with RET in acti-
vating intracellular signaling pathways [55]. This provides
biological basis for combining different RTK inhibitors.

The challenge for the years to come is to use the pools of
knowledge generated in RET signaling pathways and MTC
progression steps to rationalize combinatory therapies, tar-
geting different molecules and different signaling pathways
that are relevant in MTC.
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The incidence of thyroid cancer is increasing, with a concomitant increase in the number of patients with advanced and metastatic
disease. Discoveries regarding the pathogenesis of thyroid cancer have led to the recent development of new therapeutic agents
that are beginning to appear on the market. Many of these new agents are targeted kinase inhibitors primarily affecting oncogenic
kinases (BRAF V600E, RET/PTC) or signaling kinases (VEGFR, PDGFR). Some of these agents report significant partial response
rates, while others attain stabilization of disease as their best response. Their impact on survival is unclear. While these agents
target similar pathways, a wide variety of differences exist regarding efficacy and side effect profile. Current expert opinion advises

that these agents be used only in a specific subset of patients.

1. Introduction

The incidence of thyroid cancer is increasing at an alarming
rate. In fact, the incidence has more than doubled in the
past fifty years, and it rose approximately 6% per year from
1997 to 2006 [1]. Peak incidence is in the early fifth decade
for women and the late sixth decade for men. It is two to
three times more common in women than in men, though
mortality rates are higher in men. Mortality rates are also
higher in patients with African ethnic heritage [1].

Total thyroidectomy followed by radioactive iodine (1*'T)
ablation and thyroid hormone suppression of serum TSH
are the mainstay of treatment for differentiated thyroid
cancer (DTC). While cure is generally attainable in well-
differentiated thyroid carcinomas (papillary and follicular
subtypes), recurrence occurs in up to 40% of patients [2].
Unfortunately, in a small percentage of patients with thyroid
cancer recurrence, the tumor becomes dedifferentiated. It
does not concentrate iodine and thereby becomes unre-
sponsive to (1*'I) treatment, likely the result of mutational
changes in the sodium-iodine symporter [3]. Such tumor
often shows increased aggressiveness and has a tendency to
metastasize [4, 5].

Patients with medullary thyroid cancer (MTC) are
susceptible to early metastatic disease. Between 20 to 30% of
patients with T1 tumors at the time of diagnosis already have
metastasis to lymph nodes [6]. The mainstay of treatment
for these patients is total thyroidectomy with aggressive
lymph node dissection. For patients with a family history of
MTC or multiple endocrine neoplasia 2A or 2B, prophylactic
thyroidectomy is recommended as soon as possible, even in
patients who are less than one-year-old [6].

Popular treatment options for advanced stages of DTC
and MTC consist of radiotherapy and chemotherapy, which
confer only a modest benefit on tumor burden and
overall survival. Current treatment regimens for advanced
thyroid cancer include bleomycin, doxorubicin, platinum-
containing compounds, or a combination of these agents.
For the most part, they result in minor responses, and their
use is limited by their toxicities. Bleomycin is well known
for its pulmonary toxicity, while doxorubicin can cause
both cardiac arrhythmias and heart failure. Platinum-based
therapies result in neuropathy, nausea, and renal toxicity [7].

However, recent research has shed light on the underlying
molecular mechanisms of thyroid cancer and on the role of
oncogenic kinases in metastatic thyroid cancer in particular



[8]. Given the high incidence of thyroid cancer and its
recently elucidated molecular mechanisms, thyroid cancer
has become a focus of effort for use of new targeted therapies,
especially the new class of agents that inhibit kinases involved
in signaling, cellular growth, and angiogenesis [8]. Most of
the therapeutic agents being developed actually target both
the oncogenic and the signaling pathways.

2. Overview of the Molecular Pathways of
Thyroid Cancer

Comprehensive studies of mutation pathways in DTC and
MTC have been undertaken in the past two decades [9-
21]. The knowledge gained from these analyses may render
DTC and MTC amenable to designer therapeutics. The most
important findings center on the discovery of oncogenic
kinases, as well as the elucidation of various signaling
pathway adaptations occurring in malignant cells. Of the
oncogenic kinases, BRAF V600E mutation and RET/PTC
mutations are being targeted as potential pathways for
therapeutic intervention. Both of these mutations have
the potential to activate the mitogen-activated protein
kinase (MAPK) pathway downstream. Therapeutics target-
ing RET/PTC are being developed particularly for use in
MTC. The vascular endothelial growth factor (VEGF) and
platelet-derived growth factor (PDGF) pathways, as well as
the phosphatidylinositol-3-kinase-(PI3K-) phosphatase with
tensin homology (PTEN) pathway are important signaling
cascades being investigated for possible development of
therapeutic kinase inhibitors (Figure 1).

2.1. Oncogenic Kinases. BRAF mutations are the most com-
monly encountered mutation in PTC [13, 22, 23]. BRAF
mutations are present in 29-83% of cases of papillary thyroid
cancer (PTC) [8, 24]. Anaplastic thyroid carcinoma (ATC)
also has a high frequency of BRAF mutations, with up to
50% of ATC harboring a mutation in this entity [25]. The
BRAF gene is located on chromosome 7q24. Oncogenic
BRAF mutations in PTC commonly (approximately 80%)
are comprised of a thymidine to adenine substitution in
exon 15 (T1799A) resulting in an amino acid sequence
change of valine to glutamate (V600E) [22, 26]. This change
destabilizes the inactive conformation of BRAF, rendering
it constitutively active [14, 26, 27]. Activated oncogenic
mutant BRAF has a higher affinity for MEK1 and MEK2
and increases the phosphorylation of MEK. BRAF V600E
also potently activates MAPK pathway directly. BRAF can
be activated by another genetic rearrangement leading to
formation of a fusion protein, AKAP9-BRAF, which can
activate MAPK pathways. This rearrangement is present in
approximately 11% of PTC [28]. The basis of these mutations
is not known. The BRAF V600E mutant does not seem
related to radiation exposure. In contrast, the AKAP9-BRAF
is thought to be related to irradiation [28-30].

Some authors suggest that PTCs with BRAF mutations
are more aggressive and tend to present at a more advanced
clinical stage and with extrathyroidal invasion [24, 31]. BRAF
mutations are more frequently present in older patients with
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otherwise classical PTC, who are at a more advanced stage
of the disease at the time of diagnosis [24, 31, 32]. This
suggestion is also supported by the observation that the tall-
cell variant of PTC has a high prevalence of BRAF mutations
[33]. Additionally, BRAF mutation is common in aggressive
microcarcinomas [34, 35]. These mutations occur rarely or
not at all in follicular or medullary thyroid carcinomas,
benign adenomas, or benign hyperplasias [23, 36, 37]. Many
undifferentiated and anaplastic carcinomas arising from pre-
existing PTC have BRAF mutations [32, 38]. Additionally,
tumors with BRAF mutations tend to have decreased expres-
sion of NIS symporter, and leading the tumor to become
refractory to radioiodine treatment [39-41]. Interestingly,
BRAF mutation is generally present without other common
mutations found in PTC, suggesting that BRAF mutation
alone may be sufficient for tumorigenesis [13, 36, 37].

The oncogenic RET/PTC mutation is also commonly
found in PTCs, approximately 10-50% [21]. Familial forms
of medullary thyroid carcinoma (MTC) also arise from
inheritable activating mutations in RET (the most studied
being the C634R change) [42, 43]. RET/PTC rearrangements
are very common in thyroid tissue exposed to radiation,
and are also commonly noted in pediatric PTC [44, 45].
Radiation has been shown to induce this recombination in
thyroid cell lines and in normal human thyroid tissue trans-
planted onto SCID mice [46]. Twelve forms of RET/PTC
mutations have been described, with forms 1 and 3 being the
most common [16]. RET/PTCI is typically associated with
classical PTC, while RET/PTC3 rearrangement is associated
with solid-variant PTCs [17]. These mutations result in
the linking of the promoter and N-terminus to unre-
lated C-terminus fragments of RET, leading to a chimeric
receptor that is constitutively active. RET/PTC mutations
are uncommon in poorly differentiated cancers, suggesting
that this mutation may imply a favorable prognosis [18].
Curiously, RET/PTC expression in thyroid cells has been
found to be associated with impaired hormonogenesis and
hypothyroidism, particularly Hashimoto’s thyroiditis (HT).
Whether or not this predisposes an individual with HT to
thyroid cancer is unclear [47-49].

2.2. Signaling Kinases. A few of the important signaling cas-
cades being investigated for the possible development of ther-
apeutic kinase inhibitors are the VEGF and PDGF pathways,
as well as the PI3K/PTEN pathway. VEGF is a proangiogenic
factor that binds to two receptor tyrosine kinases (VEGFR-
1 and VEGFR-2), of which VEGFR-2 is widely recognized to
be the primary mediator of angiogenesis. PDGE-B is required
for the maturation of microvasculature, while tumor-derived
PDGF-A recruits angiogenic stroma to the tissue. VEGFR
and PDGFR mutually support the increased activity of each
other [50]. Increased VEGF expression appears to be related
to worse prognosis, increased risk of recurrence, and the
presence of metastasis [51, 52].

The PI3K/PTEN pathway is responsible for regulating
glucose metabolism, cell survival, adhesion, and motility [20,
53, 54]. It is found in some thyroid carcinomas (particularly
follicular carcinomas) as well as other types of cancers [55—
60]. Epigenetic methylation leads to silencing of the negative
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FIGURE 1: Molecular pathways of thyroid cancer and their corresponding therapeutic agents.

regulator PTEN gene, thus facilitating increased activity of
the downstream PI3K/Akt pathway [61]. Changes in this
pathway occurred in 31% of benign thyroid adenomas, 24%
of PTCs, 55% of FTCs, and 58% of ATCs according to
one study. The authors concluded that this pathway may be
important in the progression from benign thyroid adenoma
to follicular cancer to ATC [62]. BRAF mutations have
been found along with mutations in PI3K/PTEN pathway
in undifferentiated thyroid carcinoma, perhaps promoting
progression from DTC to undifferentiated thyroid cancer
[15].

3. New Agents for the Treatment of
Thyroid Cancer

3.1. Agents Primarily Targeting Oncogenic Kinases. Given
the increased frequency of BRAF mutations in PTC, a
number of newer therapeutic agents have been developed
that inhibit BRAF. The BRAF inhibitor studied most in
thyroid cancer is sorafenib. Sorafenib (Nexavar, BAY 43-
9006, Bayer) is an oral tyrosine kinase inhibitor which
has been approved by the Food and Drug Administration
for the treatment of advanced renal cell carcinoma and
unresectable hepatocellular carcinoma. It inhibits VEGFR
2/3, RET including RET/PTCI1 mutant, c-kit, PDGFR-beta,
and BRAF (including the V600E mutation) [63, 64]. It is a
biaryl compound that locks the mutant constitutively active
kinase in an inactive state. It competitively inhibits ATP
binding in the catalytic domains of both normal and mutant
BRAEF. This triggers G1 phase arrest.

None of the four phase 1 trials of sorafenib included
subjects with thyroid cancer, but there is in vitro data in
thyroid cancer cell lines that demonstrated efficacy. The
phase 1 trials established the optimum dosing regimen
as 400 mg twice a day [65]. A number of phase II trials

of sorafenib involved advanced or metastatic DTC. These
patients’ tumors demonstrated partial responses in 15-27%
of participants, and stable disease in a little over 34-61%
[66-68]. It should be noted that a recent retrospective
review of thirteen patients with advanced DTC from MD
Anderson demonstrated particular efficacy of this agent
in lung metastasis, while it was less efficacious in bone
metastasis [69]. Given its ability to interfere with RET and
RET/PTC pathways, treatment with sorafenib was attempted
in a phase II trial of MTC. Only a very small portion of
patients achieved a partial response, although stable disease
response rates were comparable to those seen in the DTC
phase 11 trials [70].

While sorafenib is generally well tolerated with side
effects including rash, diarrhea, hand-foot syndrome, and
fatigue, treatment with sorafenib may be associated with an
increased risk of cardiac toxicities, with up to 40% of patients
experiencing EKG changes. Myocardial infarction has also
been reported as a side effect of sorafenib in patients being
treated for renal cell carcinoma [71, 72]. Increased risk for
cutaneous squamous cell carcinomas has been ascribed to the
entire class of BRAF inhibitors, and sorafenib is no exception
[73].

PLX4032 (RG7204, a Plexxikon drug being codeveloped
with Roche) is a 7-azaindole derivative that is currently in
clinical trials. PLX4032 specifically inhibits BRAF V600E
to a greater extent than wild-type BRAF [74, 75]. Unlike
sorafenib which only binds to the inactive conformation of
BRAF and keeps it inactive, PLX4032 binds to both the active
form and inactive forms of BRAE It has been shown to
actively inhibit proliferation of BRAF-mutant-positive cell
lines, particularly in melanoma; thus, most of the clinical
trials have been focused on melanoma [76].

Notably, not all cell lines with BRAF V600E mutations
respond equally to treatment with PLX4032. Although
mutant BRAF V600E has been identified in ATC, PLX4032



did not lead to apoptosis of the anaplastic thyroid carcinoma
cell line ARO [77]. Different melanoma cell lines with BRAF
V600E demonstrate differential response to PLX4032 as
well; some are highly sensitive while some are essentially
unresponsive to treatment with this agent. These differences
might be explained by whether the cell line is homozygous
or heterozygous for the BRAF V600E mutation. Variation in
the upregulation of the PI3K/PTEN pathway in response to
treatment with this agent potentially mediates the observed
resistance in nonresponding cell lines [78].

An early clinical trial of PLX4032 demonstrated that
one out of three participants with thyroid cancer achieved
a partial response [79]. Rashes are the most common side
effect of this agent. Again noted is an increase in risk for
development of cutaneous squamous cell carcinomas, likely
owing to its anti-BRAF activity [79]. XL281 (Exelixis, Bristol-
Meyers-Squibb BMS-908662) is another oral agent similar
to PLX4032 in that it inhibits both wild-type and mutant
BRAF kinases. Phase I clinical trials are ongoing and include
subjects with thyroid carcinoma though early results are not
encouraging [80].

Sunitinib (Sutent, SU11248, Pfizer) is a tyrosine kinase
inhibitor affecting VEGFR 1/2/3, RET, RET/PTCI1, and
RET/PTC3 [81]. Of DTC and MTC patients enrolled in
a phase II trial of sunitinib receiving 50 mg/day, partial
response was observed in 13% of patients with DTC, while
stable disease was the best response in 68% of patients with
DTC. Eighty-three percent of patients with MTC achieved
stable disease [82]. Additionally, there are case reports of
patients with advanced MTC having a dramatic response
to treatment with sunitinib with respect to both serum
calcitonin levels and tumor burden [83]. Patients experience
side effects primarily relating to fatigue, and diarrhea when
treated with sunitinib. Another unique adverse effect of this
agent is palmar-plantar erythrodesia.

Sunitinib can also cause hypothyroidism like many of
the tyrosine kinase inhibitors. The mechanism is thought
to be related to a destructive thyroiditis when administered
for the treatment of renal cell carcinoma [84, 85]. However,
this is unlikely to be the cause of hypothyroidism in thyroid
cancer patients, as they have all presumably undergone
total thyroidectomy. There is other evidence suggesting that
increases in TSH in athyreotic patients are associated with
increased type 3 deiodination and augmented peripheral
thyroid hormone metabolism [86]. Interestingly, some stud-
ies suggest that development of hypothyroidism during
treatment for other cancers other than thyroid cancer may
actually be an encouraging prognostic factor [87, 88].

Heart failure may also be a serious adverse effect
sunitinib, occurring in 2.7% of patients from a retrospective
study of 600 patients at MD Anderson [69]. A different
retrospective analysis including 75 patients involved in phase
I and II trials with sunitinib at several centers around the
United States reported an 11% cardiac event rate, and a
decrease in left ventricular ejection fraction of greater than
10% in 47% of included subjects. Half of the included
patients developed hypertension [89]. While the mechanism
of heart failure associated with tyrosine kinase inhibitors may
be related to mitochondrial damage, recent studies postulate
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that myocyte damage occurs secondary to a lack of target
selectivity of binding to both tyrosine kinases and serine-
threonine kinases [89-91]. Of the clinically available tyrosine
kinase inhibitors used in one comparison study, sunitinib,
sorafenib, and pazopanib induced the highest degree of
myocyte damage as measured by lactate dehydrogenase
leakage [90].

Vandetanib (Zactima, ZD6474, iPR Pharmaceuticals,
AstraZeneca Pharmaceuticals) is an oral tyrosine kinase
inhibitor that targets VEGFR 2/3, RET, and EGFR [92, 93].
It is a heteroaromatic-substituted anilinoquinazoline. It
specifically inhibits RET/PTC1 and RET/PTC3 in PTC,
and M918R RET mutations in MEN2B [94, 95]. Recent
investigations into the mechanism of action of vandetanib
in cell culture revealed that the agents ability to block both
RET and EGFR simultaneously can prevent escape from
RET blockade [96]. A completed phase II trial demonstrated
efficacy in metastatic familial MTC [97]; 21% of patients
treated with 300 mg/day showed a partial response, while
53% patients had stable disease at 24 weeks. There was a
decrease in levels of calcitonin in most patients. Adverse
effects were significant enough to require dose reductions
in several subjects and consisted of diarrhea, severe rash,
fatigue, and QTC prolongation [97].

The vandetanib safety database, which accrues data from
treatment of multiple cancer types, noted a potential increase
in other serious entities such as cerebrovascular accidents
and interstitial lung disease [98]. Recent US Food and
Drug Administration review cites concern regarding the
side effect profile of this agent and propose limiting the
indications to progressive symptomatic disease [98]. Another
recently published study of subjects with locally advanced or
metastatic hereditary MTC administered only 100 mg/day of
the drug with nearly similar response rates compared to the
above study, and was somewhat better tolerated regarding
side effects [99]. Other phase II trials for familial MTC and
DTC are underway, as are phase III trials for metastatic MTC.
Based on the above mentioned trials as well as other recent
data, in April 2011, the US Food and Drug Administration
approved vandetanib for use in late-stage MTC. This is the
first medication approved by the FDA for the treatment of
MTC [100].

Imatinib Mesylate (STI571, Gleevec, Novartis) is an
oral tyrosine kinase inhibitor (TKI) that suppresses c-ABL
mutation, ¢-KIT, and inhibits RET autophosphorylation
[101]. It was first utilized in the 1990s for treatment of
BCR/ABL-positive leukemias. In anaplastic thyroid cancer
cell lines (FRO and ARO), it caused growth inhibition,
but did not inhibit growth in papillary thyroid cancer cell
lines [102, 103]. Two small phase II trials of patients with
MTC showed only a small percentage of subjects achieving a
stable disease as their best tumor response [104, 105]. These
patients were treated with 600 mg daily of imatinib. Over half
of the patients were noted to have profound hypothyroidism
and required significant increases in their need for thyroid
hormone.

New agents are also on the horizon, particularly in RET-
mutant MTC. Withaferin A (WA) is a novel compound
which appears effective against MTC cell proliferation in
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culture. WA inhibits both activation and phosphorylation
of RET as well as total RET expression. The investigators
recently published evidence of its efficacy in a murine model
of MTC. Treatment with WA resulted in 80% regression of
tumor volume in the treated animals with a corresponding
significant decrease in calcitonin levels. Additionally, all the
treated animals were alive at 6 weeks, while essentially all the
control animals died by this point in time [106].

3.2. Agents Primarily Targeting Signaling Kinases. Pazopanib
(Votrient, GlaxoSmithKline, GW786034) is a second-gener-
ation oral small molecule kinase inhibitor that targets
VEGFR-1, 2, and 3, as well as alpha and beta PDGFR [107].
There is new data from studies of breast cancer indicating
that it also targets multiple forms of Raf, though it likely
does not affect the common BRAF V600E mutant [108].
It is approved for use in renal cell carcinoma and is likely
effective in other forms of cancer including ovarian cancer,
and nonsmall cell lung carcinoma [109-111].

A phase II study completed in early 2009 of thyroid
cancer patients led by the Mayo Clinic demonstrated a
confirmed partial response rate by RECIST criteria in
49% of enrolled subjects (18 patients). There were no
complete responses [112]. Starting dose was 800 mg per day.
Patients able to tolerate maximum doses of the medication
significantly decreased their tumor size as compared to those
patients unable to tolerate maximum doses of the agent.
Although not statistically significant, the subset of patients
with FTC attained a partial response more frequently than
subjects with PTC. Forty-three percent (43%) required dose
reductions, owing most frequently to fatigue, skin and hair
hypopigmentation, diarrhea, and nausea. Nearly 66% of
patients doubled their TSH concentrations. Also of note,
three patients (8%) developed grade 3 lower gastrointestinal
hemorrhage, which according to the authors is similar to the
rate noted in trials with Sorafenib [112].

Motesanib (AMG706, Amgen) is an oral tyrosine-kinase
inhibitor that inhibits autophosphorylation of RET and
also targets VEGFR 1, 2, and 3, PDGFR, and c-KIT. It
demonstrates both direct antitumor and antiangiogenic
properties [113]. Phase 1 trials were encouraging with 3 DTC
patients registering a partial response [114]. A subsequent
phase II trial administering 125 mg/day to patients with DTC
demonstrated a partial response in 14% of patients, while
35% of patients had stable disease after 48 weeks [115]. A
separate arm of this study examined a cohort of patients with
advanced, progressive, symptomatic, or metastatic MTC.
In this MTC cohort, 2% of patients showed an objective
response, 81% maintained stable disease, and an overall 76%
of patients showed decrease in the size of their target lesions
[116]. Motesanib was generally well tolerated in both cohorts
with fatigue, nausea, diarrhea, and hypertension comprising
the majority of adverse side effects. As a result of treatment
with motesanib, greater than 60% of patients experienced
a TSH elevation out of the desired therapeutic range at
some time during the study [116]. A recent study of both
DTC and MTC revealed that a decrease in soluble VEGFR-2
and a concurrent increase in placental growth factor (PIGF)
during the course of treatment with motesanib predicted

which patients would respond to treatment with this agent
[117].

Axitinib (AG-013736) inhibits VEGFR more specifically
than the agents discussed above. A phase I study included
patients with thyroid cancer though none demonstrated
partial responses [118]. A phase II study using a dose of 5 mg
orally two times per day noted partial responses in 31% of the
patients with DTC and in 18% of the patients with MTC. Side
effects included fatigue, stomatitis, and hypertension [119].
Further trials are ongoing.

XL 184 (BMS-907351) inhibits VEGF 1 and 2, C-MET,
RET, c-kit, fms-related tyrosine kinase 3 (FLT3), and TIE-2.
A unique aspect of this agent is its activity against hepatocyte
growth factor (HGF) and C-MET, both of which are overex-
pressed in PTC [120]. A phase 1 trial was promising; 55% of
36 patients MTC demonstrated a partial response, and 84%
overall had stable disease [121]. Interestingly, patients both
with and without RET mutations responded. A phase I1I trial
exploring XL 184 in MTC is currently underway.

Other recently evaluated novel agents include pyra-
zolopyrimidine derivatives like CLM3 and CLM29, which
also appear to be widely effective against cytoplasmic and
receptor ATP competitive tyrosine kinases including RET,
EGFR, VEGEFR, and angiogenesis pathways. These agents
are unique because they induce apoptosis and decrease
tumor volume in murine models of dedifferentiated PTC,
irrespective of BRAFV600E mutation [122].

4, Conclusion

Recent increased incidence of thyroid cancer is associated
with a rise in the number of patients with metastatic disease
and tumors that are resistant to the effect of radioiodine.
Presently, there are no consensus guidelines about safe and
effective methods to treat advanced-stage thyroid cancers.
However, the recent elucidation of the pathogenesis of
thyroid cancer has facilitated the development of new
targeted agents intended to have activity against specific
biochemical and oncologic pathways. Many of these newer
agents being developed and tested are kinase inhibitors that
show a promise for improved treatment of advanced DTC, as
well as MTC.

In general, options for the chemotherapeutic treatment
of advanced-stage thyroid cancers remain limited. The most
promising agents display activity against VEGFR, including
pazopanib, motesanib, sorafenib, sunitinib, and vandetanib.
There is structural similarity between VEGFR and RET
kinases, and cross-activity likely occurs perhaps increasing
the efficacy of these agents. Interestingly, axitinib (a tyrosine
kinase inhibitor that more specifically targets VEGFR)
garnered similar promising tumor responses to the above
noted multitargeted kinase inhibitors [119]. In addition,
the effective targeted kinase inhibitors not only demonstrate
specific activity against VEGFR, but also exhibit activity
against a wide array of cellular pathways.

Perhaps owing to their wide ranging cellular targets,
there are also numerous concerning side effects of these
multitargeted kinase inhibitors. Several trials of the above
listed agents reported a significant percentage of patients



requiring a dose reduction during the study period for
general tolerability. The most concerning adverse effects are
increases in the incidence of cardiomyopathy and associ-
ated hypertension and stroke. Additionally, minor-to-severe
bleeding (often in the form of gastrointestinal bleeding)
should not be overlooked. Trials of motesanib and sunitinib
noted increasing TSH values during the course of treatment,
placing patients at risk for being on subtherapeutic doses of
suppressive thyroid hormone for a period of time.

Other targeted kinase agents have been shown less
effective than previously hoped. Imatinib does not appear
to be a candidate for further study in MTC, nor does
gefitinib which was not discussed in detail because a phase
II trial did not demonstrate any partial responses [123].
Agents specifically targeting the BRAF pathway and BRAF
V600E are in earlier stages of clinical trials; however, stable
disease appears to be the best response achieved in this
class of agents, including PLX4032 as well as XL281. The
more specific BRAF inhibitors also have concerning side
effects, including an increased incidence of squamous cell
neoplasms.

Overall, options for targeted therapy of patients with
advanced thyroid cancer remain limited. While these agents
may improve radiographic tumor response, change in sur-
vival is unclear. Most trials have demonstrated that only
small percentages of patients achieved partial responses.
There has been a lack of complete responses [124]. Current
expert opinion advises that these agents be used only in a
specific subset of patients. They should be administered only
to patients with rapidly progressive radioiodine refractory
metastatic disease. Locally recurrent, unresectable cancer
which is unresponsive to radiation may also be considered
appropriate for treatment [125].

Other lines of research must be pursued including
immunotherapy with vaccines and interferon adminis-
tration, as well as efforts to induce redifferentiation of
tumor cells to take up radioiodine with histone deacetylase
inhibitors Romidepsin and Vorinostat, for example [126—
131]. Another area that warrants further investigation is
the exploration of biomarkers that may be able to predict
response to a given agent, which may help tailor treatment
to an individual. Additionally, both in vivo and in vitro
chemosensitivity testing is becoming more common, and
is currently available in several clinical trials. These tests
appear to be most useful in terms of negative predictability,
meaning a treatment is very likely to be unsuccessful in
vivo if it is unsuccessful in vitro. Unfortunately the positive
predictability of such tests is not as robust. There are many
diverse challenges to be addressed before chemosensitivity
becomes routine [122, 132]. Promising new studies are being
performed investigating combinations of tyrosine kinase
inhibitors with other conventional modalities of treatment,
like radiation [133]. Much new data is required before such
agents are offered routinely for the treatment of advanced or
dedifferentiated thyroid cancer.
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Papillary thyroid carcinoma (PTC) accounts for over 80% of all thyroid malignancies. The molecular pathogenesis remains
incompletely clarified although activation of the RET fusion oncogenes, and RAS and BRAF oncogenes, has been well
characterized. Novel technologies using genome-wide approaches to study tumor genomes and epigenomes have provided
great insights into tumor development. Growing evidence shows that acquired epigenetic abnormalities participate with genetic
alterations to cause altered patterns of gene expression/function. It has been established beyond doubt that promoter cytosine
methylation in CpG islands, and the subsequent gene silencing, is intimately involved in cancer development. These epigenetic
events very likely contribute to significant variation in gene expression profiling, phenotypic features, and biologic characteristics
seen in PTC. Hypermethylation of promoter regions has also been analyzed in PTC, and most studies have focused on individual
genes or a small cohort of genes implicated in tumorigenesis.

1. Background

Thyroid carcinoma is the most common endocrine malig-
nancy. Papillary thyroid cancer (PTC) accounts for over
90% of thyroid malignancies [1]. With improved diagnostic
techniques, papillary thyroid carcinoma is identified much
more frequently than in the past [2]. Currently, ways to
preoperatively identify patients with invasive thyroid cancer
include asymptomatic disease with concomitant vocal cord
dysfunction or subglottic/tracheal mass, recurrent disease in
the central compartment, symptomatic disease with voice
changes, dyspnea, hemoptysis, or dysphagia, and finally
documented invasive disease based on preoperative imag-
ing [3]. More papillary thyroid cancers are diagnosed as
microcarcinomas; therefore, molecular methods of detecting
aggressive disease will aid in treatment planning.

The majority of genetic alterations in thyroid cancer
exert their oncogenic actions at least partially through the

activation of the MAP kinase/ERK pathway. Constitutive
activation of the MAP kinase/ERK pathway leads to tumori-
genesis by upregulating cell division and proliferation [4].
Activation of this pathway is a common and important
mechanism in the genesis and progression of human cancers.
When constitutively activated, the MAP kinase pathway leads
to tumorigenesis [4]. Alterations of RET/PTC, BRAF, and
RAS genes are linked to papillary thyroid tumorigenesis.
RET proto-oncogene encodes a cell membrane receptor
tyrosine kinase. Ligands of the kinase are of the glial-
cell line-derived neurotrophic factor (GDNF) family which
cause the receptors to dimerize upon binding, leading to
autophosphorylation of tyrosine residues and initiation of
the MAP kinase/ERK pathway signaling cascade [5]. High
expression of RET in parafollicular C-cells of the thyroid
gland is consistent with its role in the development of
neural crest-derived cell lineages. This high expression of
RET does not normally occur in thyroid follicular cells;



however, RET activation in these cells occurs by fusion of the
3’ tyrosine domain of RET to the 5 portion of constitutively
expressed genes. The most common RET/PTC rearrange-
ments seen in PTC are RET/PTCI (fusion with H4 gene)
and RET/PTC3 (fusion with NCOA4 gene). Prevalence of
RET/PTC rearrangements in PTC is greatest in populations
exposed to radiation (60-70%). In the general population,
the prevalence is higher in children [6]. Activation of
RET/PTC results in downregulation of thyroglobulin and
sodium iodide importer genes, which are thyroid specific,
and thyroid follicular cell differentiation. Wild-type and
truncated forms of RET/PTC activate the PI3K/AKT pathway
leading to tumorigenesis [6, 7].

Mutations of BRAF, a serine-threonine kinase and down-
stream signaling molecule of RAS and RET, are potent activa-
tors of the MAP kinase/ERK pathway [4, 8]. These missense
mutations of the BRAF gene, located on chromosome 7,
occur in the kinase domain with the T1799A transversion
mutation that results in a single amino acid substitution of
valine to glutamic acid (V600E) accounting for 80-90% of
BRAF activating mutations [6, 9]. The V600E mutation is
thought to mimic phosphorylation in the activation segment
of BRAF by inserting a negatively charged residue adjacent to
an activating phosphorylation site [4].

BRAF V600E occurs as a sporadic mutation in thyroid
cancer [9, 10] and is restricted to papillary and anaplastic
or poorly differentiated carcinomas [11]. Prevalence of the
mutation is reported in papillary thyroid cancer at 35—
40%, with a significantly higher prevalence in males than
females [9]. The rate of BRAF mutation in PTC is the second
highest to that in melanomas (60%) and is much higher than
other cancers such as colorectal adenocarcinomas (5-10%)
and lung cancers (1.8%) [9]. BRAF V600E correlates with
poorer clinicopathologic outcomes defined as extrathyroidal
extension, lymph node metastasis, and advanced tumor
grade (III/IV) at presentation and is prognostic of tumor
recurrence [12—15].

Activating mutations of the three RAS oncogenes (H-
RAS, K-RAS, and N-RAS) occur in thyroid tumors; however,
their prevalence depending on histology of the tumors has
been controversial [16]. Early studies demonstrated that
RAS mutations were more frequent in follicular tumors
than papillary thyroid cancers, in addition to different
patterns of mutations occurring in the two types. Indeed,
mutations in up to 50% on microfollicular adenoma further
supported the idea that RAS oncogene activation was an
early event in follicular thyroid tumorigenesis. More recent
studies have reported varying incidences of RAS mutations
in thyroid tumors (0-50% in PTC, 0-85% in adenomas, 14—
62% in FTC, and 0-60% in anaplastic carcinomas). Some
investigators find no correlation between RAS mutation
isoforms and tumor pathology, while others report a higher
frequency of mutations in codon61 of H-RAS and N-RAS in
FTC and poorly differentiated carcinomas.

Although not confirmed by similar studies [10], 38% of
BRAF-positive papillary thyroid tumors showed RET/PTC
rearrangement [9], contrary to reports that BRAF V600OE
mutation does not occur with RET/PTC or RAS mutations in
cancer [10]. Concurrent RET/PTC and BRAF mutations has
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also recently been reported in papillary thyroid cancer [17].
The low oncogenic potential of both BRAF and RET/PTC1
suggest that both mutations occurring in the same path-
way are not necessarily redundant but may cooperate in
papillary thyroid tumorigenesis. Indeed, RET/PTC1 and
RAS mutations have been shown to synergistically lead to
tumorigenesis [9].

The molecular pathogenesis of PTC thus remains incom-
pletely clarified. With respect to gene alterations, papillary
thyroid cancers have relatively low rates of loss of het-
erozygosity, with no specific region displaying a particularly
high prevalence when compared to follicular thyroid cancers
[18]. Like RET, BRAF, or RAS mutations, other molecular
alterations are thought to be essential for the induction
of papillary thyroid cancer. Epigenetic events very likely
contribute to significant variation in gene expression profil-
ing, phenotypical features, and biologic characteristics seen
among papillary thyroid carcinoma [19].

2. Epigenetics Mechanisms Involved
in Tumorigenesis

Epigenetic silencing of regulatory genes is part of the global
genomic alterations in cancer that alter pathways relevant
to stem-cell growth and differentiation. Epigenetic silencing
mechanisms include covalent modifications of chromatin,
DNA cytosine methylation, noncoding RNAs, and nucleo-
some remodeling [20]. It has been proposed that epigenetic
abnormalities may play a seminal role in the earliest steps
in tumorigenesis [21-24]. Epigenetic changes may act in
concert with genetic changes resulting in tumorigenesis,
because they are mitotically heritable. The high degree of
mitotic stability of silencing plus the progressive nature by
which it is achieved makes pathological silencing of growth
controlling and other genes essential to carcinogenesis.
Patterns of DNA methylation are linked to gene
expression; for example, methylation in a gene promoter
region generally correlates with a silenced gene [25]. DNA
methylation, the DNA methyltransferase (DNMT) catalyzed
addition of methyl group to cytosine ring, is restricted to
cytosines that precede a guanosine in the DNA sequence (the
CpG dinucleotide) in humans and other mammals [25]. The
distribution of CpG dinucleotides in the genome is unusually
asymmetric, occurring in small clusters called “CpG islands”.
The CpG islands are often in promoter regions of genes and
are usually unmethylated regardless of the transcriptional
state. This highlights the importance of DNA methylation for
gene expression, especially in transcriptional silencing [25].
Aberrant DNA methylation plays a strong role in
tumorigenesis. Global hypomethylation of intergenic CpG
dinucleotides and regional hypermethylation of CpG islands
in promoter regions are characteristic hallmarks of many
cancers [24]. The impact of hypermethylation on tumori-
genesis is further illustrated by the silencing of multiple
tumor suppressor genes, thereby contributing to the hall-
marks of carcinogenesis which include evading apoptosis
(P53, p14ARF, BNIP3 and Caspase-8), insensitivity to anti-
growth signals (p16INK4a and miR-124a), sustained angio-
genesis (TIMP3 and TSP1), limitless replicative potential
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(hTERT), and tissue invasion and metastasis (E-cadherin
and LIMS2).

Transcriptional silencing is also a result of chromatin
compaction due to convergence of DNA methylation and
histone modifications. Methylated DNA recruits methyl-
binding proteins (MBDPs), which have methyl-CpG-binding
domains (MBD), to hypermethylated DNA. MBDPs asso-
ciate with histone deacetylases, resulting in chromatin
remodeling and gene silencing. In addition to these mecha-
nisms of silencing, histone methyltransferase (HMTs) repress
transcription by methylation of lysine 9 of histone 3 (H3K9)
or lysine 27 of histone 3 (H3K27). An excellent review
of epigenetic modifications of chromatin is provided by
Iacobuzio-Donahue [26].

The influence of epigenetic events on tumorigenesis
is well illustrated by the evolution of colon cancer, in
which risk factors for common cancers such as aging and
inflammation are shown to cause expansions in either
normal colon epithelial stem cells or precursor cells derived
from them. Epigenetic gatekeepers such as cyclin-dependent
kinase inhibitor 2A (CDKN2A/p16), secreted frizzled-related
protein (SFRP), GATA-binding protein 4 and 5 (GATA-4
and -5), and adenomatous polyposis of the colon (APC)
prevent early tumor progression in colon cancer. Normal
epigenetic modulation of these gatekeeper genes allows them
to prevent stem/precursor cells from becoming immortalized
during periods of chronic stresses and renewal pressures on
cell systems. APC is a classically mutated tumor suppressor
gene in colon cancer, which is also inactivated by epigenetic
mechanisms [27]. Epigenetic silencing of one allele serves as
a second-hit in Knudson’s hypothesis for tumor suppressor
gene inactivation when paired which mutations on the other
allele [21].

Like APC, loss of pl6 can be epigenetically mediated,
permitting expanding cells to develop genomic instability
[28, 29] and further epigenetic gene-silencing events [30].
Its loss is seen in subsets of preinvasive stages of colon and
other cancers [30]. Finally, GATA-4 and -5 transcription
factor genes, important for both embryonic gastrointestinal
epithelial development and for maturation in adults, are
epigenetically silenced in about half of all the preinvasive
and invasive lesions for colon cancer [31]. This can hamper
differentiation and promote precursor cell expansion.

The wingless-type MMTYV integration site (Wnt) path-
way activation also illustrates how multiple epigenetic events
may act in concert to affect a single-cell pathway. Inappro-
priate silencing of these genes leads to abnormal activation
of the Wnt pathway, which plays a canonical role in colon
tumorigenesis [23]. These genes are independently affected
by epigenetic events but result in Wnt activation. Four genes
in the SFRP family encoding proteins that antagonize the
action of the Wnt ligand at the cell membrane are hyperme-
thylated simultaneously in the majority of preinvasive lesions
for colon cancer. Upregulation of the survival protein Sirtuin
1 (SIRT1) also results in Wnt pathway activation. SIRT1 is
upregulated as a result of loss of the transcription factor
hypermethylated in cancer 1 (HIC1) via hypermethylation in
early preinvasive lesions in colon cancer as well as other types
of cancer [23]. Loss of HICI also results in additional gene

silencing events as well as downregulation of tumor protein
53 (p53).

Loss of DNA methylation results in the weakening
of transcriptional repression in normally silent regions of
the genome resulting in harmful expression of inserted or
normally silenced genes, and loss of functional stability of
chromosomes. It has been established that covalent histone
modification is linked to DNA methylation. Cytosine methy-
lation attracts methylated DNA-binding proteins and histone
deacetylases to methylated CpG islands during chromatin
compaction and gene silencing [32, 33]. In addition to
epigenetic modification of transcriptional start sites, there is
evidence for more global changes in chromatin structure. For
instance, there is an overall decrease in the 5-methylcytosine
content of cancer genomes that is reflected as hyperme-
thylation in CpG islands [34]. The consistently observed
hypermethylation is due to a change in 5-methylcytosine
distributions rather than an overall increase in total amount
of methylation. It has also been observed that large stretches
of DNA can become abnormally methylated in cancer.

3. Epigenetics of Papillary
Thyroid Carcinogenesis

Quantitative analysis of promoter hypermethylation in thy-
roid cancer has involved RASSF1A, TSHR, RARS2, DAPK,
$100, p16, CDH1, CALCA, TIMP3, TGF-B, and GSTpi [35].
Hypermethylation of 2 or more markers (RASSF1A, TSHR,
RARpB2, DAPK, CDHI, TIMP3, and TGF-f) was detectable
in 25% of thyroid hyperplasias, 38% of adenomas, 48% of
thyroid cancers, and 100% of cell lines. Rank correlation
analysis of marker hypermethylation suggests that a subset
of the markers were hypermethylated in concert, which
may represent a thyroid-specific regulatory process [35].
Additionally, a positive correlation was observed between
BRAF mutation and RARB2 and a negative correlation
between BRAF mutation and RASSF1A [35].

Investigation of DNA methylation in PTC has been
predominantly restricted to individual candidate tumor
suppressor genes and genes known for their role in thy-
roid function, using locus specific nonquantitative meth-
ods. BRAF, RASSFIA, TSHR, ECAD, NIS-L, ATM, DAPK,
SLC5A8, TIMP3, and RARB2 have been analyzed for DNA
methylation. Promoter hypermethylation of TSHR, NIS-L,
ATM, and ECAD has been demonstrated in 34-59% [36, 37],
22%, 50%, and 56% of patients with papillary thyroid cancer,
respectively [37].

3.1. Thyroid-Stimulating Hormone Receptor (TSHR) and
Sodium lodide Symporter (NIS). TSHR stimulates several
key steps in thyrocyte concentration of iodine, including
uptake by NIS and oxidation before incorporation into
thyroglobulin by thyroid peroxidase [36]. The methylation
status of the NIS and TSHR promoter regions are important,
because these genes are specific to the thyroid and play a
role in the uptake of iodine and normal cellular function
[37]. Promoter hypermethylation resulting in decreased
expression of TSHR and NIS may result in a decreased
ability to concentrate iodine, rendering ablative doses



of 3! ineffective [37]. Promoter hypermethylation of TSHR
is reported in 34-59% [36, 37] of patients with papillary
thyroid cancer. NIS mRNA expression has been shown to
be decreased in thyroid cancers [37, 38], and this has been
proposed to be secondary to methylation of the promoter
region [32, 37]. The NIS-L region within the promoter was
shown to be hypermethylated in 22% (7/32) of patients with
papillary thyroid cancer [37] but was not methylated in
surrounding histologically benign tissue.

3.2. E-Cadherin (ECAD). E-cadherin complexes with cat-
enins to promote Ca?"-dependent, homotypic cell-to-cell
adhesion and to establish normal epithelial tissue architec-
ture [39]. Disruption of the E-cadherin/catenin complex
contributes to tumor metastasis, and decreased expression
of E-cadherin is observed in advanced stage, poorly differ-
entiated carcinomas [39]. Promoter hypermethylation has
been demonstrated in multiple human cancers, including
papillary thyroid cancer in 56% (18/32) of patients [37].

3.3. Ataxia Telangiectasia Mutated (ATM). ATM is a member
of the phosphatidylinositol 3-kinase family of proteins that
respond to DNA damage by phosphorylating key substrates
(p53 and BRCA1) involved in DNA repair and/or cell cycle
control [40-42]. Hypermethylation of ATM promoter was
observed in 50% (16/32) of patients with papillary thyroid
cancer analyzed [37].

3.4. Apical Iodide Transporter (AIT). The thyroid apical
iodide transporter AIT encoded by the SCL5A8 gene has
been defined as a sodium-coupled transporter of short-
chain fatty acid. It is thought that AIT may be involved
in the passive transport of iodide from thyrocyte to the
follicle lumen [43, 44]. Expression of SCL5AS8 is decreased in
thyroid cancers compared to other iodide transporters [43]
and is expressed abundantly in colon cancer, functioning
as a tumor-suppressor gene. Silencing of SLC5A8 occurs by
promoter hypermethylation in about 50% of colon cancer
cell lines and primary colon cancers. Decreased expression
of SLC5A8 observed in classical variant of papillary thyroid
cancer is linked to hypermethylation of exon 1 of the gene
[44].

Hypermethylation occurred in 33% (76/231) of PTC
and was associated with extrathyroidal invasion (40%) and
multifocality (40%) [45]. This epigenetic event is thought
occur at a later stage in papillary thyroid cancer and specific
of the classical variant; therefore, it may be secondary to
other genetic alterations occurring selectively in the tumor
type [44]. Indeed, SLC5A8 and BRAF discriminate the
classical variant PTC, supporting the argument. In addition,
a strong association between low SLC5A8 expression and the
presence of BRAF V600E [44] or advanced clinicopathologic
features [45] suggests a link in the progression to more
aggressive papillary thyroid cancer.

3.5. The Tissue Inhibitor of Metalloproteinase 3 (TIMP3).
TIMP3 is one of 4 tissue inhibitors of metalloproteinase
thought to inhibit growth, angiogenesis, invasion, and
metastasis in several human cancers [45, 46]. TIMP3 inhibits
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vascular endothelial factor-(VEGF-) mediated angiogenesis
by blocking the binding of VEGF to VEGF receptor-2,
thereby inhibiting downstream signaling and angiogenesis
[46]. Promoter hypermethylation, and downregulation of
TIMP3 expression, is observed in various human cancers
[45, 47—49]. Hypermethylation in PTC occurred in 53% of
tumors analyzed and was associated with extrathyroidal inva-
sion (38%), lymph node metastasis (43%), and multifocality
(49%).

3.6. Death-Associated Protein Kinase (DAPK). DAPK is
a calcium/calmodulin-dependent serine threonine kinase
protein with a proapoptotic, tumor-suppressor function
[45, 50]. The DAPK gene is silenced by hypermethylation
in several human cancers [45, 51, 52], including thyroid
cancer, and its expression has been shown to be a useful
marker for cancer prognosis [50]. In addition to aberrant
DNA methylation, chromatin immunoprecipitation analysis
demonstrated that histone deacetylation of the 5 CpG island
is involved in gastrointestinal malignancies [51]. In papillary
thyroid cancer, promoter hypermethylation of DAPK was
demonstrated in 34% of PTC and was associated with tumor
multifocality (51%) [45].

3.7. Retinoic Acid Receptor-2 (RARf32). RARB2 plays a
central role in the regulation of epithelial cell growth and
tumorigenesis. Effects of retinoids are mediated by nuclear
receptors, RAR-a, RAR-f, and RAR-y, RXR-a, RXR-f3, and
RXR-y which form RXR-RAR heterodimers, that bind to
specific DNA sequences, called RAR elements. It is thought
that decreased expression of RARs may lead to resistance
to retinoid effects [53]. Hypermethylation of RARB2 was
demonstrated in 22% of papillary thyroid cancer and was
not associated with any aggressive clinicopathologic features
[45].

4, Conclusion

With improved diagnostic techniques, endocrine tumors
are identified much more frequently than in the past. For
instance, benign parathyroid tumors occur in as many
as 2.3% of postmenopausal women [54], and primary
hyperaldosteronism may be the cause of hypertension in as
many as 4.8% of all patients with elevated blood pressure
[55]. The molecular genetics of rare inherited endocrine
tumor susceptibility syndromes, such as multiple endocrine
neoplasia (MEN) type 1 and 2, familial pheochromocytoma
syndromes, Carney complex, and Beckwith-Wiedemann
syndrome have all contributed to our understanding of
endocrine tumor development [56, 57]. Among different
tumor types, there exist common pathways that lead to
tumorigenesis, such as inactivation of the MEN1 tumor
suppressor and activation of the RET proto-oncogene. As
in other cancers, it is believed that the vast majority of
genetic changes are somatic, that is, tumor-specific muta-
tions acquired during tumor progression [58].

Epigenetic mechanisms, especially aberrant DNA methy-
lation, very likely play an important role in papillary thyroid
tumorigenesis. Genome-wide DNA methylation studies in
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PTC provide a powerful tool to identify disease-causing
genes. Additionally, unbiased, systematic analyses of tumor
methylomes are likely to identify signaling pathways of
importance in cancer development, in general. Analyzing
epigenetic alterations in papillary thyroid cancer would
help to characterize pathogenesis and may play a critical
role in tumor classification and diagnosis. It has recently
been shown that there are differences in global methylation
profiles between prognostic subsets of chronic lymphocytic
leukemia (CLL) [59]. The specific silencing of unmethylated
tumor suppressor genes was seen in the unmutated IGHV
subgroup of CLL, implying a critical role for epigenetic
changes during leukemogenesis. Interestingly, patients with
immunoglobulin heavy-chain variable gene (IGHV) unmu-
tated CLL have worse prognoses compared to CLL patients
with mutated IGHV genes [59].

These studies may also pave the way for the application of
epigenetic therapeutics, by targeted reversal of gene silencing.
Azanucleoside drugs are demethylating agents that are cur-
rently approved for treatment of myelodyspastic syndrome
[20, 56]. These function as DNA methyltransferase enzymes
that require incorporation into DNA to be effective and affect
the differentiated state. Other nucleoside DNA methylation
inhibitors include 5-fluoro-2’-deoxycytidine and zebulamine
[60] which are in development. Histone deacetylases [61,
62] and histone methyltransferases are another reasonable
option for therapeutics. The histone deacetylase SAHA is
currently approved by the FDA for treatment of Tcell
lymphoma [63].

Just as multiple epigenetic events may act in con-
cert to affect a single-cell pathway, it is most likely that
epigenetic therapy will involve using multiple drugs that
individually affect epigenetic silencing but have synergistic
effects. Proposed strategies for the FDA approved epigenetic
drugs are as single therapies or in combination as primary
or secondary treatment after neoadjuvant chemotherapy.
Lack of specificity may not pose a problem, since DNMT
inhibitors act only on dividing cells. The drugs preferentially
activate genes that have become abnormally silenced in
cancer [64]. Moreover, the chromatin structure associated
with a pathologically silenced gene may be more susceptible
to reactivation than the highly compacted state induced by
physiological silencing [20].
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Tyrosine kinase inhibitors (TKIs) which target angiogenesis are promising treatments for patients with metastatic medullary and
differentiated thyroid cancers. Sorafenib, sunitinib, and pazopanib are commercially available drugs which have been studied in
these diseases. Vandetanib is the first drug approved in the United States for treatment of medullary thyroid cancer. These TKIs are
used as chronic therapies, and therefore it is imperative to understand the adverse event profile in order to avoid excessive toxicity
and maintain patients on therapy as long as it proves beneficial. Here we review common toxicities, management of these, and
other challenging situations that arise when using TKIs in patients with thyroid cancer.

1. Introduction

Thyroid cancer is now the 5th most commonly diagnosed
cancer in women and 9th in overall incidence in the United
States; however, fewer than 2000 people die per year of
their disease and mortality rates have remained fairly stable
for the past several decades [1]. The most common form
of thyroid cancer, differentiated thyroid cancer (DTC), is
derived from the follicular cells of the thyroid, and it includes
papillary and follicular thyroid cancers. While most patients
are cured or have indolent disease, a small percentage
develop metastases that no longer respond to treatment with
radioactive iodine or TSH suppressive therapy. Medullary
thyroid cancer (MTC) accounts for only about 2-3% of
thyroid cancers and is derived from the neuroendocrine “C”
cells of the thyroid gland. The only treatment with curative
intent for medullary thyroid carcinoma is complete surgical
resection.

Therapy with tyrosine kinase inhibitors (TKIs) has only
recently been studied in thyroid cancer. The discovery that
BRAF (in papillary and anaplastic thyroid cancers) and
RET (in MTC) mutations, as well as angiogenesis, play a
significant role in tumorigenesis in DTC and MTC led to

several clinical trials over the past decade with multikinase
inhibitors. For purposes of this paper, TKIs refer to small
molecule drugs, which target multiple pathways, including,
but are not limited to, vascular endothelial growth factor
receptor (VEGFR). Sorafenib, sunitinib, and pazopanib
are three commercially available TKIs which have shown
favorable results in phase II trials in DTC [2—4]. Although
these small trials have reported favorable responses, at this
time, there are no published results of large phase III trials in
DTC. Favorable results of a phase III, randomization study
of vandetanib versus placebo in MTC have been reported
[5]; however, it is important to note that patients on this
study were not required to have progressive disease prior to
study entry. Vandetanib was recently approved by the Food
and Drug Administration for symptomatic or progressive
MTCGC, establishing it as the first drug to be approved for this
disease. The drug is available only through the Vandetanib
Risk Evaluation and Mitigation Strategy (REMS) Program
due to the prolongation of the QT interval and reported cases
of torsades de pointes and sudden death in clinical trials.
Sorafenib has also been studied in MTC in a phase II trial
[6], and encouraging results of sunitinib in MTC have been
presented at a national meeting [7].



Journal of Thyroid Research

TABLE 1: Major adverse events associated with commercially available TKIs which have been studied in thyroid cancer.

1 0,
Adverse event Sorafenib (%)

Sunitinib (%)

Pazopanib (%) Vandetanib (%)

All-grade  =grade3  All-grade >grade3  All-grade  >grade3  All-grade  >grade3

Hypertension 17 4 30 12 40 4 33 9
CHF or LVEF decline 1.7 NR 13 3 <1% NR <1 NR
Proteinuria NR NR NR NR 9 <1 10 0
Hand-foot skin reaction 30 6 29 6 6 NR NR NR
Stomatitis NR NR 30 4 NR NR NR
Anorexia 16 <1 34 2 22 2 21 4
Weight loss 10 <1 12 <1 52 3.5 10

Diarrhea 43 2 61 52 3.5 57 11
AST elevation NR NR 56 53 7.5 NR NR
ALT elevation NR NR 51 2.5 53 12 51

Fatigue 37 5 54 11 19 2 24
Hypothyroidism NR NR 14 2 7 NR NR NR
Arterial thromboembolism 2.9 NR NR NR 3 2 NR NR
Hemorrhage/bleeding (all sites) 15 3 30 3 13 2 NR NR

CHEF: congestive heart failure; LVEF: left ventricular ejection fraction; AST: aspartate aminotransferase; ALT: alanine aminotransferase; NR: not reported.
Data extracted from the phase 3 trials or from the prescribing drug reference information [9, 28-30].

Table is adapted from [31].

There are many challenges posed by the use of TKIs,
which we believe should be used with caution and reserved
for patients with either advanced, progressive disease or
bulky disease which may compromise organ function. This
review focuses on highlighting the most common and prob-
lematic adverse events associated with TKIs with suggestions
for management. Other dilemmas that often arise with use of
these drugs will be described as well.

2. Adverse Event Management

Although TKIs are generally better tolerated than cytotoxic
chemotherapy, many patients develop side effects from on-
target and off-target effects which require aggressive man-
agement in order to maintain patient compliance, optimize
therapy, and avoid potentially life-threatening consequences.
Since many patients require long-term use of TKIs for
continued control of disease, it is imperative for the treating
clinician to be familiar with the potential side effects of
these drugs. The most frequent side effects of TKIs are
hypertension, dermatologic effects, fatigue, and diarrhea.
In addition, the risk of bleeding and liver toxicity may
be fatal. The clinician should conduct thorough physical
and laboratory examinations prior to considering therapy
with these drugs to identify the most appropriate choice of
treatment and must monitor and treat adverse events during
therapy. Treatment of all comorbid conditions should be
optimized and drug-drug interaction, antifungals, antiemet-
ics, and class III antiarrhythmic agents avoided to prevent
interactions with TKIs. In this section we will discuss the
most common and potentially fatal side effects of TKIs with
management recommendations.

Table 1 lists adverse events of the commercially available
TKIs relevant to thyroid cancer, their incidence, and grades

(data extracted from phase III trials in renal cell carcinoma
and package inserts) using Common Terminology Criteria
for Adverse Events version 3.0 (CTCAE v3.0). The CTCAE
is a list of descriptive terminology utilized for adverse event
grading and reporting on clinical trials and is made available
through the CTEP website at http://ctep.cancer.gov/proto-
coldevelopment/electronic_applications/docs/ctcaev3.pdf.

2.1. Drug-Drug Interactions. Cytochrome P450 enzymes,
expressed primarily in the liver, play a primary role in the
metabolism of many drugs. Sunitinib, sorafenib, pazopanib,
and vandetanib are all metabolized by cytochrome P450
3A4 (CYP3A4). Of the four drugs, sorafenib appears to
be the least susceptible to CYP3A4 inducers or inhibitors,
although the package labeling warns against concomitant
use of CYP3A4 inducers [8]. Concomitant use of CYP3A4
inducers may decrease the plasma concentration of the TKI,
resulting in decreased efficacy, while inhibitors may increase
the plasma concentration, resulting in toxicity. Itraconazole,
a potent inhibitor of CYP3A4, does not appear to affect
the metabolism of vandetanib [9]. Table 2 lists the more
common, clinically significant drugs metabolized via the
CYP3A4 enzyme system.

The medical history should include a thorough review
of medications which may affect the metabolism of the
TKI. Concomitant drugs which are metabolized via CYP3A4
should be avoided or substituted for another drug. If
a CYP3A4 inhibitor drug cannot be eliminated, a dose
reduction in the TKI should be considered. Patients should
also be monitored for increasing side effects if a CYP3A4
inhibitor is coadministered.

2.2. Cardiovascular. Hypertension is the most common car-
diovascular side effect associated with antiangiogenic drugs.
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TasLE 2: Clinically significant CYP3A4 inducers, inhibitors, and substrates.

CYP3A4 inducers CYP3A4 inhibitors CYP3A4 substrates
. . Statins: atorvastatin, lovastatin, and
Calcium channel blockers: amiodarone, . . .
Dexamethasone simvastatin (not pravastatin) (not

verapamil

rosuvastatin)

Anticonvulsants: phenytoin,

Azole antifungals: itraconazole, voriconazole,

Calcium channel blockers: amlodipine,

carbamazepine and ketoconazole diltiazem, felodipine, nifedipine, and verapamil
Phenobarbital
Rifampin Macrolide antibiotics: erythromycin, and

clarithromycin (not azithromycin)

St. John’s wort

HIV antivirals: nonnucleoside reverse
transcriptase inhibitors: efavirenz, and

. nelfinavir, and ritonavir
nevirapine

HIV antivirals: protease inhibitors: indinavir,

Pioglitazone

The mechanism of hypertension is not well understood,
but it has been suggested that it is due to increased fluid
retention, endothelial dysfunction, nitrous oxide inhibition,
rarefaction [10], reduction of vascular surface area, and
increase in peripheral vascular resistance caused by inhibi-
tion of angiogenesis [11-14]. A recent study by Rini et al.
suggests that the rise in blood pressure above 140/90 may
be a biomarker for anticancer therapy and was associated
with significant survival benefit even with treatment of
antihypertensives. The use of antihypertensives did not
reduce the efficacy of sunitinib in metastatic renal cell
carcinoma [15].

The onset of hypertension is variable. Blood pressure may
begin to rise within days of therapy prior to steady state
or the onset of the therapies’ biological effects or may be
more indolent. There are no clear guidelines for managing
TKI-induced hypertension. It is our clinical practice to
use ACE inhibitors, angiotensin receptor blockers (ARBs)
or a beta blocker as first-line therapy for hypertension
since these drugs are not metabolized via the CYP3A4
enzyme system. However, the choice of an antihypertensive
should be individualized. The Angiogenesis Task Force of
the National Cancer Institute Investigational Drug Steering
Committee recently published guidelines for management
of hypertension with TKIs [16]. Hypertension should be
controlled based on compelling and noncompelling indi-
cations to a goal of <140/90 prior to starting TKIs. Once
a TKI is initiated, patients should have the blood pressure
monitored within 1 week. Blood pressure monitoring at
home may be more effective at prediction of outcomes from
cardiovascular disease than clinic blood pressure monitoring
[17]. If the blood pressure is above goal, antihypertensive
therapy should be initiated or adjusted. Patients should
continue to check their blood pressure daily (with brachial
blood pressure device) and report results on a weekly basis
(until adequate blood pressure control is achieved), and
antihypertensive drugs should be rapidly titrated or new
drugs added to the regimen. Once control of blood pressure
is obtained, the blood pressure should be monitored on a
monthly basis. Interruption or dose reduction of the TKI

may be necessary in order to achieve adequate blood pressure
control. Some calcium-channel blockers, such as felodipine,
diltiazem, nifedipine, and verapamil, are CYP3A4 substrates
or inhibitors and should be avoided.

Sunitinib and pazopanib can lead to QT interval pro-
longation; therefore, they should be used with caution in
patients with a history of QT prolongation and patients
taking antiarrhythmic drugs. Torsade de pointes was seen
in <0.1% of patients exposed to sunitinib and <2% of
patients treated with pazopanib. Vandetanib carries a black
box warning due to QT interval prolongation, Torsade
de pointes, and sudden death observed in clinical trials
involving patients with a broad variety of solid malignancies.
Serial monitoring of electrocardiograms and electrolytes is
mandated and electrolyte abnormalities should be corrected
[9, 18, 19]. In a phase III trial that examined the efficacy and
safety of vandetanib 300 mg in the treatment of unresectable
locally advanced or metastatic MTC, QT prolongation was
reported in 14% of patients randomized to vandetanib
and in 1% of patients randomized to placebo, with 8%
(18/231) and 1% (1/99), respectively, being >=grade 3 events.
Vandetanib should not be given to patients who have a
history of Torsades de pointes, congenital long QT syndrome,
bradyarrhythmias, or uncompensated heart failure. Vande-
tanib should not be started in patients whose corrected QT
interval (QTcFE, Fridericia formula) is greater than 450 ms.
Specific guidelines for monitoring of QT abnormalities and
electrolytes in patients taking vandetanib are specified in the
package insert [9]. In addition, use of concomitant drugs
known to prolong the QT interval, such as amiodarone and
erythromycin, should be avoided.

A less common but serious adverse event associated
with TKIs is systolic and diastolic congestive heart failure.
It appears to be more common with sunitinib but has
been reported with sorafenib and pazopanib. Patients may
present with very dramatic symptoms of heart failure, while
others demonstrate mild symptoms which may be difficult
to differentiate from fatigue due to the TKI or the tumor
itself [20]. Cardiac toxicity, although not always completely
reversible, is often a manageable condition if patients have



careful monitoring and treatment with routine heart failure
therapies with beta blockers and ACE inhibitors/ARB as rec-
ommended by the guidelines of heart failure management by
the American College of Cardiology. The etiology of the heart
failure is thought to be due to direct reversible cardiomyocyte
toxicity, possibly exacerbated by hypertension which may
progress to irreversible, progressive injury if not treated
with standard heart failure therapy [21]. This toxicity is not
completely understood, but platelet-derived growth factor
receptor-f (PDGFR-f) inhibition has been implicated as
playing a role in the response to pressure-overload-induced
stress [22]. We recommend that all patients initiating TKIs
have a baseline echocardiogram and periodic monitoring
while they are on therapy. Furthermore, aggressive man-
agement of hypertension may help reduce cardiomyocyte
damage.

Case Number 1. A 69-year-old woman with a history of
hypertension and premature ventricular contractions was
referred to our center. She had a history of T4a, NO,
MO, stage IVA papillary thyroid cancer for 10 years prior.
The patient’s thyroid cancer was initially managed with
total thyroidectomy and radioactive iodine ablation, but
she developed local recurrence and pulmonary metastases
several years later. She continued to have progressive disease
in the lungs and neck and was referred to our center. The
patient was enrolled into a phase II clinical trial with an
investigational TKI targeting VEGFRs, PDGFR, and others.
The patient’s blood pressure was normal prior to initiation
of the investigational TKI, but one week later she devel-
oped grade 2 hypertension which was difficult to control
despite treatment with multiple antihypertensive agents.
Her pretreatment echocardiogram demonstrated an ejection
fraction of 55-60%. Nearly 4 months after starting on the
investigational agent, she underwent adenosine stress test
which identified a 30% ejection fraction with hypokinesia
in the anterior septal segments which partially reversed
with rest. Because of the presence of a left bundle branch
block at baseline, definitive diagnosis of ischemia was not
possible from the images. Carvedilol was initiated, and the
investigational TKI was held. Echocardiogram confirmed
the low ejection fraction. A cardiac catheterization with
myocardial biopsy was performed. She was found to have
mild ischemic heart disease (defined as less than 50% stenosis
in any coronary) which was disproportionate to her degree of
heart failure, and therefore the heart failure was attributed
to the TKI. Direct cardiomyocyte toxicity was confirmed
with the biopsy, demonstrating hypertrophy and interstitial
edema, increased lipid droplets, and dilatation of sarcotubu-
lar elements (Figure 1). Since the biopsy showed no myocyte
death (indicating reversibility) and the echocardiogram
showed a return to baseline, after 3 weeks, the investigational
agent was reintroduced at a reduced dose. Two months
later she was found to have progression of disease, and the
investigational agent was discontinued permanently.

2.3. Renal. Proteinuria associated with antiangiogenic ther-
apies was first described with bevacizumab, a monoclonal
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FIGURE 1: Transmission electron micrographs of endomyocardial
biopsy from patient with systolic heart failure treated with a TKI.
Section shows hypertrophy and interstitial edema with edematous
mitochondria (open red arrow), with increased lipid droplets (solid
red arrow) and dilatation of sarcotubular elements (yellow arrow).
These findings are consistent with acute but reversible injury.

antibody against VEGF [23]. Small-molecule tyrosine kinase
inhibitors, which inhibit VEGF-R, lead to proteinuria as
well [24]. Thrombotic microangiopathy and acute interstitial
nephritis have been reported with sorafenib and sunitinib
[25, 26]. The glomerular podocytes express VEGE and
glomerular endothelial cells express VEGF receptors. Thus,
a proposed mechanism of proteinuria is that deletion of
VEGF allele in podocytes or inhibited VEGF signaling leads
to proteinuria and capillary endotheliosis [27].

All patients who will receive antiangiogenic therapies
should have a baseline urinalysis and protein to creatinine
ratio, with routine monitoring for development of pro-
teinuria while on treatment. A urine protein to creatinine
ratio of =1 or 24-hour urine with >1gram/dL/24 hours
of protein should prompt intervention. The decision to
hold drug should be considered on a case-by-case basis.
Treatment with an ACE inhibitor or ARB should be initiated
and consultation with nephrology may be warranted. As
proteinuria is a class effect of antiangiogenic treatments,
changing from one agent to another may not prevent this
effect in a patient.

2.4. Dermatologic. Dermatologic reactions observed with
TKIs include hand-foot syndrome (HES), skin induration
or callous formation, rash, alopecia, hair texture and color
changes, and skin discoloration. HES, the most common and
potentially most debilitating dermatologic effect, presents
as desquamating lesions in a palmoplantar distribution
typically at pressure points or areas of friction or trauma. The
lesions can significantly affect a patient’s quality of life, thus
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TaBLE 3: Suggested dose modification for skin toxicity for sorafenib [8].

Skin toxicity grade

Occurrence

Suggested dose modification

Grade 1: numbness, dysesthesia, paresthesia, tingling,
painless swelling, erythema or discomfort of the hands
or feet which does not disrupt the patient’s normal
activities

Any occurrence

Continue sorafenib and consider topical
therapy for symptomatic relief

Grade 2: Painful erythema and swelling of the hands or
feet and/or discomfort affecting the patient’s normal
activities

No improvement within 7
days or 2nd or 3rd occurrence

4th occurrence

1st occurrence

Continue sorafenib and consider topical
therapy for symptomatic relief. If no
improvement within 7 days, see below

Interrupt sorafenib until toxicity resolves
to grade 0-1. When resuming treatment,
decrease sorafenib dose by one dose level
(400 mg daily or 400 mg every other day)

Discontinue sorafenib treatment

Grade 3: Moist desquamation, ulceration, blistering or
severe pain of the hands or feet, or severe discomfort
that causes the patient to be unable to work or perform
activities of daily living

1st or 2nd occurrence

3rd occurrence

Interrupt sorafenib until toxicity resolves
to grade 0-1. When resuming treatment,
decrease sorafenib dose by one dose level
(400 mg daily or 400 mg every other day)

Discontinue sorafenib treatment

necessitating drug discontinuation or dose reduction. The
pathogenesis of HFS is not entirely clear. Preventive appli-
cation of hand and foot lubricants should be implemented
at time of drug initiation. The package insert for sorafenib
gives clear recommendations on dose modifications and
holds for skin toxicity (Table 3). It has been the authors’
experience with sorafenib that when patients develop grade
=3 HFS, drug interruption until skin toxicity declines to
grade <1 with reinitiation at 200 mg daily, and titration
by 200 mg every 3-5 days can prevent further escalation of
skin toxicity (unpublished data). Stevens-Johnson syndrome,
characterized by a prodrome of malaise and fever, followed
by rapid development of erythematous or purpuric macules,
which can progress to epidermal necrosis or sloughing,
has been reported with vandetanib. A patient with these
signs and/or symptoms should discontinue drug therapy
immediately and seek medical attention, as this could be a
life-threatening adverse effect.

Skin induration and callous formation can lead to pain
at pressure points and limit mobility. Referral to podiatry
can be considered to reduce callous size. Skin evaluation for
development of actinic keratoses or keratoacanthoma-type
squamous cell carcinomas (KA-SCC) should be performed
regularly while being treated with sorafenib and BRAF
inhibitors, as these lesions have been described primarily
with targeted therapy against Raf kinase or mutant BRAF
[32-35]. These lesions can develop as solitary or multiple
lesions, weeks to months after starting drug therapy, and
do not need to be confined to sun-exposed areas. Fortu-
nately, KA-SCC has not been reported to metastasize, and
spontaneous regression has been reported [32]. KA-SCCs
should be completely excised. It has not been uniformly
recommended that drug discontinuation occur when KA-
SCCs develop due to the low metastatic potential; however,
patients should be made aware of this effect and maintain
routine skin evaluations.

2.5. Gastrointestinal System. Diarrhea, nausea, mucositis,
stomatitis, dysgeusia, anorexia, abdominal discomfort, and
weight loss may develop with the use of these drugs.
Reduced side effects may occur if medication is taken with
a large meal and water, if appropriate for administration
per package insert. Appropriate use of supportive therapies
with antidiarrheal or antiemetic medications may prevent
the need for dose reduction or discontinuation. In the
case of severe, unresponsive gastrointestinal effects, drug
discontinuation should be implemented and reinitiated at a
reduced dose once symptoms resolve to baseline or grade 1
level. Gastrointestinal perforation or fistula development is a
rare, but potentially life-threatening, adverse event reported
with TKIs. Risk factors include underlying tumor at perfora-
tion, diverticulitis, bowel obstruction, recent sigmoidoscopy
or colonoscopy, and historical abdominal/pelvic irradiation
[36]. Drug discontinuation is warranted if perforation event
occurs. Consideration for a different TKI will need to be done
with caution.

Hepatic toxicity or abnormalities, demonstrated by ele-
vations in aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) and bilirubin, can occur. Eleva-
tions in AST or ALT were the most common metabolic
abnormality requiring treatment seen in the phase III
trial of pazopanib in renal cell carcinoma [28]. Although
isolated elevations of total bilirubin were also seen at a
similar frequency, concurrent elevations of ALT and total
bilirubin were rare. The presence of a polymorphism in the
uridine diphosphate glucuronosyltransferase 1A1 (UGT1Al)
gene, which predisposes to Gilbert’s syndrome, leads to
reduced enzymatic activity necessary for the conjugation
of bilirubin allowing it to be excreted in bile. Xu et al.
reported that the presence of a polymorphism in UGT1Al
was significantly associated with pazopanib-induced hyper-
bilirubinemia, indicating that isolated unconjugated hyper-
bilirubinemia was a benign finding associated with Gilbert’s



syndrome, which did not require discontinuation of drug
therapy [37]. Conjugated hyperbilirubinemia would require
turther investgation. None of the genetic markers evaluated
in this study were associated with hepatic transaminase
elevation, thus leaving the etiology still to be determined.

TKIs can lead to asymptomatic increases in pancre-
atic enzymes or rarely acute pancreatitis, most commonly
reported with sorafenib and pazopanib. Standard treatment
for pancreatitis and evaluation with endoscopic ultrasonog-
raphy and other diagnostic testings for underlying causes
of pancreatitis should be implemented. However, radiologic
evidence of pancreatic damage or pancreatitis often is not
found. Thus, dose-limiting toxicity for pancreatic enzyme
elevation should be applied to grade 4 levels associated with
clinical findings of pancreatitis, or if considered to be life
threatening [38]. The cause of elevation in amylase and lipase
is unclear, although some have attributed it to pancreatic
ischemia from antiangiogenesis or to other drug-related
effects.

2.6. Hematologic. Mucosal bleeding (e.g., epistaxis) to hem-
orrhage (i.e., gastrointestinal, pulmonary, cerebral, vaginal)
has been reported with TKIs. Although mild mucosal
bleeding could be attributed to inhibition of VEGFR-2
causing microvascular leaks from endothelial cell damage,
clinically more severe hemorrhage is attributed to tumoral
invasion of large vessels or other concurrent pathological
conditions [36]. Additionally, thrombosis has been identified
with TKI use. Inhibition of VEGF signaling could lead
to overproduction of erythropoietin in the liver, which
increases hematocrit and blood viscosity [39, 40]. Addi-
tionally, as wound healing is dependent upon angiogenesis,
VEGF-inhibitors can impair or delay wound healing after
surgery or other invasive procedures. Thus, drug should be
withheld before and after surgery to optimize wound healing
[36].

Hematologic laboratory abnormalities with neutropenia,
lymphopenia, and thrombocytopenia are associated with
TKIs. In contrast, anemia occurs less frequently, which may
be explained by the relative increased erythrocytosis seen
with this class of drugs. As patients with differentiated
thyroid carcinoma may have received large cumulative doses
of radioactive iodine and thyroid cancer patients may have
received external beam radiation therapy, myelosuppression
may be present prior to TKI initiation. Thus, routine
monitoring of complete blood count and differential is
required while on therapy.

2.7. Miscellaneous. Hypothyroidism or rising thyroid stimu-
lating hormone (TSH), requiring increasing the thyroid hor-
mone replacement doses, is seen as a class effect. Suggested
etiologies have been poor absorption of levothyroxine from
concomitant treatment-related diarrhea, or in patients with
intact thyroid glands, regression of thyroid capillaries, or
inhibition of thyroid peroxidase [36, 41]. Thyroid function
should be monitored routinely while on TKI treatment to
maintain a suppressed TSH in patients with DTC and a
normal TSH in MTC patients.

Journal of Thyroid Research

Fatigue is a pervasive and often difficult-to-manage
problem in cancer patients and may be related to many
factors, in addition to direct toxicity of targeted drug therapy.
Investigation for causes (e.g., anemia, hypothyroidism, car-
diac dysfunction, renal dysfunction) should be performed.
Supportive care with adequate nutrition, exercise, and stress
reducing techniques is encouraged.

3. Recommendations for Dose Modifications or
Discontinuation of TKIs due to Intolerance

Nonhematologic Adverse Events (AEs). Patients with tolerable
grade 1-2 nonhematologic AEs may continue TKI therapy
while treatment for the AE is being optimized. For example,
grade 1-3 hypertension does not necessarily require a dose
modification or drug hold if the patient can be managed with
antihypertensive agents. On the other hand, adverse events
such as grade 1-2 skin rash, which have minimally effective
treatments and/or are distressful or embarrassing to patients,
may require drug interruptions. Although the package insert
for sorafenib describes dose modification recommendation
for cutaneous toxicity [8] (Table 3), others do not have
clearly defined dose modifications for this toxicity. Recurrent
grade 2 AEs require drug hold and often dose reduction if
they are possibly related to the TKI and not responding to
optimal supportive therapy. However, since TKIs are often
chronic treatments for patients with thyroid cancer, the
decision to hold and reduce the dose is often dictated in
part by the patient’s quality of life and physician judgment.
Most grade 3 toxicities will require a drug hold until the
AE improves significantly with resumption of the TKI at
a reduced dose. However, grade 3 toxicities which can be
readily managed (such as correction of hypokalemia arising
from diarrhea which can be controlled) do not require a
drug hold. Second occurrence of grade 3 toxicity should
be managed again with drug hold and reduction of the
dose. Third occurrences which cannot be effectively managed
often require discontinuation of the TKI. Grade 4 AEs are
life-threatening events, and if related to the TKI, require
discontinuation of drug. However, in some select cases, it
may be appropriate to resume treatment after reduction of
the dose by two dose levels and if other interventions are
implemented to prevent recurrence of the event. Thus, the
decision to resume drug in patients with manageable grade
4 AEs, even when drug related, must be individualized and
the benefit/risk ratio should be considered. Careful review
of concomitant medications and herbal remedies which may
cause increases in the drug levels of the TKI should also be
given consideration.

Hematologic Adverse Events. Grade 2 hematologic toxicities
do not require dose reduction. Grade 3-4 neutropenia
and thrombocytopenia and grade 4 anemia require dose
reductions upon first and second occurrences. Grade 3 and
4 hematologic toxicities are rare in thyroid cancer patients
receiving TKIs; thus, other causes such as myelodysplasia
should be ruled out.
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Intolerance to TKIs. The definition of intolerance, proposed
by Jabbour et al. in the context of leukemia, is met if
the patient has one or more criterion as delineated in the
manuscript [19]. We propose the following modified criteria
as a definition of TKI intolerance: presence of one or more
of the following criteria: (i) any grade 3-4 non-hematologic
toxicity related to TKI therapy that has recurred despite
dose reduction and optimal symptomatic measures, (ii) any
grade 2 non-hematologic, intolerable toxicity, related to TKI
therapy, that persists for more than a month despite optimal
supportive measures, or (iii) grade 3-4 hematologic toxicity,
related to TKI therapy, that is unresponsive to supportive
measures and would require dose reductions below the
accepted minimal effective dose, (iv) any life-threatening
grade 4 non-hematological toxicity related to TKI therapy.

4. Variable Responses in Different Tissues

Case Number 2. A 54-year-old man with a history of stage
IV papillary thyroid carcinoma was seen at our institu-
tion. He developed progressive disease that was noted to
be nonavid to radioactive iodine. He was initiated on a
clinical trial investigating a TKI in metastatic progressive
thyroid carcinoma. He developed an excellent response (48%
decrease in target lesion by RECIST), but his spinal bone
metastasis continued to progress and became symptomatic
(Figures 2(a) and 2(b)). His TKI therapy was held, and
his progressive bone lesion was treated with external beam
radiation. Due to overall favorable response in soft tissues,
the TKI was restarted. The patient is still on therapy 24
months later with stabilization of disease in his bone and soft
tissue lesions.

This case illustrates two points. First, tumor regression in
response to TKI therapy can occur in some organs but not
in other areas in the same patient. Additionally, TKI therapy
can be continued in a patient with differential responses in
various organs provided that local therapy is initiated for the
region of progressive disease. This case is not unique; this
scenario of varying responses to therapy in different organs
is often encountered in metastatic thyroid cancer patients
treated with TKI therapy. For example, lung metastases
respond more favorably to sorafenib and sunitinib than do
bone or pleura [42]. It has been noted that TKIs may lead
to varying responses in different tissue sites in other cancers
as well [43] and that continuation of systemic therapy after
appropriate local therapy could be beneficial [44]. This
differential response may not be unique to TKIs [45]. The
pathophysiologic mechanism behind this variable response
is not well elucidated. Some theories include host, tumor,
and stroma factors. Resistance to TKI therapy has proven
mechanisms in tumor and stroma as well. Some postulated
theories include varying hepatocyte growth factor (HGF),
VEGF receptors or serum levels, decreased drug bioavailabil-
ity in certain organs, and organ-specific tumor resistance.

Until mechanisms are better elucidated to direct therapy
for organ-specific TKI selection, consideration should be
given to local therapies for areas of progressive disease.
Clinically, one should consider irradiating bone lesions

Pre-treatment

Post-treatment

FIGURE 2: Patient with partial response in lymph nodes but
progression in bone. CT scans before (a) and after (b) 6 months
of therapy with a TKI. The patient had a partial response in
mediastinal and hilar adenopathy but progression in bone with
cortical destruction. The patient’s bone lesions were irradiated, and
he was restarted on the TKI. The patient continues on the TKI after
24 months and has no further evidence of progression.

(especially if symptomatic) if they progress on TKI therapy.
If a bone lesion is threatening vital structures (i.e., the spinal
cord), consideration should be given to treating the bone
lesion prior to TKI therapy. This may avoid a drug hold
later and further compromise of vital structures. In general,
the TKI is held during radiation therapy, although there
are upcoming trials that may inform us differently. Bony
metastatic lesion may also be treated with bisphosphonates
or denosumab. This may decrease pain in the bony lesions or
may decrease rate of progression, although trials are needed
to determine efficacy of these therapies and frequency of
dosing.

5. Sequential Use of TKIs

The former belief that if a patient has progressed through one
TKI, he/she will fail with another TKI is false and outdated.
Due to the many overlapping targets it was assumed that
there would be complete cross-resistance. There is increasing
evidence that with sequential application of these drugs, a
patient who had progressive disease with one TKI may still



respond to the next one. In a cohort of metastatic renal cell
carcinoma treated with sunitinib after progression through
sorafenib, the response rate (or efficacy) seen with second-
line sunitinib after sorafenib was similar to that of first line
sunitinib [46]. Investigations are under way to determine the
best order for sequential TKI and other targeted therapies.

6. Summary

Drug development in oncology has led to several new
targeted agents which have demonstrated efficacy in pro-
gressive thyroid cancer. Although it was initially thought
that these drugs would prove to be less toxic than cytotoxic
chemotherapy, the fact that these drugs have many off-
target effects and the likelihood that most patients will be
treated chronically beg the need for further research to
better understand the cause of these toxicities and their
optimal management. It also underscores the importance of
appropriate patient selection.

Patients and physicians must understand the possible
adverse effects and weigh the advantages versus the risks of
these drugs. Alternatives to systemic therapy for localized
disease, such as external beam radiation or embolization
should be considered when appropriate. Until prolongation
of overall survival can be demonstrated with the use of the
drugs, physicians should exercise caution in the selection of
patients to undergo therapy with a TKI.

Finally, more optimal drug selection should be personal-
ized for the individual patient and tumor. Further research
is needed to determine the ideal targeted therapy for an
individual based on the molecular characterization of the
tumor, stroma, and host factors. Future targeted therapy
development may require that the on-target and off-target
effects may be reengineered to enhance antiangiogenesis
pathways and avoid cardiovascular, renal, and dermatologic
pathways [47].
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