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ABSTRACT

Thyroid carcinoma is the most common endocrine malignant neoplasia. Differentiated
thyroid carcinomas (DTC), represent more than 90% of all thyroid carcinomas and
comprise the papillary (PTC) and follicular thyroid carcinomas (FTC) subtypes.
Anaplastic thyroid carcinoma (ATC) corresponds to less than 5% of all thyroid tumors.
The etiology of DTC is not fully understood. Several genetic events have been
implicated on differentiated thyroid tumorigenesis. Point mutations in BRAF and RAS
genes and RET/PTC rearrangements are observed in about 70% of PTC -cases.
Follicular carcinomas commonly harbor RAS mutations and PAXS8-PPARYy
rearrangements. Anaplastic carcinomas may harbor a wide set of genetic alterations, as
in genes encoding effectors in the mitogen-activated protein kinase (MAPK),
phosphatidylinositol 3-kinases (PI3K) and B-Catenin signaling pathways. These distinct
genetic alterations are able to activate constitutively several signaling pathways as
MAPK, PI3K and p-Catenin, which have been implicated on thyroid cancer
development and progression. In this context, the evaluation of the specific oncogenes,
as well as the knowledge of their effects on thyroid carcinomas can provide important
information about the disease presentation, prognosis and therapy, through the
development of specific tyrosine kinase targets. Particularly in this review, we explore
the main genetic alterations observed in follicular cell-derived thyroid carcinomas as
well as the molecular mechanisms involved in thyroid tumors development and

progression.
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INTRODUCTION

Thyroid carcinoma is the most common endocrine malignant neoplasia and
accounts for approximately 1% of all new malignant diseases (1). Follicular cell-derived
thyroid neoplasias, include the differentiated thyroid carcinoma (DTC), which
represents more than 90% of all thyroid malignancies and comprise the papillary and
follicular thyroid carcinomas and the anaplastic thyroid carcinoma (ATC), which
corresponds to 1% of all thyroid tumors. It is suggested that ATC originates de novo or
derive from dedifferentiation of a differentiated tumor. Medullary thyroid carcinoma
(MTC) is a malignancy arising from the parafollicular C-cells and accounts for
approximately 3-8% of all thyroid carcinomas (2, 3).

The etiology of DTC remains not fully understood. External radiation is the only
exogenous factor which has been clearly identified to be able to cause thyroid
carcinoma, almost exclusively the papillary form. Iodine excess has also implicated
with the papillary form (4, 5). On the other hand, several genetic events have been
described in thyroid carcinoma pathogenesis (Table 1). Papillary carcinomas commonly
present genetic alterations leading to the activation of the mitogen-activated protein
kinase (MAPK) pathway. Point mutations in BRAF or RAS genes and RET/PTC or
NTRKI1 rearrangements are mutually exclusive and identified in more than 70% of
PTCs (6-8). Follicular carcinomas frequently present R4S mutations and PAX8-PPARYy
rearrangements (9). Anaplastic carcinomas may harbor a wide set of genetic alterations,
as in genes encoding effectors in the MAPK, phosphatidylinositol 3-kinases (PI3K) and
B-Catenin signaling pathways (10-12). These genetic alterations lead to activation of
distinct pathways, as MAPK and PI3K, which have been implicated on thyroid cancer
development and progression (13-15).

The purpose of this review is to explore the main genetic alterations observed in
follicular cell-derived thyroid carcinomas as well as the molecular mechanisms involved

in thyroid tumors development and progression.

1. PAPILLARY THYROID CARCINOMA

Papillary thyroid carcinoma (PTC) represents approximately 80% of all thyroid

malignant tumors. The overall incidence of PTC is rising, in part due to the increased

detection of very small tumors (16). PTC is often diagnosed around the fifth decade of
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life and is known to be a slow-growing tumor (17). Patients usually present a palpable
nodule and the absence of any other clinical findings is the rule (3). The majority of
patients have a favorable outcome; however, about 10% of the cases have tumor
recurrence and metastatic disease (17, 18).

Point mutations in BRAF or RAS genes, as well as, RET/PTC or NTRK
rearrangements are mutually exclusive and found in more than 70% of papillary thyroid
carcinomas. These genetic alterations are characterized by the aberrant activation of the
MAPK pathway that has been observed in this tumor (6-8). The role of these oncogenes
on PTC development and progression, as well as, the signaling pathways activated

involved events will be discussed.

1.1 BRAF oncogene

BRAF is a serine-threonine kinase protein, part of the RAF family proteins and
comprises intracellular effectors of the MAPK cascade (6, 19, 20). The MAPK cascade
effects initiate with RAS activation, which recruits BRAF to the plasma membrane
initiating its activation. Once activated BRAF phosphorylates MEK, which in turn
provides the signal to activate the tyrosine ERK in the cytosol and nucleus, leading to
cellular effects, as growth, proliferation, migration and survival (21, 22)(Figure 1).
Mutations in BRAF' gene are the most common genetic alteration, occurring in ~45% of
PTCs. About 95% of all BRAF mutations involve a T > A transversion at gene position
1799, resulting in valine to glutamate amino acid substitution at position 600 of the
protein (V600E). Besides BRAF'®%| other alterations in BRAF gene have been
described in a minority of PTCs (1-2%), as K601E (A>G transversion at gene position
1801) point mutation, AKAP9/BRAF rearrangement and small in-frame insertions or
deletions around codon 600 (23-25).

BRAF mutations seem to have a role in the early stages of PTC development,
due its presence in microPTC (~40%) and also in benign tumors (8, 26, 27). Studies in

transgenic mice with Braf* %"

showed PTC development with similar properties of that
observed in human BRAF-positive PTCs (28). Accordingly, findings obtained in mice
with a thyroid-specific knock-in of Braf gene (LSL-Braf****/TPO-Cre) demonstrated
that Braf activation led to the development of classic infiltrative PTC with high rate of

extrathyroidal structures and vascular invasion (29).
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BRAF mutations are typically identified in classical and tall cell variant and are

V600E is an

associated with a more aggressive tumor behavior (8, 30, 31). Indeed, BRAF
oncogenic protein with markedly elevated kinase activity that over-activates the MAPK
pathway (32, 33). Thus, the high rate of growth observed in BRAF"*** tumors can be
explained, in part, by the MAPK-induced hyperphosphorylation with consequent
inhibition of the RB (retinoblastoma) protein, dependent transcription factors (E2F) and
p27 of cyclin-dependent kinase (CDK) activity, which allow the passage of tumor cells
from G1 to S phase of the cell cycle (34, 35).

Moreover, BRAF oncogene induced the expression of matrix metalloproteinase
(MMP), its enzymatic activity and cell invasiveness (36). The MMPs constitute a large
group of enzymes that regulate cell-matrix composition and the enhanced expression of
MMPs and its receptors, as observed in PTC samples, is thought to be an important
determinant of tumor invasion (37, 38). Moreover, studies suggest that MMP proteins
also are modulated accordingly to the intensity of MAPK pathway activation and/or
STAT (signal transducer and activator of transcription) expression, explaining in part
the mechanism of induction of this proteins in PTCs BRAF-mutated and the ability of
these tumors to invade surrounding tissues (36, 39, 40).

BRAF-mutated protein seems also to induce the nuclear factor kappa f (NFkp) in
PTC samples (38). Previous studies performed in thyroid cells (WRO) harboring this
oncogene showed an increase in NFkP pathway activity, resulting in up-regulation of
antiapoptotics factors and induction of cell invasion (40).

Recently a novel inhibitory mechanism that might operate in BRAFY"E
induced PTC was shown. BRAF'* presence was able to abolish markedly the
macrophage stimulating 1/forkhead box O3 (MST1/FOXO3) pathway transactivation in
thyroid cell line (FRO cells), resulting in the suppression of p21 and p27 CDK
inhibitors expression, inhibiting the apoptotic processes. Accordingly, the development
of Braf**** transgenic mice with the MST1 knockout, lead to abundant foci of poorly
differentiated thyroid carcinoma and large areas without follicular architecture or
colloid formation, suggesting that the activity of MST1/FOXO3 pathway might

V600E
f

determine the phenotype Bra tumors (41).

14



1.1.2 RET/PTC rearrangements

RET gene is located in chromosome 10 and a high rate of translocations reflect
the frequent structural cytogenetic alterations of this chromosome. RET/PTC
rearrangements are observed in about 13-43% of PTCs, mostly in pediatric cancers and
individuals exposed to ionizing radiation of nuclear accidents (11, 42-44). At least
twelve types of RET/PTC rearrangements have been reported, all originated by the RET
fusion to different partners (43, 45) (Table 2). RET/PTCI1 comprises up to 60% of the
rearrangements and is derived from intrachromosomal rearrangement (10q), fusioning
the RET tyrosine kinase domain to a H4 gene (D10S170), encoding an 585—amino acid
protein with unknown function (46). RET/PTC3 accounts for 20-30% of
rearrangements and is formed by RET gene fusion with the NCOA4 - nuclear receptor
coactivator 4 gene (also called ELEI, RFG or ARA70) (43, 46).

PTCs harboring RET/PTCI1 rearrangement commonly exhibit the classical
papillary histology whereas RET/PTC3 tumors normally present the solid-variant (47).
RET/PTC tumors tend to be small, with favorable outcome and seem to not exhibit a
tendency to progress to a more aggressive and/or undifferentiated thyroid carcinoma (8,
48, 49). However, studies also demonstrated that this alteration was associated with
younger onset and high rate of lymph node metastasis (8, 48).

The high prevalence of RET/PTC in occult (42%) or microscopic PTC (77%) as
well as in the follicular adenomas (45%), might indicate a putative role of this
rearrangement in early stage of PTC development (50, 51). Accordingly, studies
performed in transgenic mice carrying the Ret/PTC1 and/or Ret/PTC3 observed that the
tumors developed in these animals were similar to human PTCs (52, 53).

The RET/PTC oncogene mechanisms of tumor induction, start with the fusion of
protein partners, resulting in ligand-independent autophosphorylation of the RET
protein. RET intracellular domain contain at least 12 autophosphorylation sites and 11
of which are maintained in RET/PTC protein (54). In RET/PTC rearrangement, both
Y1062 and Y1015 RET residues are constitutively phosphorylated and are required for
cell transformation (55). These residues are essential binding sites for several proteins,
which in turn, lead to the activation of MAPK and PI3K/AKT signaling pathways and
seems to play an essential role in RET/PTC signaling with downstream cellular effects

on migration and proliferation (56-58).
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Another dysfunctional signaling pathway identified in 65 to 90% of RET/PTC
PTCs is [-catenin, a multifunctional protein involved in the regulation of gene
transcription and cell adhesion (59, 60). The B-catenin pathway can be activated directly
by binding with RET tyrosine residue, but also by cAMP response element-binding
(CREB), glycogen synthase kinase 3 phosphorylation (GSK3-S) or effectors of MAPK
and PI3K pathways (60, 61). The increase in free f-catenin protein pool promotes PTC
tumor proliferation and invasion, due to the [-catenin interaction with the
transcriptional factors, as T-cell factor/lymphoid enhancer factor (TCF/LEF), c-Myc (v-
myc myelocytomatosis viral oncogene homolog) and cyclin D1 (59, 60, 62) (Figure 1)

1.1.3 NTRK1 rearrangements

The NTRKI gene, localized in chromosome 1, encodes the high-affinity nerve
growth factor (NGF) receptor and is activated through the MAPK pathway (63).
NTRKI rearrangements are usually found in less than 10% of PTC and result of the
fusion of the NTRKI (neurotrophic tyrosine kinase, receptor, type 1) gene to different
partners (64, 65). This oncogene is the result of a somatic rearrangement that fused
TPM3 (non-muscle tropomyosin) gene to the kinase domain of a novel tyrosine-kinase
receptor (66). Experimental evidence suggests that NTRK 1 oncogene represents an early
event in the process of thyroid carcinogenesis. Transgenic mice carrying Ntrkl
oncogene develop thyroid hyperplasia and PTC (67). Additionally, crossing Ntrk1 mice
with p27kipl-deficient mice increased the penetrance of thyroid cancer and shortened
the latency period of tumor (68). NTRKI1 rearrangements are described to be associated

with younger age at diagnosis and a less favorable outcome (64, 65).

1.1.3 RAS oncogene

RAS genes (H-RAS, K-RAS, and N-RAS) encode highly related G-proteins
which play a central role in the intracellular signals transduction by activation of the
MAPK and other signaling pathway, such as PI3K/AKT (vide below) (14). Mutations in
RAS gene are found in 10-43% of PTCs, particularly in the follicular variant (FVPTC)
(69-71). Point mutations in RAS gene generally occur in codons 12, 13, or 61 of H-RAS,
K-RAS, and N-RAS. Studies have suggested that R4S mutation can be an early event in

thyroid follicular carcinogenesis, occurring in ~30% of follicular adenomas and that it is
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significantly correlated with malignant progression (72, 73). The RAS-mutated PTC
tumors tend to be encapsulated and to exhibit a low rate of lymph node metastasis (8,
70). However, studies reported that this mutation could be associated with more
aggressive phenotype and higher incidence of distant metastasis (71, 74). The molecular
basis proposed for tumorigenesis of RAS, is the constitutively activation effectors of
distinct pathways, as MAPK and PI3K, which are involved in proliferation,

differentiation and cell survival processes (71).

2. FOLLICULAR THYROID CARCINOMA

The follicular thyroid carcinoma represents 10-15% of thyroid cancers. These
tumors are generally unifocal and present a lower involvement of lymph node (<5%)
than PTCs. By contrast, distant metastasis, mainly to lungs and bones are highly
frequent at disease presentation (~20%) (3). FTC, especially if invasive has a poorer
prognosis than PTC (75, 76). However, a study containing more than 1000 patients did
not found differences in cancer-specific survival between PTC and FTC considering the
age at diagnosis, primary tumor size and the presence of extrathyroidal invasion or
distant metastasis (77).

RAS mutations and PAX8-PPARY rearrangements are commonly observed in of
the follicular thyroid carcinomas (80%) and the pathogenic effects generally occur by

the activation of MAPK and PI3K signaling pathways (14).

2.1.1 RAS oncogene

Activating mutations in gene RAS are observed in 18-52% of follicular
carcinomas and are correlated with tumor dedifferentiation and less favorable
prognostic (78, 79). Several studies suggest RAS mutations as an early event in
follicular thyroid tumorigenesis, since they are identified in up to 50% of follicular
benign tumors (78, 80, 81). Studies performed in transgenic mice carrying N-Ras
(GIn61Lys) oncogene demonstrated that this rodents developed follicular adenomas
(11%), invasive follicular carcinomas (~40%) and in some cases tumors with a mixed
papillary/follicular morphology. Moreover, 25% of these carcinomas displayed large,
poorly differentiated areas, with vascular invasion and with lung, bone or liver

metastasis (82).
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RAS-mutated gene encode constitutively active G-proteins and results in
constitutive stimulation of MAPK, PI3K/AKT and other pathways involved in
proliferation, differentiation and cell survival (83-85). As MAPK, PI3K pathway has
been proposed to be an essential via in thyroid pathogenesis promoted by RAS
mutations. PI3K are heterodimeric molecules composed of a regulatory (p110) and a
catalytic (p85) subunit and both can activate the PI3K pathway by distinct mechanisms.
First, a phosphorylated Y residue on the receptor serves as a docking site for the p85
regulatory subunit of PI3K. Alternatively, RAS-activated is able to induce the
membrane translocation and activation of p110 subunit of PI3K. Once activated PI3K
converts phosphatidylinositol 4,5 phosphate (PIP2) into phosphatidylinositol 3.,4,5
phosphate (PIP3) which results in the membrane localization and activation of
phosphoinositol-dependent kinase-1 (PDK1). The primary mediator of this cascade is
AKT; it has a number of downstream substrates that can promote cellular effects (86,
87) (Figure 1). Recently, a study using double-mutated mice (Pten-/- and Kras®'*")
showed that MAPK and PI3K pathways, isolated, were unable to transform thyroid
follicular cells, but their simultaneous activation was highly oncogenic, leading to

locally invasive follicular carcinomas and with distant metastasis (85).

2.1.2 PAX8-PPARy rearrangement

PAXS8 gene is a critical regulator of thyroid differentiation and growth (88). In
contrast, PPARYy is a ligand dependent nuclear transcription factor highly expressed in
adipose tissue, where it plays a critical role in the differentiation and in the regulation of
fat metabolism (89). PAX8-PPARYy rearrangement is created by a fusion gene of the
promoter 5° coding sequence of the thyroid-specific transcription factor (PAXS8) gene
and most of the coding sequence of the peroxisome proliferator-activated receptor
(PPARy) gene (chromosome 3p25 and 2q13) and has been detected in about 35% of
FTCs (9, 90, 91).

PAXS8-PPARYy rearrangement was demonstrated to be associated with younger
age at presentation, smaller size and more frequent vascular invasion of FTC (9, 90).
These findings, however, were not reproduced in other studies and the impact of PAXS-
PPARYy on the biology and behavior of FTCs is controversial (92, 93).

Follicular adenomas present lower frequency rates of this rearrangement,

suggesting that this chromosomal translocation might be involved early in the neoplastic
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process of FTC, possibly even at the premalignant levels (91, 92, 94). Transfection
studies of PAX8-PPARY in thyroid follicular epithelial cells, showed accelerated growth
rates and lower number of cells in the GO/G1 resting state (13, 95).

PAXS8-PPARy rearrangement leads to strong overexpression of the PPARYy
protein and seem to have a dominant negative function with abrogation of the normal
PPARYy function (96, 97). In normal conditions, PPARY acts via downstream pathways
to inhibit the proliferation of cell growth and to induce apoptosis. The loss of these
functions resulted in uncontrolled cell growth (13).

Since PPARY also regulates PTEN expression, its inhibition increases the levels
of immunoactive AKT and consequently induces to PI3K signaling activation (57, 98).
Moreover, this rearrangement is also associated with MAPK, TGFf (transforming
growth factor beta) and Wnt/B-catenin (wingless in Drosophila), signaling pathways
activation. A higher expression of CTBP2 gene (C-terminal binding protein 2) was
observed in the PPARy-PAXS positive-tumors (96). CTBPs are co-repressor proteins
which mediate effects by its association with several transcriptional factors involved in
Wnt, TGFB and MAPK signaling activation, thus explaning its important role in

follicular tumor development and oncogenesis (99).

3. ANAPLASTIC THYROID CARCINOMA

Anaplastic thyroid carcinoma, also called undifferentiated thyroid carcinoma, is
the most aggressive form of thyroid neoplasia that can originates de novo or represent
an advanced stage of follicular cell-derived thyroid tumors (3, 100). Anaplastic tumors
represent less than 5% of all thyroid tumors and its annual incidence is about one to two
cases per million with an overall incidence higher in areas of endemic goiter (101, 102).
ATC typically present with advanced disease at presentation with little response to
conventional therapeutic modalities and a mean survival time of less than 1 year after
diagnosis (Kitamura, Shimizu et al. 1999; Smallridge, Marlow et al. 2009). Patients
with anaplastic carcinoma usually present with widespread local invasion and a high
frequency of distant metastases in lung, pleura, bone and brain (101).

ATCs have been described to carry several distinct genetic alterations with a
high prevalence of mutations in MAPK effectors (12, 20). Moreover, TP53 gene

mutations, B-catenin and PI3K cascade alterations, have an relevant incidence and
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might play a critical role in ATC development and promoting dedifferentiation of a

previously well differentiated thyroid tumor(10, 103, 104).

3.1 Mutations in effectors genes of MAPK pathway

MAPK activating genetic alterations have been described to be involved on the
development/progression of ATCs. ATCs tumors present a significant prevalence of
RAS (12-17%) and BRAF mutations (24-50%) (12, 13, 105). However, RET/PTC,
NTRK and PPARy-PAXS rearrangements are rarely observed in these undifferentiated
tumors, supporting the hypothesis that differentiated thyroid cancers associated with
these rearrangements do not usually progress to anaplastic form (106, 107).

Nowadays it is proposed that ATC can originate de novo or be the result of DTC

malignant progression (2, 108). BRAF ¢

mutation is typically found in ATC tumors
which contain areas of well-differentiated PTC, but also in poorly differentiated and
anaplastic tumor areas, suggesting that it can occurs early in the tumorigenesis and that
these events are probably insufficient by themselves to initiate anaplastic
dedifferentiation, but may predispose the tumor cells to gain additional genetic
alterations that activate other pathways and lead to dedifferentiation (14, 108, 109). Of
note, BRAF*® mutation was also found in lymph-node metastasis of ATCs (109).
Interestingly, patients with ATCs harboring BRAF mutations had higher mortality than
patients presenting RAS or with no known mutation, indicating to the negative
prognostic of these genetic alterations at all stages of thyroid cancer progression (12).
RAS mutations are found with high prevalence in ATCs (6-55%) (14, 78).
Studies suggest that RAS effect might be due to the promotion of chromosomal
instability, since expression of constitutively activated RAS destabilizes the genome of
PCCL3 thyroid cells, predisposing to large scale genomic abnormalities (110).
Moreover, the RAS-mutated is known to promote constitutively activation of MAPK
and PI3K pathways, implicated in several processes as proliferation, cell survival and
dedifferentiation, thus contributing to progression/development of undifferentiated

thyroid tumors (83-85).
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3.2 Genetics alterations in genes involved in the activation of PI3K pathway

3.2.1 PIK3CA mutations and copy gains

PIK3CA encodes a catalytic subunit of PI3K and has been described be mutated
in 12-23% of ATC cases, normally restricted to the undifferentiated thyroid
components. Studies showed a preferential expression of PIK3CA mutations in the later
stages of thyroid cancer, demonstrating a more important role of this event in ATCs
than in DTC (PTCs, ~2% and FTCs, <10%) (10, 104).

Copy gains of PIK3CA seem to be the most relevant event in ATCs occuring in
about 38—61% of the tumors (13, 104). Recently it was demonstrated that change in the
gene copy number of PIK3CA occurs almost exclusively in the undifferentiated
component of the tumor. This mechanism of copy gain results in an increased
expression of PI3K, by enhanced activity of AKT which acts on the apoptosis
regulation, proliferation and motility of thyroid cells leading to thyroid cancer
progression. Of note, the PIK3CA mutations and copy gain number may coexist with
other somatic mutations in ATC, reinforcing the activation of the distinct signaling

pathway in these tumors (10).

3.2.2 PTEN gene alterations

PTEN is a tumor suppressor gene that antagonizes signaling through the PI3K
pathway, it action occurs by removing of a phosphate group from inositol ring of PIP3,
which reduces the downstream activity of Akt kinase, thereby inducing cell-cycle arrest,
apoptosis, or both (111). Several genetic alterations in PTEN suppressor gene have been
described in ATCs. While 12% of these tumors present this gene mutated (104, 106)
28% present gene silencing (112) and 69% present PTEN gene hypermethylated (113).
These alterations lead to PTEN inactivation, by different mechanisms, with a prominent
role in the pathogenesis of follicular epithelium-derived thyroid carcinomas, especially
in the most aggressive or undifferentiated forms (112, 113). Moreover, PI3K activation
produced by PTEN down-regulated has been correlated with regions of tumor invasion
and with metastasis (57, 114). Interestingly, transgenic mouse with deletion of Pten or

Ras mutations, showed that these alterations each alone did not caused the development
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of thyroid cancer, but simultaneous introduction of both genetic events caused

aggressive thyroid cancer (85).

3.3 TP53 mutations

The TP53 gene encodes a nuclear protein that can induce cell-cycle arrest,
senescence and apoptosis in response to diverse stimuli. Alterations in p53 pathway can
contribute to carcinogenesis, disease progression and resistance to therapy (115). In
thyroid tumors, 7P53 mutations are commonly observed in anaplastic carcinomas
(~70%) and is rare or completely absent in well-differentiated thyroid carcinomas (0-
9%) (11, 103, 116). It suggests that 7P53 mutation are a late event in the tumor
progression and appears to play a critical role in the transformation of differentiated
thyroid carcinoma to anaplastic form (103). Moreover, the frequent association related
of TP53 inactivation and PI3K activation in some ATC might contribute to the genomic
instability, allowing that cancer cells become resistant to apoptosis and allowing an
escape from any restriction of growth, what contribute to a rapidly enlarging neck mass
as well as to the chemotherapy and radiotherapy resistance commonly observed in these

tumors (10).

3.4 p-Catenin genetic alterations

In thyroid tumors, mutations in B-catenin are present in ~65% of anaplastic
carcinomas and lead to nuclear localization of B-catenin protein and to transcription
activation (117, 118). The expression of E-cadherin, a component of B-catenin pathway,
is high in normal thyroid tissue, but decreased in undifferentiated thyroid carcinomas
(119). These inhibitory mechanism permit the induction of growth arrest at high cell
density and the dysfunction of this system would be contributing to the loss of contact
inhibition observed in ATC cells (119). Thus, dysfunctions of both E-cadherin
expression and B-catenin mutations appear to be associated with a pathogenic role in
thyroid tumors invasion and in regional lymph node metastasis, by decreases
intercellular adhesion and enhances motility (120), and analysis of survival showed that
the lack of E-cadherin expression represents an adverse prognostic factor for thyroid

carcinomas (121).
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CLINICAL IMPLICATIONS OF GENETIC ALTERATIONS ANALYSIS AND
POTENTIAL THERAPEUTIC TARGETS

MAPK signaling pathway activation is a hallmark in thyroid tumors
pathogenesis. Multikinase or tyrosine kinase inhibitors have been investigated as
potential drugs for thyroid aggressive tumor therapy. Several preclinical studies and
clinical trials are ongoing to establish its effects on DTCs (122, 123). Specific tyrosine
multikinase inhibitor with potent activity against BRAF, RET (Rearrangement during
transfection), RET/PTC rearrangement, VEGFRs (Vascular endothelial growth factor
receptors), PDGFR (Platelet-derived growth factor receptors) and other receptors have
been tested. These studies have demonstrated generally, disease stabilization and/or
partial tumor response in DTCs (122-124). Interestingly, data of trial with sorafenib
reported that the median progression-free survival was significantly longer in PTC
patients harboring BRAF mutations (125). These initial results provide important
possibilities in the treatment of aggressive DTC, however further study with longer
follow-up times are need to validate the multikinase inhibitors effects in the thyroid

tumors.

CONCLUSION

Thyroid carcinogenesis consists in a complex process with a wide number of
molecular alterations identified among the several types of thyroid neoplasias. Since
some thyroid oncogenes were found exclusively and with high frequency in malignant
thyroid tumors and provides prognosis information, the screening for mutations of
cytopathology after fine-needle aspiration of thyroid nodules, associated with traditional
diagnosis methods can improve the diagnostic accuracy of these tumors. The evaluation
of the specific oncogenes, as well as, the knowledge of their effects on thyroid
carcinomas can provide important information about the disease presentation and
prognosis. Furthermore, as demonstrated here, the set of genetic alterations observed in
thyroid carcinomas is able to activate specific pathways of MAPK and PI3K signaling
pathways which have been demonstrated to exercise an important role on thyroid cancer

initiation and progression. The advances on knowledge of mechanisms of action of
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these oncogenes, have allowed the development of specific multikinase targets,

permitting new perspectives on therapy to aggressive thyroid tumors.
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activation and inhibition of several targets, resulting in distinct cellular effects.
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TABLES

Table 1 Description of the oncogenic genetic alterations frequencies observed in the

follicular-derived thyroid carcinomas

PTC (%) FTC (%) ATC (%)
BRAF mutations ~45 . 24-50
RET/PTC rearrangement 13-43 . _
NTRKI rearrangement <10 _ _
RAS mutations 1043 18-52 6-55
PAXS8-PPARy rearrangement _ ~35 _
B-Catenin _ _ 65
PI3KCA
Mutations ~2 <10 12-23
. 38-61
Copy gain - -
PTEN
Mutation — - 12
N 28
Silencing - -
_ _ 69
Hypermethylation
TP53 mutations 0-9 0-9 ~70
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Table 2 RET/PTC rearrangements subtypes

RET/PTC chromossomal rearrangements

RET/PTCI1

RET/PTC2

RET/PTC3

RET/PTC4

RET/PTCS5

RET/PTC6

RET/PTC7

RET/PTCS8

RET/PTCY

ELKS/RET

PCMI1/RET

RFP/RET

Intrachromosomal rearrangement (10q11.2-10q21): RET tyrosine kinase
domain (TK) fusion with the 5’ terminal region of H4 gene

Chromossomal translocation t(10;17)(q11.2;q23): RET domain with PRKRIA
(regulatory subunit type la of protein kinase A )

Intrachromosomal rearrangement: RET domain fusion (exon 12) with NCOA4
gene — (the nuclear receptor coactivator 4) / (ELE1/RFG/ARA70)
Intrachromosomal rearrangement: RET domain fusion (exon 11) with the
nuclear receptor coactivator 4 gene - NCOA4 (ELE1/RFG/ARA70)
Chromossomal translocation t(10;14)(q11.2;q32): RET domain fusion with
GOLGAS/RFGS gene (like golgi autoantigen glogin subfamily A)
Chromossomal translocation t(7;10)(q32;q11.2): RET domain fusion with
HTIF-1 (human transcription intermediary factor 1)

Chromossomal translocation t(1;10)(p13;q11.2): RET domain fusion with
TRIM33 gene (Ectodermin/RFG7/Ectodermin/HTIFy)

Chromossomal translocation t(10;14)( q11.2;q22.1): RET domain fusion with
KTN1 gene (kanectin)

Chromossomal translocation t(10;18)( q11.2;q21-22): RET domain fusion
with RFG9

Chromossomal translocation t(10;14)(q11.2;p13) : RET domain fusion with
the 5' portion of ELKS gene (Rab6-interacting/CAST family member

1)

Chromossomal translocation t(8;10)(p21-22;q11.2) : RET domain fusion with
PCM1 gene (pericentriolar material 1)

Chromossomal translocation t(6;10) (p21.3;q11.2): RET domain fusion with
RFP gene (RET finger protein)
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Abstract

Background: Thyroid hormone regulates a wide range of cellular activities, including
the balance between cell proliferation and differentiation. The thyroid hormone-
inactivating type 3 deiodinase (D/O3, D3) has been shown to be reactivated in human
neoplasias. Here, we evaluated DIO3 expression in human papillary thyroid carcinoma
(PTC).

Methods: Tumor and surrounding normal thyroid tissue were collected from 26
unselected PTC patients. Clinical data were retrospectively reviewed in medical
records. DIO3 mRNA levels were measured by Real-Time PCR and D3 activity by
paper-descendent chromatography. Studies of DIO3 gene regulation were performed in
a human PTC-derived cell line (K1 cells). BRAFY*F mutation was identified in DNA
from paraffin-embedded tissues by direct sequencing. Immunohistochemistry analyses
were performed using a specific human D3 antibody.

Results: Increased D3 activity was detected in all 26 PTC samples analyzed as
compared with adjacent thyroid tissue. The augment in D3 activity were paralleled by
increased DIO3 mRNA levels (~5 fold). In PTC-derived cells, DIO3 transcripts were
further up-regulated by the transforming growth factor B (TGFp1). Interestingly,
preincubation with mitogen-activated protein kinase (MAPK) cascade inhibitors U0126
(ERK pathway) and SB203580 (p38 pathway) decreased DIO3 mRNA levels and
blocked the TGFB1-induced increase in DI/O3 transcripts, suggesting that D3-induction
might be mediated through the MAPK signaling pathway. Accordingly, DIO3 mRNA
and activity levels were significantly higher in BRAF"*** mutated samples (P=0.001).
Increased D3 activity was correlated with tumor size (r=0.68, P=0.003), and associated
with lymph node (P=0.03) or distant metastasis (P=0.006) at diagnosis. Conversely,
decreased levels of the thyroid hormone activating type 2 deiodinase (DI02) gene were
observed in PTC which might contribute to further decreases in intracellular thyroid
hormone levels. Increased D3 expression was also observed in follicular thyroid
carcinoma but not in medullary or anaplastic thyroid carcinoma samples.

Conclusions: These results indicate that the malignant transformation of thyroid
follicular cell towards PTC promotes opposite changes in DIO3 and DIO2 expression
by pre-transcriptional mechanisms. The association between increased levels of D3
activity and advanced disease further supports a role for intracellular T3 concentration

on the thyroid tumor cell proliferation or/and dedifferentiation.
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Introduction

Thyroid cancer is the most common malignancy of the endocrine system
accounting for approximately 1% of all human cancers. The papillary thyroid cancer
(PTC) 1s the most frequent histotype and accounts for 85-90% of all thyroid
malignancies (1). The majority of patients with PTC have a favorable outcome.
However, 5-20% will develop tumor recurrence while 10% will have distant metastasis
(1, 2). Genetic alterations leading to the activation of the mitogen-activated protein
kinase (MAPK) signaling pathway are a hallmark of PTC. The most common is a
thymine (T) to adenine (A) transversion at nucleotide position 1799 (T1799A) of BRAF
gene, resulting in a valine-to-glutamate substitution at residue 600 (BRAF""®) and
occurring in ~50% of cases (3-5). RET/PTC rearrangement and RAS gene mutations are
responsible for ~20% and 10-15% of cases, respectively (6). The presence of BRAF
mutations has been inconsistently associated with aggressive tumoral behavior and poor
outcome (7-10).

Thyroid hormone influences a wide variety of biological events including the
balance between proliferation and differentiation. The activation of the pro-hormone T4
(thyroxine) into the biologically active hormone T3 (triiodothyronine) is catalyzed by
type 1 (D1) and type 2 (D2) iodothyronine deiodinases via outer-ring deiodination (11).
In contrast, type 3 iodothyronine deiodinase (D3) catalyzes the inactivation of both T4
and T3 via inner-ring deiodination. D2 plays a critical role in providing local T3 to
regulate intracellular T3 concentration and also seems to be an important source for
circulating T3 (11). The main physiological role of D3 is protecting tissues, particularly
those in the developing fetus, from inappropriate high levels of T3.

Although the role of deiodinases in neoplasias has not been fully understood,
studies focusing on DIOI and DIO2 genes have reported changes on the expression of
these enzymes in benign and malignant tumors (12, 13). DIOI and DIO2 mRNA levels
are diminished or unaltered in the majority of thyroid neoplasias, with the exception of
augmented D2 activity in follicular (FTC) and medullary thyroid carcinomas (MTC)
(14, 15). D3 has been shown to be reactivated in human benign neoplasias such as
hepatic haemangiomas as well as in malignant brain tumors (16). More recently, the
increased D3 expression has been described in human malignant basal cell carcinoma
(BCC). Interestingly, augmented D3 activity resulted in increased levels of cyclin D1

and cell proliferation whereas Dio3 knockdown caused a 5-fold reduction in the growth
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of tumor xenografts (17). These findings suggest a role for D3 in cell proliferation and
might indicated that the local hypothyroidism, due to the augmented D3 activity, could
favor tumor cell growth.

Here we have investigated the expression of D3 in human PTC. Increased levels
of D3 activity were observed in all PTC samples analyzed. The induced DIO3
expression occurred at transcriptional level and PTC tumors carrying the BRAFY %
mutation presented the highest levels of D3 activity. We observed a positive correlation
between tumor size and D3 activity. Moreover, increased D3 activity in tumor samples

were associated with advanced disease at diagnosis.
Material and Methods

Patients and tissues

Tumor and surrounding normal thyroid tissue were collected from 26 unselected
patients diagnosed with PTC attending the Endocrine or Head and Neck Surgery
Divisions at Hospital de Clinicas de Porto Alegre, Brazil. Sample tissues were
immediately frozen in liquid nitrogen and stored at -70° until analysis. Surgery was
independently indicated by attending physicians. Tumors were histological classified
according to WHO recommendations (18). The clinical stage was determined by the
Tumor/Node/Metastasis (TMN) system (19). Clinical data were retrospectively
reviewed in medical records. The study was approved by the Ethical Committee of the

Hospital de Clinicas de Porto Alegre, Porto Alegre, Brazil.

Immunohistochemistry studies

Eight PTC (randomly selected from the initial 26 patients), 4 FTC, 10 MTC and
1 anaplastic thyroid carcinoma (ATC) samples were used for immunohistochemistry
studies. Immunohistochemistry analyses were performed on 6 pm sections of previously
formalin-fixed and paraffin-embedded tissuesThe routine immunohistochemical
technique comprised deparaffination and rehydration, antigenic recovery, inactivation of
endogenous peroxidase, and blockage of unspecific reactions. D3 antibody 676 was
kindly provided by Dr. Domenico Salvatore (University of Naples). Primary antibodies
were incubated overnight at a temperature of 4°C, at dilutions of 1:400 for D3 (the same
antibody concentration was also wused for positive control) followed by

subsequent incubation with biotinilated secondary antibody, streptavidin horseradish

38



peroxidase conjugate (LSAB; Dako Cytomation Inc, Carpinteria, CA, USA), and
diaminobenzidine tetrahydrochloride (Kit DAB; Dako Cytomation Inc, Carpinteria, CA,
USA). Placenta tissue was used as a positive control. The negative control was obtained
by omission of the primary antibody. The slides were examined using an Olympus
BX51 microscope with an Olympus QColor 5 camera. The QCapturePro software was
used to capture the images.

Cell Culture

Studies to evaluate DIO3 expression were performed in a human PTC-derived
cell line that harbors BRAF % mutation (K1 cells, purchased from HPA Culture
Collections, UK). Cells were grown in DMEM:Ham’s F12:MCDBI105 (2:1:1) plus
2mM glutamine and 10% fetal bovine serum. Cells were maintained at 37°C in a
humidified atmosphere of 5% CO2 and 95% air, and the culture medium was changed 3
times a week.

To evaluate the DIO3 regulation, K1 cells were incubated for 18-24h in the
appropriate medium above plus 0.1% BSA and 10-200nM T3, 100nM selenium, ImM
dibutyril cAMP (Bu) 2cAMP (DBT), 20ng/ml TGFB1 or 20uM iopanoic acid as
indicated. Additional studies evaluating D/O3 gene expression were performed on the
presence of 5 uM MAPK pathway inhibitors (U0126 - ERK1/2 kinase inhibitor and
SB203580 - p38 inhibitor). Controls were incubated with medium + vehicle (2%
DMSO). At the appropriate times, cells were harvested and processed for total RNA
extraction or measurement of D3 activity. All reagents were obtained from Sigma-—
Aldrich (St. Louis, MO, USA) or Invitrogen Life Technologies (Carlsbad, CA, USA).

All experiments were performed in triplicate in at least two independent experiments.

Assay of D3 activity

D3 activity in tissue samples and cells was determined using paper
chromatography as previously described (20, 21). Tissue or cells were individually
homogenized and sonicated with 10mM tris-HCI, 0.25 sucrose buffer (pH 7.5) and
10mM dithiothreitol (DTT). Protein concentration was quantified by Bradford assay
using BSA as a standard. The homogenates were incubated for an hour with 200000cpm
121 Jabeled T3, 2nM T3, 20mM DTT and 1mM propiltiouracil (PTU) in order to inhibit
any D1 activity. The addition of 200nM of T3 completely abolished D3 activity in all
samples. The reaction was stopped by adding 200ul ethanol 95%, 50ul NaOH 0.04N

and 5mg PTU. Deiodination was determined based on the amount of '*°I -3,3"-T2
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produced after separation of reaction products by paper chromatography. Results were
expressed as the fraction of T2 counts minus the nonspecific deiodination (always
<1.5%), obtained with the saturating concentration of T3 (200nM). D3 activity was
expressed as femtomoles T3 per minute per milligram protein (fmol/mg.prot.min). The
quantity of protein assayed was adjusted to ensure that less than 30% of the substrate
was consumed. All experiments were performed in triplicate in at least two independent

experiments.

Real-time PCR

Total RNA was extracted from normal, tumor tissue or cells using Trizol
Reagent and cDNAs generated were used in a real-time PCR with a SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA) in ABI Prism 7500 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA). Standard curves
representing 5-point serial dilution of cDNA of the experimental and control groups
were analyzed and used as calibrators of the relative quantification of product generated
in the exponential phase of the amplification curve. The 12 was greater than 0.99, and
the amplification efficiency varied between 80% and 100%. Samples were measured by
relative quantification (change in expression in the experimental group versus control;
untreated versus treated cells). The data generated by ABI Prism 7500 system SDS
software (Applied Biosystems, Foster City, CA, USA) were then transferred to an Excel
spreadsheet (Microsoft), and the experimental values were corrected to that of the
cyclophilin A standard. The oligonucleotides used were the following: human DIO2
gene, 5'-ACTTCCTGCTGGTCTACATTGATG- 3’ and 5'-
CTTCCTGGTTCTGGTGCTTCTTC-3'; human DIO3 gene, 5'-
TCCAGAGCCAGCACATCCT-3" and 5- ACGTCGCGCTGGTACTTAGTG- 3%
cyclophilin A (internal control), 5-GTCAACCCCACCGTGTTCTTC- 3’ and 5'-
ACTTGCCACCAGTGCCATTATG-3".

BRAF " Mutation Analysis

Of the initial group of 26 patients, 17 paraffin-embedded formalin-fixed tissue
blocks were available for analysis. The DNA was extracted from 10um slides of
paraffin-embedded tissue blocks, using the Magnesil Genomic Fixed Tissue System
(Promega Corporation, Madison, WI, USA) according to the manufacturer’s

instructions. The BRAF exon 15 was amplified by PCR using specific oligonucleotides:
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5’ACCTAAACTCTTCATAATGCTTGCT3’and3’CTGATTTTTGTGAATACTGGGA
ACTS’. To PCR amplification we used 100—300 ng/ml of DNA in a reaction mix (25
ul) containing 20 mM Tris—HCI, pH 8.0, 50 mM KCI, 2 mM MgCl2, 0.2 mM dNTPs,
0.2 mM of each primer, and 1.25 U Platinum Taq DNA Polymerase (Invitrogen Life
Technology, Carlsbad, CA, USA). BRAFY***® mutation genotyping was performed
using direct sequencing. For sequencing, PCR products were purified using the GFX
PCR DNA purification kit (GE Healthcare, Buckinghamhire, UK) and submitted to
direct sequencing using the Big Dye™ Terminator Cycle Sequencing Ready Reaction

Kit (Applied Biosystems, Foster City, CA, USA).

Statistical analysis

Data were expressed as median and interquartile interval (P25-P75) for clinical
features unless otherwise indicated. D3 activity was expressed as media + standard
deviation (SD). Statistical analysis was performed using Mann-Whitney test or
Pearson’s correlation coefficient. Statistical significance was assumed for P value <

0.05.

Results

Type 3 deiodinase is induced in follicular cell-derived tumors

The clinical and oncological characteristics of the 26 PTC patients included in
this study are detailed in table 1 and were as follows: the mean age was 38.73+16.18
years and 76.9% were female. The median size tumor was 2.5 cm (0.7-10.5), nine
patients (34.6%) had lymph node metastasis while eight (30.7%) presented distant
metastasis at diagnosis. All patients presented normal serum TSH levels (0.4-4 UI/L) at
surgery.

D3 activity was significantly increased in PTC samples as compared with the
surrounding thyroid normal tissue (P<0.0001, Figure 1A). The augment in D3 activity
were paralleled by increases in DIO3 mRNA levels (~5 fold, P<0.0001, figure 1B),
indicating that the D/O3 induction occurs at transcriptional level. Further analysis by
immunohistochemistry assay with a specific D3 antibody demonstrated that D3 is
almost undetectable in normal follicular thyroid tissue whereas a strong positive

staining was observed in PTC cells (Figures 1C and 1D).
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D3 expression in a human PTC-derived cell line

To further evaluate DIO3 expression in PTC, we undertook studies in K1 cells,
a human PTC-derived cell line. DIO3 transcripts and activity were readily detected in
K1 cells. Additional studies demonstrated that D3 activity was stimulated by selenium
(100nM), T3 (10 nM) or DBT (ImM). Conversely, D3 activity was abolished by higher
T3 doses (200nM) or iopanoic acid (20uM) (Figure 2A).

Next we investigated the role of TGFB on DIO3 expression in PTC since it has
been previously implicated in D/O3 regulation in other tissues (22). Addition of TGFp1
(20ng/ml) to K1 cell culture medium promoted a ~5-fold induction in D/O3 mRNA
levels (Figure 2B). Interestingly, preincubation with mitogen-activated protein kinase
(MAPK) cascade inhibitors U0126 (ERK1/2 kinase inhibitor) and SB203580 (p38
pathway) decreased D/IO3 mRNA levels and blocked the TGFB1-induced increase in
DIO3 transcripts, suggesting that D3-induction might be mediated through the MAPK
signaling pathway (Figure 2B).

V600E
F

Type 3 deiodinase activity is induced in BRA mutated samples

Next we investigated the role of BRAF "%

mutation on DIO3 expression. Of
the initial group of 26 PTC patients, 17 PTC samples were available for analysis. Seven
(41.2%) out of the 17 PTC samples analyzed were positive for BRAF"*°* mutation. A
significant increase in D3 activity was observed in BRAF-mutated as compared with
negative samples (P=0.009, Figure 3A). As expected, the increase in D3 activity was
paralleled by an augment in D/O3 mRNA levels (Figure 3B; P=0.001). No differences
in gender, age, tumor size, and local or distant metastasis were observed between

patients with or without BRAF mutation (all P>0.5).

D3 activity is associated with advanced disease at diagnosis

Previous studies indicated that D3 induction is associated with tumor cell
proliferation, thus we sought to evaluate whether the increase in DIO3 expression in
PTC would be associated with disease presentation at diagnosis. Indeed, we observed
that increased D3 activity was positively correlated with tumor size (= 0.68; P=0.003,

Figure 4A). Moreover, increased levels of D3 activity in tumor samples were associated
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with lymph node (P=0.03) or distant metastasis at diagnosis (P=0.006; Figure 4B),

indicating that higher D3 activity might be associated with metastatic disease.

DIO?2 expression is down regulated in papillary thyroid tumors

Previous studies in BCC have shown that the DIO3 and DIO2 genes are
regulated in an opposite fashion. Consistently, we observed a significant decrease in
DIO2 mRNA levels in PTC sample as compared to the surrounding tissue (0.18+0.02
vs. 0.85+£0.003 AU, respectively; P=0.001).

DIO3 expression in other malignant thyroid neoplasias

We next evaluated the D3 expression in other histological types of thyroid
carcinomas. Figure 5 shows the immunohistochemical analysis of a panel comprising
representative samples of normal thyroid cells, PTC, FTC, hereditary or sporadic MTC
and ATC. As already shown, D3 staining is barely visible in the normal thyroid tissue
(Figure 5A) while we observe a strong staining in PTC tumor (Figure 5B). D3 staining
is also readily detected in FTC samples, although weaker than in PTC (Figure 5C). In
contrast, D3 protein was barely detectable in a MTC sample of thyroid tissue of a
patient with hereditary or in sporadic MTC (figure 5D and 5E). No D3 staining was
observed in an ATC sample from a 40 year-old-man who underwent total

thyroidectomy due to a 8x6.5x4cm fast growing neck mass (Figure 5F).

Discussion

In the present study we evaluated the DIO3 expression in human PTC. DIO3
transcripts and D3 activity were increased in all PTC samples analyzed. D3-induction is
likely to be mediated through the MAPK pathway, which is constitutively activated in
this tumor. Accordingly, the highest levels of D3 activity were observed in PTC

samples harboring BRAF"**%®

mutation. Increased D3 activity was positively correlated
with tumor size and associated with disseminated disease at diagnosis. In contrast,
DIO? transcript levels were significantly decreased in PTC as compared to surrounding

thyroid tissue. The reduction of D2 activity might contribute to further decrease in
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intracellular thyroid hormone levels. Taken together, these findings add support for a
role of intracellular hypothyroidism in the tumor cell proliferation and/or differentiation.
The ontogenic profile of DIO3 gene shows that D3 activity is present at high
levels in developing organs and almost undetectable in most mature tissues. In adults,
D3 is predominantly expressed in brain and skin (23, 24). Recently, a previously
unrecognized role of D3 has been documented in a number of pathological states,
unraveling an important role of D3 in both health and disease (16, 21, 25). Moreover, a
potential role of D3 in tumorigenesis has been postulated since induction of DI/O3 gene
has been observed in several benign and malignant tumors and cell lines (17, 25, 26).
Here we have demonstrated that D/O3 expression is induced in human PTC. D3-
induction occurs at transcriptional level and it is likely to be driven by the constitutive
activation of the MAPK pathway, which has been previously implicated in D3 up-
regulation in other pathological conditions (22, 27-29). Consistently with this

hypothesis, we show that samples carrying the BRAF "%

mutation display the highest
levels of DIO3 mRNA and activity (Figure 3B). Based on these observations, we
speculate that BRAF-induced increase in DIO3 expression might be involved in the
development of aggressive PTC tumors and severe hypothyroidism in thyroid-specific
knock-in Braf mice (LSL-Braf" S0/ TPO-Cre) (30). Other potential inducer of DIO3
expression in PTC might be the TGFp, which is overexpressed in thyroid tumors and
implicated on cell dedifferentiation and proliferation (31-33). TGFp induces DIO3 gene
via cooperative effects of Smads and MAPK-dependent pathway. Interestingly, recent
studies show that mice with thyroid-specific expression of oncogenic Braf (Tg-Braf)
developed PTCs that were locally invasive and had well-defined foci of poorly
differentiated thyroid carcinoma. This effect seems to be mediated by oncogenic Braf
induction of TGFp secretion, which in turn might mediate, effects as cell migration,
invasiveness and epithelial-mesenchymal transition (34).

A potential role of intracellular thyroid hormone levels on tumorigenesis has
long been speculated. It has been demonstrated that thyroid hormone is able to block
oncogenic Ras-mediated proliferation and transcriptional induction of cyclin D1 in
neuroblastoma cells by interfering specifically with the activity of the MAPK pathway
and cyclic AMP response element (CRE)-mediated transcription (35). More recently,
studies performed in BCC demonstrated that D3-induction reduces intracellular thyroid
hormone levels and promotes the malignant keratinocytes proliferation (17). The role

of D3 was demonstrated by silencing of D/IO3 gene that resulted in reduction of both
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proliferation and cyclin D1 levels, whereas the reintroduction of DIO3 gene in D3-
depleted cells reversed these effects. As suggested by the authors, the putative effect of
D3 on diminishing microenvironment T3 could provide an advantage for tumor cell
proliferation (17). Consistently with these observations, we observed a positive
correlation between increased levels of D3 activity and tumor size in human PTC
samples. Immunohistochemical staining of D3 protein was also detected in FTC, but,
surprisingly, it was nearly undetectable in MTC and ATC samples. These findings were
somehow unexpected since the hypoxia-inducible transcription factor (HIF)-1 has
previously been shown to be a potent inducer of the DIO3 gene (36). Of note, highest
levels of HIF-1 have been shown in ATC samples whereas in differentiated PTCs and
FTCs its expression was variable (37).

Another interesting observation of this study was the association between
increased levels of D3 activity in thyroid tumor samples and metastatic disease at
diagnosis. PTC samples from patients with lymph node or distant metastasis displayed
significantly higher levels of D3 activity than those samples obtained from patients with
intra-thyroidal disease (Figure 4B). This association was independent of the presence of
BRAF mutation, which has been associated with aggressive tumoral behavior by some
studies. One possible explanation for this observation could be an effect of the enhanced
D3 activity in the regulation/reactivation, probably through hypothyroidism, of genes
responsible for tumor invasiveness and metastasis development. Indeed, several
previous studies have demonstrated an association between hypothyroidism and
advanced disease. Xenograft tumors of hepatocellular carcinoma (HCC) or breast
cancer cells implanted into hypothyroid nude mice were more aggressive and presented
a higher rate of distant metastasis than those tumors-induced into euthyroid mice (38).
Additionally, a case-control study observed that individuals with long term
hypothyroidism presented a twofold higher risk for HCC development when compared
with individuals with no history of thyroid disorders (39). Of interest, a recent study
using a human and mouse HCC model has identified a cluster of microRNAs (miRNA)
involved in up-regulation of DLK1-DIO3 genomic imprinted region. The authors show
that overexpression of DLKI1-DIO3 miRNAs cluster was associated with higher
metastatic rate and poor overall survival in HCC patients (40).

An opposite pattern between increased D/O3 and diminished DIO2 gene
expression was observed in PTC samples. Changes on the deiodinase balance with dual

convergent mechanisms, transcriptional up-regulation of D/O3 and posttranscriptional
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down regulation of DIO2, were also demonstrated in BCC (17). The reduction of D2
activity might contribute with D3 induction to further extend the local hypothyroidism.
Interestingly, the DIO2 down regulation seems to be a characteristic feature of papillary
carcinomas, since high levels of DI/O2 expression has been reported in FTC and MTC
(15, 41).

In conclusion, we have demonstrated that DIO3 expression is up regulated in
PTC. Remarkable, PTC samples harboring BRAF'*""* mutation display the highest
levels of D3 activity. Increased D3 activity was associated with tumor size and disease
spread. These findings further support the concept that increased thyroid hormone
inactivation, and consequent intracellular hypothyroidism, might be associated with the

degree of tumor cell dedifferentiation and enhancement of tumor invasiveness.
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Table 1: Clinical and Oncological Characteristics of Patients with Papillary Thyroid Carcinoma

Patient Sex Age Size Histology Stage Invaded organ BRAF "¢
no./ (years) (cm) (TNM) Mutation
1 M 50 1.5 Classic type I Cervical lymph nodes -
2 M 22 1.3 Classic type II Cervical lymph nodes; Lung -
3 M 22 23 Follicular variant I Cervical lymph nodes; Lung -
4 F 35 1.8 Classic type I -
5 F 33 1.0 Classic type I Cervical lymph nodes -
6 F 21 0.8 Classic type I Cervical lymph nodes -
7 F 27 6.4 Classic type II Cervical lymph nodes; Lung +
8 M 48 0.9 Classic type I NA
9 F 36 2.5 Follicular variant I NA
10 F 53 0.8 Classic type I Cervical lymph nodes +
11 F 41 2.9 Classic type I +
12 F 53 2.5 Classic type 1T Cervical lymph nodes +
13 F 47 2.3 Classic type II -
14 F 53 2.5 Classic type I Cervical lymph nodes +
15 M 50 8.0 Classic type I Cervical lymph nodes +
16 M 61 1.5 Classic type v Cervical lymph nodes; Lung -
17 F 69 7.5 Classic type v Cervical lymph nodes -
18 F 61 8 Classic type v Cervical lymph nodes; Lung -
19 F 30 1 Follicular variant I NA
20 F 42 8 Classic type I Cervical lymph nodes; Conjunctive +
tissue and skeletal muscle
21 F 10 10.5 Classic type I Cervical lymph nodes -
22 F 18 3.5 Classic type I NA
23 F 55 3 Follicular variant v Skeletal muscle of the neck NA
24 F 30 2.5 Classic type I NA
25 F 11 6.0 Classic type I Cervical lymph nodes; Lung NA
26 F 29 0.7 Follicular variant II NA

*TNM: Tumor/Node/Metastasis system

** Positive (+), Negative (-), NA (Not available)
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Figure 1 D3 activity (A) and D/IO3 mRNA levels (B) are markedly increased in human
papillary thyroid carcinoma (PTC) as compared with surrounding normal thyroid tissue.
Representative micrographs of D3 brown-dark immunohistochemical staining: Normal
thyroid tissue was nearly undetectable for D3 (magnification 400x) (C), whereas PTC

tissue showed a strong positive staining (magnification 400x) (D). *P<0.0001
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Figure 2 Regulation of DIO3 expression in human PTC-derived cell line. (A) D3
activity is induced in K1 cell line, by 100nM selenium (Se), 10nM T3, ImM DBT, 20
ng/ml TGFB whereas inhibited by 200nM T3 or iopanoic acid, *P<0.0001. (B) Changes
elicited by TGFB1 (20ng/ml) and MAPK inhibitors (5uM of U0126 (ERK) and
SB203580 (p38) in K1 cells expressing D3. DIO3 mRNA levels of control cells were
set as 1. Data are mean & SD of at least three independent experiments. *P<0.001 versus

control
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Figure 3 Human PTC samples harboring BRAF mutation display higher levels of
DIO3 mRNA (A) and activity (B) as compared with those samples negative for this

mutation. *P=0.001
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Figure 4 D3 activity levels correlate with tumor size (r=0.68, P=0.003) (A). PTC
samples from patients with lymph node (P=0.03) or distant metastasis (P=0.006) display
higher levels of DIO3 mRNA and activity than PTC samples obtained from patients

with intra-thyroidal disease (B).
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Figure 5 Panel demonstrating D3 immunostaining of representative human thyroid

malignant neoplasias. A nearly undetectable D3 expression was observed in thyroid

tissue (A) whereas papillary thyroid carcinoma display diffuses cytoplasmic positivity

, although weaker than that

to D3 (B). D3 staining is also easily demonstrable in FTC

observed in PTC (C). D3 protein is barely detectable in sporadic (D) as well as in

No D3 staining is present in ATC (F). * Black bars represent 400x

b

hereditary MTC (E)

magnification.
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