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RESUMO

Carcinoma medular da tiroide (CMT), tumor maligno originario de células
C ou parafoliculares tireoidianas, representa cerca de 4% de todos os tumores
malignos dessa glandula. O CMT ocorre principalmente na forma esporadica
(75%), mas também pode ocorrer como parte de uma doenca hereditaria
transmitida de forma autossémica dominante, com 100% de penetrancia,
chamada neoplasia enddcrina multipla tipo 2 (NEM 2). A sindrome NEM 2 é
classificada em trés subtipos clinicos distintos: NEM tipo 2A (NEM 2A); NEM
tipo 2B (NEM 2B) e cancer medular de tireoide familiar (CMTF). O proto-
oncogene RET (REarranged during Transfection) é o gene de susceptibilidade
para CMT hereditario e mutacBes soméaticas nesse gene sdo descritas em
aproximadamente 50% dos casos CMT esporadicos. Polimorfismos de
nucleotideo Unico (SNPs) do proto-oncogene RET tém sido implicados na
patogénese e progressdo do carcinoma medular da tireoide. A presenca da
variante genética silenciosa S836S tem sido associada com o risco de
desenvolver ou modificar o curso clinico do CMT. No entanto, 0 mecanismo
exato com que esse polimorfismo exerce seu efeito ainda é pouco
compreendido. Uma das hip6teses propostas sugere que outras variantes
funcionais do RET possam estar em desequilibrio de ligacdo (DL) com o
polimorfismo S836S, sendo essas capazes de modular a expressao génica. Na
doenca de Hirschsprung, a variante S836S esta em DL com polimorfismos da
regido 3'UTR do RET e associada ao desenvolvimento da doenca. Nesse
estudo, noés investigamos a frequéncia dos polimorfismos rs76759170 e
rs3026785 da regido 3'UTR do proto-oncogene RET em pacientes com CMT e
verificamos a presenca de desequilibrio de ligacdo entre essas variantes e o
polimorfismo S836S. De forma interessante, observamos que as variantes
3'UTR podem afetar a estrutura e a flexibilidade do mRNA do RET, o que
sugere um envolvimento funcional dessas variantes sobre a estrutura
secundaria do mRNA desse gene. Além disso, o haplétipo contendo os alelos
polimorficos S836S e 3'UTR foi associado ao desenvolvimento de doenga
metastatica em pacientes com CMT.



ABSTRACT

Medullary thyroid carcinoma (MTC), a malignant tumor originating in
parafollicular C cells of the thyroid, represents about 4% of all thyroid cancers.
MTC is mainly sporadic (75%), but may also be part of an inherited disorder
transmitted as an autosomal dominant trait with 100% penetrance, referred as
multiple endocrine neoplasia type 2 (MEN 2). The MEN 2 syndrome is classified
into three distinct clinical subtypes: MEN type 2A (MEN 2A); MEN type 2B
(MEN 2B) and familial MTC (FMTC). The RET (REarranged during
Transfection) proto-oncogene is the susceptibility gene for hereditary MTC and
somatic RET point mutations are described in approximately 50% of MTC
cases. The RET single nucleotide polymorphisms (SNPs) have been implicated
in the pathogenesis and progression of MTC. The presence of S836S neutral
variant might modify disease susceptibility and clinical phenotype in MTC.
However, the exact mechanism by which this polymorphism modulates the
MTC pathogenesis is still poorly understood. One of the proposed mechanisms
suggests that the S383S neutral variant might be in linkage disequilibrium (LD)
with unknown functional variants; these might be modulating gene expression.
In patients with Hirschsprung's disease, strong LD between S836S and RET
3'UTR variants has been reported. Here, we evaluated the frequency of
rs76759170 and rs3026785 3'UTR polymorphisms in patients with MTC and
observed strong LD between these variants and S836S polymorphism.
Interestingly, we demonstrated that the 3'UTR variants may affect the RET
MRNA structure and flexibility, supporting the hypothesis of a functional
involvement of the 3’'UTR variant allele on secondary structure of RET mRNA.
Furthermore, the haplotype harboring these variants was associated with

development of metastatic disease in individuals with MTC.



INTRODUCAO

O cancer de tireoide é considerado raro na maioria das populactes
mundiais, porém sua incidéncia tem aumentado continuamente nas ultimas trés
décadas (Pellegriti, et al. 2013). Em 2012, uma estimativa mundial apontou a
ocorréncia de aproximadamente de 300 mil novos casos dessa neoplasia,
sendo 68 mil no sexo masculino e 230 mil no sexo feminino (Gobocan
Estimated Cancer Incidence, Mortality and Prevalence Worldwide 2012). No
Brasil, estima-se, para este ano, 1.150 novos casos de cancer de tireoide para
o sexo masculino e 8.050 para o sexo feminino. Observa-se ainda que, na
regido sul do Brasil, o cancer de tiredide é a quarta neoplasia mais frequente

em mulheres (INCA Estimativa 2014: Incidéncia de Cancer no Brasil).

O carcinoma medular de tireoide (CMT), uma neoplasia maligna das
células C ou parafoliculares da tireoide, corresponde a aproximadamente 4%
de todas as neoplasias malignas dessa glandula e é responsavel por 13,5%
dos obitos relacionados a essa glandula (Davies and Welch 2006; Hundahl, et
al. 1998). Em geral, a taxa de sobrevida dos pacientes com CMT é de 75% em
10 anos (Hundahl et al. 1998; Pelizzo, et al. 2007), entretanto, quando
metastases a distancia estdo presentes, a taxa de sobrevida diminui para 42%
em 5 anos e 31% em 10 anos (Gilliland, et al. 1997; Hundahl et al. 1998). Em
geral, aproximadamente 50% dos pacientes apresenta metastase local e 20%
metastase a distancia (Elisei, et al. 2008; Moura, et al. 2009; Scollo, et al.
2003).

O CMT pode ocorrer na forma esporadica, em cerca de 75% dos casos,
ou como parte da sindrome de Neoplasia End6crina Multipla tipo 2 (NEM 2). A
sindrome de NEM 2 inclui trés formas clinicas distintas: NEM 2A, NEM 2B e
CMT familiar (CMTF) . Nos casos de CMT familiar apenas a glandula tiredide &
afetada. Pacientes com NEM 2A apresentam CMT, feocromocitoma e/ou
hiperparatireoidismo; ja os pacientes portadores de NEM 2B desenvolvem
CMT, feocromocitoma, ganglioneuromas de trato gastrointestinal, neuromas de

mucosa e/ou anormalidades esqueléticas (Kouvaraki, et al. 2005).

O proto-oncogene RET (REarranged during Transfection) € o gene de
susceptibilidade para o CMT hereditario. Mutacdes germinativas de ganho de
funcdo na NEM 2A tém sido descritas nos exons 5, 8, 10, 11, 13, 14 e 15 do
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RET (Ceolin et al 2012; Kouvaraki et al. 2005). No entanto, a maioria das
familias apresenta mutag6es em um dos cinco residuos de cisteina do exon 10
(codons 609, 611, 618 e 620) ou do exon 11 (c6don 634), no dominio
extracelular do RET (Eng, et al. 1996; Ponder 1999). A presenca de qualquer
mutac&o no cédon 634 tem sido associada com a presenca de feocromocitoma
e hiperparatireoidismo. Por outro lado, mutacdes nos cédons 768 e 804 s&o
associadas ao CMTF. As razdes para as correlacbes genotipo-fendtipo ainda
nao foram completamente esclarecidas. Embora os diferentes niveis de
ativacdo induzidos por diferentes mutacbes do RET possam explicar
parcialmente essa questdo, a variabilidade na apresentacdo clinica e
agressividade do CMT observada em membros da mesma familia sugerem a
presenca de outros modificadores genéticos no curso clinico desta doenca
(Machens, et al. 2001; Ponder 1999; Robledo, et al. 2003).

Um possivel papel dos polimorfismos genéticos (single nucleotide
polymorphisms - SNPs) do RET na patogénese do CMT ainda € uma questéo
em debate. As variantes genéticas mais estudadas no CMT séo as seguintes:
G691S (cédon 691 do exon 11, GGT—AGT), L769L (codon 769 do exon 13,
CTT—CTG), S836S (cdédon 836 do exon 14, AGC—AGT) e S904S (cédon 904
do exon 15, TCC—TCG). Alguns estudos tém sugerido que os polimorfismos
do RET podem interferir na apresentacéo clinica das sindromes hereditarias do
CMT (Magalhaes, et al. 2004; Rocha, et al. 2007). Robledo et al. demonstraram
gue duas dessas variantes do RET (G691S e S904S) podem alterar a idade de
inicio do CMT em membros da mesma familia (Robledo et al. 2003), embora
estes resultados ndo tenham sido replicados posteriormente em uma grande
amostra de populacédo européia (Lesueur, et al. 2006). Também foi sugerido
que o polimorfismo L769L pode ter contribuido para o inicio precoce do CMT
em paciente com a mutacdo V804M (Magalhées et al. 2004). No ano de 2009,
foi descrita associagdo dos polimorfismos IVS1-126G>T e [ IVS8 82 A>G;
85_86insC] com o curso clinico do CMT hereditario em uma familia portadora
da mutacdo G533C do RET (Tamanaha, et al. 2009). No entanto, outros
estudos ndo conseguiram demonstrar qualquer efeito dos polimorfismos do
RET no curso natural do CMT hereditario (Fernandez, et al. 2006; Lesueur et
al. 2006).
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Com relacdo a forma esporadica da doenca, estudos realizados em
individuos europeus e norte-americanos descreveram uma maior prevaléncia
do polimorfismo S836S em pacientes com CMT quando comparado ao grupo
controle (Gimm, et al. 1999; Ruiz, et al. 2001). Mais tarde, uma associacéo
entre os polimorfismos G691S e S904S e a ocorréncia de CMT esporadico foi
evidenciada em pacientes poloneses e ingleses (Cebrian, et al. 2005; Elisel, et
al. 2004; Robledo et al. 2003). Entretanto, outros estudos ndo demonstraram
diferengas quanto a frequéncia dos polimorfismos do RET entre pacientes com
CMT esporadico e controles (Baumgartner-Parzer, et al. 2005; Berard, et al.
2004; Wohllk, et al. 2005).

Recentemente, um estudo do nosso grupo investigou a influéncia das
variantes genéticas do RET (G691S, L769L, S836S e S904S) na apresentacao
clinica dos pacientes com CMT hereditario ou esporadico. Este trabalho
demonstrou associacdo da variante S836S com diagndstico precoce e maior
risco para o desenvolvimento de doenca metastatica em pacientes com CMT

hereditario ou esporadico (Siqueira, et al. 2010).

O mecanismo exato que explica o efeito dos polimorfismos genéticos na
patogénese e/ou na evolucao clinica do cancer ndo € conhecido; ja que, na
maioria das vezes, estas variantes ndo causam a substituicdo de aminoacidos
e, dessa forma, ndo teriam um efeito cooperativo na dimerizagdo da proteina
RET ou na formacdo de um novo sitio de fosforilagdo. Uma das explicacbes
possiveis para o efeito dessas variantes neutras é que elas poderiam modificar
a estabilidade e/ou transcricdo do RNA mensageiro. Outros mecanismos
sugeridos seriam a criacdo de um sitio de splicing alternativo, gerando assim
uma proteina alterada devido a troca de base na molécula do DNA, ou ainda os
polimorfismos estudados poderiam estar em desequilibrio de ligacdo com outra
variante funcional ainda n&o conhecida (Ceolin, et al. 2011; Rocha et al. 2007,
Tamanaha et al. 2009). Alguns autores investigaram esses mecanismos com
relacdo a variante S836S; a andlise dos niveis de RNA mensageiro do RET nos
tumores de pacientes com CMT n&o demonstrou diferenca quanto a presenca
ou ndo do polimorfismo S836S (Elisei et al. 2004). Além disso, estudos

funcionais em células de CMT humano (células TT) ndo demonstraram
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qualquer efeito do SNP S836S na estabilidade, splicing ou processamento do
RNA (Griseri, et al. 2000).

Estudos em pacientes com doenca de Hirschsprung (HSCR) - uma
doenca congénita associada em 30-50% dos casos a mutagdes inativadoras do
gene RET- sugerem um papel do SNP S836S no desenvolvimento desta
patologia. A analise de sete familias italianas com HSCR evidenciou a
presenca de um raro haplotipo do RET associado a um efeito protetor. O
estudo funcional desta regido de 25.3 kb, que incluiu cinco polimorfismos do
RET: A45A (G>A), L769L (T>G), S836S (C>T), S905S (C>G),
IVS19+47C—TS- revelou que o haplétipo GGTCC correlacionou-se com a
diminuicdo da quantidade de RNA mensageiro e aumento da isoforma RET51
(Griseri, et al. 2002).

Na tentativa de identificar variantes funcionais que possam estar em
desequilibrio de ligacdo com o SNP S836S, as variantes genéticas das regides
5 e 3’ do proto-oncogene RET também foram pesquisadas. Os SNPs -5pb
(9.975820G>A) e -1pb (9.975824C>A) da regido promotora do RET foram
analisados em pacientes com HSCR, estando o primeiro em desequilibrio de
ligacdo com o SNP A45A (Fitze, et al. 2003). O haplétipo ACA (oriundo da
combinacdo dos alelos poliméricos dos SNPs -5pb e A45A com o alelo wild-
type -1pb) foi associado ao desenvolvimento de HSCR (Sancandi, et al. 2003,
Tou, et al. 2011). Estudos funcionais em linfoblastos de pacientes com HSCR e
controles evidenciaram menores niveis de expressdo do RET em individuos
com o haplétipo ACA. Contudo, nenhum destes polimorfismos isoladamente foi

capaz de modificar os niveis de RNAm (Griseri, et al. 2005).

A presenga de forte desequilibrio de ligagdo na regido 3’ do RET
(Carrasquillo, et al. 2002; Lantieri, et al. 2006) e da associacdo do SNP S836S
com a expressdo das
diferentes isoformas do FUTR
RET (Griseri et al. /1\

2002), sugere que as o %
MIRNAS r.g;res de

variantes localizadas Protefnas transcrigdo
) de ligagéo
na regiao 3'UTR a0 RNA

Representagdo esquematica da estrutura de um mRNA eucarioto, demostrando a regido
possam ter um efeito 3UTR e as principais moléculas que interagem com essa regiéo.
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funcional. Os polimorfismos ¢.128118G>A (rs76759170) e .128496T>C
(rs3026785) da regido 3’'UTR estdo localizados em um fragmento rico em
sequéncias AU, que séo caracterizadas por sua importancia na estabilidade do
transcrito. Estudos funcionais em células de neuroblastoma humano sugeriram
um efeito modificador do SNP g.128496T>C na estabilidade do RNAm. Porém,
estudos semelhantes em células TT n&o reproduziram tais achados com este
mesmo SNP (Griseri, et al. 2007).

E importante considerar que os possiveis efeitos dos polimorfismos em
estudos funcionais podem depender do tipo célula empregada nos
experimentos. Além disso, a presenca e o tipo de mutacdo do RET nas células
também podem determinar resultados diversos durante a analise do papel dos
polimorfismos. Em células de neuroblastoma, o haplétipo contendo o
polimorfismo g.128496T>C foi identificado como responsavel pelas mudancas
na expressao do gene, porém esse resultado ndo se reproduziu em células de
CMT(Griseri et al. 2007; Griseri et al. 2002). Além disso, no estudo realizado
por Elisei et al, que nédo identificou alteracdo na quantidade de RNAm, a
pequena amostra de pacientes avaliada e falta de estratificacdo quanto a
presenca de mutacdo somatica podem ser os motivos para os resultados
negativos (Elisei et al. 2004).

Com base nesses conhecimentos, o objetivo desse estudo foi avaliar a
frequéncia dos polimorfismos 3'UTR do proto-oncogene RET em pacientes
com CMT e verificar a presenca de desequilibrio de ligagdo com a variante
S836S.
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Parte |

Molecular Basis of Medullary Thyroid Carcinoma: The
Role of RET Polymorphisms

Artigo publicado no Internationa Journal of Molecular Science 2012; 13, 221-239.
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Abstract: Medullary thyroid carcinoma is a rare malignant tumor originating in
parafollicular C cells. It accounts for 5 to 8% of all thyroid cancers. MTC develops in
either sporadic (75%) or hereditary form (25%). Genetic and molecular studies have
demonstrated the involvement of the RET proto-oncogene in hereditary MTC and, less
often, in its sporadic form. Although a strong genotype-phenotype correlation has been
described, wide clinical heterogeneity is observed among families with the same RET
mutation or even in carriers of the same kindred. In recent years, several single nucleotide
polymorphisms of the RET gene have been described in the general population as well as
in patients with MTC. Some studies have reported associations between the presence of
polymorphisms and development or progression of MTC. Nonetheless, other studies failed
to demonstrate any effect of the RET variants. Differences in the genetic background of
distinct populations or methodological approaches have been suggested as potential
reasons for the conflicting results. Here, we review current knowledge concerning the
molecular pathogenesis of sporadic and hereditary MTC. In particular, we analyze the role
of RET polymorphisms in the clinical presentation and prognosis of MTC based on the

current literature.

Keywords: medullary thyroid carcinoma; RET polymorphisms; prognosis
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1. Molecular Basis of Medullary Thyroid Carcinoma

Medullary thyroid carcinoma (MTC) is a rare malignant tumor originating in parafollicular C cells
of the thyroid first described by Hazard et al. [1]. MTC accounts for 5 to 8% of all thyroid gland tumors
and its main secretory product is calcitonin. MTC may occur sporadically, in approximately 75% of
cases, or as part of the inherited cancer syndrome known as multiple endocrine neoplasia type 2
(MEN 2) [2-4]. The reported 10-year mortality rate for patients with MTC varies from 13.5 to 38% [5-7].

The hereditary form of MTC is associated with germline mutations in the RET (RE arranged during
Transfection) proto-oncogene, and presents as an autosomal dominant disease with a high penetrance
and variable phenotype. RET point mutations are described mainly in exons 10, 11 and 16. However,
less frequent mutations also occur in exons 5, 8, 13, 14 and 15 [8-13]. Hereditary MTC, also referred
to as MEN 2, may be classified into three clinically distinct forms: multiple endocrine neoplasia
type 2A (MEN 2A), type 2B (MEN 2B) and familial medullary thyroid carcinoma (FMTC) [11,12].

The molecular mechanisms involved in the sporadic MTC have not yet been clarified. About
50-80% of the cases present a somatic RET mutation M918T (Met/ATG — Thr/ACG, exon 16) [14-17].
However, the mutation does not appear to be uniform among the various cell subpopulations in the
tumor or in the metastases, suggesting that sporadic MTC might be of polyclonal origin, or that the
mutations in the RET proto-oncogene are not initial events in MTC tumorigenesis [14,16].

This review aims at presenting an updated picture of the current knowledge on the molecular
pathogenesis of sporadic and hereditary MTC. In particular, we critically analyze the role of RET
polymorphisms in the clinical presentation and prognosis of MTC.

2. The RET Proto-Oncogene

Genetic and molecular studies have shown the contribution of the RET proto-oncogene in
hereditary MTC and, less often, in its sporadic form. The RET gene was identified in 1985 by
Takahashi et al. during a classical experiment of NIH 3T3 cell transfection with the high molecular
weight DNA of human T-cell lymphoma, hence the naming of the gene as RET (RE arranged during
Transfection) [18]. Later, studies determined the RET location in chromosome 10 and related it to the
genesis of MEN 2A, MEN 2B and FMTC [19,20]. In 1993, for the first time, point mutations in the
RET gene were described in patients with MEN 2A and FMTC [9,13] and in the subsequent year, a
specific RET mutation (M918T) was associated with MEN 2B and sporadic MTC [21].

The RET gene encodes a receptor tyrosine-kinase, expressed in the cells derived from the neural
crest: thyroid parathyroid cells (C cells), chromafin cells of the adrenal medulla and enteric autonomic
plexus. Since it is a membrane receptor, the RET protein is constituted by three domains: an
extracellular domain, a transmembrane domain and an intracellular portion containing two
tyrosine-kinase domains (Figure 1). The extracellular domain includes regions homologous to the
cadherin family of cell adhesion molecules and a large region rich in cysteine residues that performs
the transduction of extracellular signals of proliferation, growth, differentiation, migration, survival
and cell apoptosis. The intracellular domain is divided into 2 tyrosine-kinase subdomains (TK1 and
TK2), separated by 28 aminoacids. These subdomains contain the tyrosine residues that are
phosphorylated during receptor activation, and are involved in the activation of the signaling
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intracellular pathways. RET is subject to alternative splicing of the 3’ region generating three protein
isoforms that contain 9 (RET9), 43 (RET43) and 51 (RET51) amino acids in the carboxy-terminal tail
downstream from glycine 1063. RET9 and RETS51, consisting of 1072 and 1114 amino acids,
respectively, are the main isoforms in vivo [22,23].

Figure 1. Schematic representation of the RET receptor. The extracellular region
comprises the cadherin and cysteine rich domain. A single transmembrane region spans
the cell membrane. Two tyrosine kinase domains (TK1 and TK2) are located in the
intracellular region. The corresponding exons coding for the cysteine and thyrosine kinase

domains are indicated.
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3. RET Protein Activation

The RET receptor tyrosine kinase is activated through a complex formed by the glial cell
line-derived neurotrophic factor (GDNF) family of ligands and co-receptors. Under normal conditions,
RET activation depends on the interaction of GFRas (GDNF Family o Receptor) co-receptors and
their respective ligands GFLs (GDNF Family of Ligands). The GFRa-ligand complex, together with
the extracellular portion of RET, promotes autophosphorylation of the intracellular tyrosine
residues [24,25].

The RET co-receptors are usually bound to the plasma membrane, but GFRs also occur in a soluble
form, and can then activate RET in two distinct forms: cis or trans (Figure 2). The cis model for the
RET activation hypothesis occurs when the GFL ligand binds to the GFRa co-receptor anchored on a
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lipid platform and later this complex promotes the approach of two RET molecules through the lipid
platform, allowing the phosphorylation of the intracellular tyrosine residues. On the other hand, the
trans model activation suggests that the GFL may also bind to the soluble form of GFRa, stimulating
the dimerization of RET outside the lipid platform, thus allowing its activation. Once activated, RET
initiates the different intracellular pathways involving the regulation of processes such as
differentiation, survival, proliferation, migration and cell chemotaxis [24,26].

Figure 2. Mechanisms of ligand-mediated RET activation. (A) In the cis model
RET activation: the glial cell line-derived neurotrophic factor (GDNF) family of ligands
(GFL) binds to membrane glycosylphosphatidylinositol-anchored ~GDNF-family
coreceptors (GFRa). The activation leads to dimerization of RET and consequently
activation of the intracellular signaling pathways; (B) In the trans model RET activation:
the ligand binds to the soluble form of its coreceptor (GFRa) and the ligand-GFRa
complex brings together two inactive RET monomers. Ligand-induced activation induces
dimerization and tyrosine phosphorylation of the RET receptor with downstream activation
of several signal transduction pathways.
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The molecular mechanism by which RET mutations trigger the neoplastic process was determined
by elegant in vitro studies performed by Santoro et al. [27]. Briefly, under normal conditions, RET is
only activated in the presence of GFRa/GFL complex, which on binding to the RET receptor promotes
its dimerization and auto-phosphorylation of the intracellular signaling pathways. The presence of
mutation in the extracellular domain, as found in MEN 2A, leads to the dimerization of RET even in
the absence of the ligand, with consequent constitutive activation of the intracellular signaling
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pathways (Figure 3A). Mutations in the intracellular tyrosine-kinase domain, as found in MEN 2B,
alter RET substrate specificity due to structural changes in this domain. Consequently, the mutated
RET no longer needs dimerization to become active (Figure 3B) [28,29]. The activation of the RET
protein appears to be an initial step in the oncogenic pathway in the tissues where it is expressed.
Molecular evidence of other chromosomal abnormalities, such as loss of heterozygosity, most often at
Ip and 22q, suggest that additional cytogenetic events are probably involved [11,30].

Figure 3. Characterization of RET oncogenic activation in MEN2 inherited cancer
syndromes. (A) MEN 2A RET mutation leaves an unpaired cysteine residue in a RET
monomer to form an aberrant intermolecular disulfide bond with another mutated
monomer. The two mutated RET molecules are constitutively dimerized and activated;
(B) MEN 2B RET mutation activates tyrosines in the kinase domain and alters its substrate
specificity leading to aberrant phosphorylation of substrates of RET receptor.
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4. Hereditary Medullary Thyroid Carcinoma

Approximately 25% of MTC cases occur as part of the inherited cancer syndrome of MEN 2 [7,31].
The MEN 2A subtype constitutes approximately 70%—-80% of cases of MEN 2 and is characterized
by the presence of MTC (95%), pheochromocytoma (30-50%) and hyperparathyroidism (HPT)
(10-20%). The MEN 2B syndrome accounts for about 5% of the cases of MEN 2. The frequency of
MTC is over 90%, pheochromocytoma (45%), ganglioneuromatosis (100%) and marfanoid habitus
(65%) [11,32]. This syndrome is characterized by a single phenotype, which includes diffuse
ganglioneuromatosis of the tongue, lips, eyes and gastrointestinal tract, long fingers and extremities,
hyperextension of the joints and epiphyseal abnormalities. MTC in the setting of MEN 2B develops
earlier and has a more aggressive course, occurring at a younger age compared with MTC in other
MEN 2 subtypes [6,7]. The FMTC subtype constitutes approximately 10 to 20% of the cases of
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MEN 2 [11]. MTC is the only manifestation and thereby it is necessary to demonstrate the absence of a
pheochromocytoma or hyperparathyroidism in two or more generations of the same family or
the identification of related mutations to confirm that particular kindred have this syndrome. In
these cases, the clinical presentation of MTC occurs later and the prognosis is more favorable
(corresponding to older age at onset, often between 20 and 40 years) compared to the other forms
of MTC [33].

Germline RET Mutations and Disease Phenotype

Several studies indicate a correlation among specific RET mutations (genotype) and age of onset,
aggressiveness of MTC and the presence or absence of other endocrine neoplasms (phenotype) [11,34-36].
Several independent mutations in the RET at exons 5, 8, 10, 11, 13, 14, 15 and 16, have been
established as causative of MEN 2A, MEN 2B and FMTC [8-13].

The majority of families with MEN 2A (more than 90%) present point mutations in the RET proto-
oncogene (Missense type), involving codons located in the extracellular domain of the receptor: 609,
611, 618 and 620 (exon 10) and 634 (exon 11). The most frequent mutations are located in codon 634,
occurring in more than 60% of all genetically identified MTC [11,13,32,37]. Codon 634 mutations have
been associated with the presence of pheochromocytoma and hyperparathyroidism [38], and rarely
with CLA [39]. Nevertheless, there are a variety of phenotypic expressions in families with the same
RET mutation [9,11,12,35,38]. Pudales et al. observed that the genotype C634R (TGC/Cys —
CGC/Arg, exon 11) presented significantly more distant metastases at diagnosis than groups C634W
(Cys/TGC — Trp/TGG, exon 11) and C634Y (Cys/TGC — Tyr/TAC, exon 11), thus suggesting that a
change of specific amino acids may modify the natural development of the disease [36]. A recent study
evaluated the RET C634W-specific neoplastic risk and age-related penetrance profiles and found that
penetrance is high for MTC (52% by age 30, 83% by age 50 and 98% by age 70) and pheochromocytoma
(20% by age 30, 67% by age 50 and 92% by age 70) [40]. In contrast to well-defined risk profiles for
carriers of the codon 634 mutations, consensual clinical guidelines for RET exon 10 mutation are still
being defined. Risk profiles and penetrance estimations in MEN 2A caused by germline RET exon 10
mutations were recently analyzed by Frank-Raue et al. (2011) in a large multicenter study that
included 340 subjects from 103 families. The authors observed that mutations affect mainly the
cysteine codons 609, 611, 618 and 620 and 50% penetrance was achieved by the age of 36 years for
MTC, by 68 years for pheochromocytoma, and by 82 years for HPT [41]. These data may facilitate
risk assessment and genetic counseling for MTC.

MEN 2B occurs, in approximately 95% of the cases, through a specific M918T mutation (exon 16),
resulting in the structural change of the intracellular domain of the RET protein. In about 2-3% of
patients with MEN 2B, the genotype A883F (GCT — TTT, exon 15) can be found [42,43]. In addition,
a double mutation V804M/Y806C at codon 804 (Val/lGTG — Met/ATG, exon 14) and 806
(Tyr/TAC — Cys/TGC) in the same allele was described in a patient with MEN 2B. Patients
presenting with “atypical” MEN 2B harboring the germline double point mutation in codons 804 and
904 (V804M and S904C) were also reported [44,45]. Mutations in codons 883 and 918 are associated
with younger age of MTC onset and higher risk of metastases and disease-specific mortality [11,31,46].
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In FMTC, germline mutations are distributed throughout the RET gene. Approximately 86—88% of
FMTC families have mutations in one of the 5 cysteines in the extracellular domain of the RET gene in
exons 10 (codons 609, 611, 618, 620) and exon 11 (codon 634) [12,47]. Substitutions in the
intracellular domain of RET in exon 13 (codon 768, 790, 791), in exon 14 (codon 804 and 844) and in
exon 15 (codon 891) are less frequent. Interestingly, the most frequent mutation in MEN 2A, C634R,
has not been described in FMTC families [11,47-50].

Based on genotype-phenotype correlation studies, the American Thyroid Association (ATA)
developed recommendations for age of prophylactic thyroidectomy in asymptomatic RET mutation
carriers. The different mutations are classified into four risk categories according to the aggressiveness
of the disease (A < B < C < D). Children with mutations associated with MEN 2B phenotype (ATA
level D risk) are at highest risk for early development of MTC and should have thyroidectomy as soon
as possible, preferably within the first year of life. Patients with codon 634 mutations (ATA level C
risk) are also at higher risk for development of MTC at early ages and the prophylactic total
thyroidectomy should be carried out before 5 years of age. In patients with ATA level A and B RET
mutations (codons 768, 790, 791, 804, 891 and 609, 611, 618, 620, 630 respectively), the risk for MTC
is moderate and the prophylactic total thyroidectomy may be delayed beyond the age of 5 years if
there is a less aggressive MTC family history, a normal basal stimulated serum calcitonin and normal
neck ultrasound [51].

5. Sporadic Medullary Thyroid Carcinoma

Sporadic MTC generally presents as a unifocal tumor or a palpable cervical lymph node. Diagnosis
tends to be late, generally in the fifth or sixth decade of life [52]. Lymph node metastases are detected
in at least 50% of these patients, while distant metastases occur in ~20% of cases [53,54]. A minority
of patients with MTC present systemic manifestations which include diarrhea, flushing, or painful
bone metastases [6].

Somatic RET Mutations and Disease Phenotype

In sporadic MTC, somatic mutation in exon 16 of the RET (M918T) has been identified in 50-80%
of the patients [14—17]. Somatic mutations in codons 618, 603, 634, 768, 804 and 883 and partial
deletion of the RET gene have been identified in few tumors [53,54]. The presence of a somatic RET
mutation correlates with a worse outcome for MTC patients, not only because of the higher probability
of persistent disease, but also because of a lower survival rate in a long-term follow up [53,54].

The somatic RET mutations (exons 10, 11 e 16) have also been described in other endocrine tumors.
Mutations associated with MEN 2A (codon 634 and 631) and 2B (codon 918) phenotype are also
found in about 15-20% of sporadic pheochromocytomas [55,56].

6. Role of RET Polymorphisms in Medullary Thyroid Carcinoma

Since the identification of the RET proto-oncogene as the susceptibility gene for hereditary MTC,
major advances have been observed in studies concerning the pathogenesis of MTC and associated
neoplasias [9,13]. However, certain aspects of the disease, such as the clinical heterogeneity observed
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in individuals who have the same mutation, are not yet well understood [36,57,58]. As to sporadic
MTC, the picture is slightly more obscure, since RET somatic mutations are not found in all
cases [15,21,46,59] and appear not to occur uniformly among the different subpopulations of cells in
the tumor [14,15,60]. In recent years, several authors have investigated whether the presence of variant
sequences or polymorphisms could be associated with susceptibility for the development or
progression of MTC. These studies have described an increased prevalence of the RET polymorphisms
G691S (exon 11, rs1799939), L769L (exon 13, rs1800861), S836S (exon 14, rs1800862), and S904S
(exon 15, rs1800863) in individuals with hereditary or sporadic MTC when compared with the
population [17,57,60-62]. Below, we will discuss the main aspects related to these polymorphisms and
susceptibility to MTC development.

6.1. RET G691S and S904S Polymorphisms

The non synonymous variant G691S (Gly/GGT — Ser/AGT) has been associated with developing
sporadic MTC in two larger studies [61,63]. In an Italian population it was demonstrated that the
frequency of G691S polymorphism was greater in patients with sporadic MTC compared to the
controls (27.8% vs. 18.9% P = 0.029). Moreover, the authors observed that G691S polymorphism
presents a positive significant co-segregation with S904S (SerTCC — SerTCG) polymorphism [61].
Additionally, Cebrian et al. (2005), have demonstrated a 1.5 to 2.5 -fold increase in the relative risk for
the development of MTC in patients who presented polymorphisms in exons 11 (G691S), 15 (S904S)
and 19 (STOP+388bp) [63]. These two studies postulated, through a functional assessment of
RET transcription and splicing, that G691S could be the functional variant, but the results were
inconclusive [61,63]. Fugazzola et al. (2008) also tested the functional activity of the RET G691S
variant and show that the RET9-G691S protein was overrepresented when compared to RET9-WT.
However, no transforming activity was observed [64].

Robledo et al., in 2003, also described a strong co-segregation between polymorphisms G691S and
S904S, reporting a strong linkage disequilibrium between these polymorphisms. Additionally, it was
also demonstrated that haplotype G691S/S904S, in homozygosis, was more prevalent in patients
with MEN 2A compared to the control group, suggesting a role as a gene with low penetrance for
this variant. Furthermore, the authors observed that this variant (G691S/S904S) could modify the
age of onset of MTC patients [57]. However, these data were not replicated in a large sample of
European population [65].

Although several studies have found an association between G691S/S904S polymorphisms and
MTC, some authors did not observe a difference in the frequency of this variant between MTC patients
and the general population [17,66—68]. Wohllk et al. analyzed 50 Chilean patients with sporadic
tumors and 50 controls of similar ethnic origins, and showed a similar frequency of the RET
G691S/S904S variants for cases and controls [69]. More recently, these negative results were
replicated in Polish, Brazilian and Indian populations [17,67,68].

6.2. RET L769L Polymorphism

In 2001, a study conducted by Wiench et al. reported that patients with sporadic MTC and under
the age of 30 years presented a higher frequency of the variant L769L (LeuCTT — LeuCTG) allele
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than those diagnosed between 3145 years (36% vs. 15%, P = 0.04), suggesting that this
polymorphism was associated with younger age at diagnosis. However, the absence of a control group
diminished the relevance of this observation [58]. Interestingly, Magalhaes et al. (2004) observed that
a patient harboring a V804M mutation, classically associated with late-onset and lower aggressiveness
MTC, associated with the L769L polymorphism presented clinically evident MTC at 32 years of age,
in contrast to her asymptomatic mother, who had only the V804M mutation and had MTC diagnosed
by fine-needle aspiration biopsy at 60 years of age. The authors suggest that polymorphism L769L of
RET proto-oncogene may be related to younger age at the onset of disease [70].

An association between the presence of L769L polymorphism and F769Y mutation was reported in
FMTC patients for Baumgartner-Parzer et al. In this study, the authors deduced from pedigree analyses
that the F791Y mutation and L769L polymorphism are located on the same allele and speculated
whether the presence of this polymorphism could predispose the respective allele for the occurrence of
a F791Y de novo mutation or would modulate the disease phenotype [66].

More recently, the presence of polymorphism L769L in the RET gene was associated with
predisposition to the development of sporadic MTC and also younger age at onset of MTC in carriers
of the homozygous polymorphic variant L769L. The authors also demonstrated that this variant
modifies the structure of mRNA and could lead to changes in kinase activity and/or specificity of
the protein [68].

Conversely, other studies did not show an association between the L769L polymorphism and
MTC [60,61,63,69]. Berard et al. analyzed the presence of the L769L polymorphism in patients with
sporadic MTC and controls, and found no difference in the distribution of these polymorphisms
between the groups analyzed [71]. Accordingly, Siqueira et al. did not observe the influence of neutral
RET L769L variants on clinical and oncological features in individuals with hereditary or sporadic
MTC [17]. Recently, a study performed in Indian patients also failed to demonstrate a difference in the
frequency of this allele in MTC patients and control group [67].

6.3. RET S836S Polymorphism

Gimm et al., in 1999, identified an association between the RET polymorphisms S836S
(SerAGC — SerAGT) and sporadic MTC. The authors reported a higher frequency of the variant allele
in the group with MTC compared with the control group (9.0 vs. 3.7% P = 0.03) [60]. These findings
were confirmed in a Spanish population [72]

A recent study investigated the influence of the neutral RET S836S variants on the clinical
presentation of hereditary or sporadic MTC in a large cohort of Brazilian patients. The variant S836S
was associated with the early onset of the disease and a higher risk for the development of lymph
node and distant metastases (P = 0.002 and P = 0.001, respectively) in patients with hereditary or
sporadic MTC [17].

Other association studies, however, have failed to show differences as to the presence of S836S
polymorphisms between patients with sporadic MTC and controls [61,63,68,69]. Wiench et al. in a
Polish population and Berard et al. in French patients observed a similar frequency of the RET S836S
variants for cases and controls [58,71]. Similar data were found in other populations [61,63,68,69].
Study performed in India did not observe significant differences in the frequency of this polymorphic
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allele in the patients and control group. Interestingly, the prevalence of the RET polymorphisms in the
Indian population was significantly higher than those observed in Germans, Italians, French, Spanish
and Hungarians (P > 0.002) [67].

6.4. Other RET Variants

Besides the variants already mentioned, other polymorphisms have also been associated with MTC.
A study showed higher frequency of intron 14 (IVS14-24; rs2472737) polymorphism in the group
with elevated serum calcitonin concentrations (P = 0.016) and in patients with sporadic MTC
(P <0.001), when compared with the control group with normal calcitonin levels. However, further
studies are necessary to characterize a potential role of this RET sequence variant in the development
of sporadic MTC [66].

Recently, two other variants of RET were identified (IVS1-126 G > T; rs2565206) and (IVS8+82
A > G; 153026750 and 85-86 insC; rs3482797), and associated with phenotypic variability in patients
with mutation G533C. In this study, the authors found an association between variant IVS1-126 G > T
and age at diagnosis of MTC. On the other hand, variant (IVS8+82 A > G; InsC 85-86) was associated
with the presence of lymph node metastases at the time of diagnosis. Analyses in silico suggest that
this variant may induce abnormal splicing, postulating that variant (IVS8+82 A > G; 85-86 InsC)
could interrupt and/or create an exonic splicing site, thus leading to the synthesis of an altered
protein [73]. In another study, a polymorphism in exon 2 (GCG — GCA), which encodes an alanine
(A45A), occurred at a lower frequency among the cases of MTC and, according to the authors, it could
confer a protective allele against the development of MTC [63].

Taken together, these data point to a potential influence of RET variants in the development and
progression of MTC. Tables 1 and 2 summarize the main findings of the studies on the role of RET
polymorphisms in MTC.

Table 1. Role of the RET variants in hereditary medullary thyroid cancer.
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6.5. Possible Mechanisms of Action for RET Polymorphism in Medullary Thyroid Carcinoma

So far it is not known how polymorphisms exert their effects on the development or progression of
MTC and the mechanistic explanation is still speculative. A quantitative study of RET mRNA levels in
tumor tissues of individuals with MTC did not show a difference in the expression in patients with and
without G691S/S904S polymorphism [61]. The S836S polymorphism failed to affect DNA-protein
binding, transcript stability, or RNA splicing and editing [74]. Other hypothesis is that bases exchange
in the DNA molecule could interrupt and/or create a splicing site, leading to the synthesis of an
altered protein, or else, that the modified nucleotide is in a state of linkage disequilibrium with an
as yet unknown functional variant [60,73]. It has also been proposed a specific effect of G691S
polymorphism on RET dimerization on MEN 2A patients harboring the 634 mutation [57]. Potential
changes on mRNA structure due to the presence of RET polymorphisms have also been evaluated. The
simplest prediction of mRNA structure is a prediction of thermodynamic stable structure, MFE
(minimal free energy) structure. Bioinformatics analysis showed that differences in MFE between wild
types and mutants are <5% in the case of polymorphisms S904S and S836S and mutations Y791F and
C634R. No effect on MFE was visible also in the combination of C634R and L769L polymorphism.
However, the difference was noticeable in the case of exon 13. The L769L variant reduces the energy
of the wild type by 17% and the mutant Y791F by 7%, leading the authors to conclude that the L769L
polymorphism reduces the MFE of small RET mRNA [68]. Finally, in silico analysis revealed that the
IVS1-126 G>T genetic variant creates a new binding site for NFAT transcription factor (nuclear
factor of activated T-cells) [75]. The NFAT family of proteins has been found to be involved in cell
cycle regulation, cell differentiation, cell survival, angiogenesis, tumor cell invasion, and metastasis [76],
which may explain the association of this variant with disease progression [73].

7. Conclusion

In summary, since the recognition of the RET proto-oncogene as the susceptibility gene for
hereditary MTC several decades ago, advances have taken place in understanding pathogenesis of
MTC and associated neoplasias. Nevertheless, certain aspects of the disease, such as the clinical
heterogeneity seen in individuals harboring the same mutation have not yet been well understood.
Polymorphisms in the RET gene are commonly associated with MTC and may partially explain the
large clinical heterogeneity observed in MEN 2A patients. An entire set of data obtained from clinical
studies indicates a potential role of RET polymorphisms in the development of sporadic MTC.
However, in contrast, several others failed to demonstrate any association between these RET variants
and MTC development or disease progression. Although differences in ethnic background or
methodological flaws might be potential causes for the different results described, the mechanism
underlying the positive associations is still lacking which stimulates further controversy. Since the
contribution of a single variant to a disease is determined by the prevalence of the implicated allele and
the magnitude of the association with the condition, the results summarized here might indicate the
need for large multicenter studies to confirm or rule out a role of these variants as a cause or modifying
agent in this rare disease.
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Abstract

The presence of the RET S836S variant has been associated with early
onset and increased risk for metastatic disease in medullary thyroid carcinoma
(MTC). However, the mechanism as SNPs modulate the MTC pathogenesis is
still open to discuss. One of the proposed mechanisms suggests that the S383S
neutral variant might be in linkage disequilibrium (LD) with unknown functional
variants. Interestingly, strong LD between S836S and RET 3'UTR variants has
been reported in patients with Hirschsprung's disease. Objective: To evaluate
the frequency of the RET 3’'UTR variants (rs76759170 and rs3026785) in MTC
patients and to determine whether these variants are in LD with S836S
polymorphism. Methods: Our sample comprised 282 patients with sporadic or
hereditary MTC. The RET variants S836S and 3'UTR (rs76759170 and
rs3026785) were genotyped using Custom TagMan Genotyping Assays.
Haplotypes were inferred using the phase 2.1 program. RET mRNA structure
and flexibility was assessed by Vienna Package and TfReg software. Results:
Of the 282 patients analyzed, 155 (55.0%) presented hereditary and 127
(45.0%) had the sporadic form of disease. The mean age of diagnosis was
36.7+19 years and 56.3% were women. The minor allele frequencies of RET
polymorphic variants were as follows: S836S(4.8%), rs76759170(4.9%) and
rs3026785(4.9%). We observed a strong LD between 3'UTR variants (|D’|= -1,
r’= 1) and between these variants and S836S polymorphism (|D’|= -1, r2=
0,989). Interestingly, the haplotype carrying the S836S and 3'UTR RET variants
presented a greater number of double helices sections and lower levels of
minimal free energy when compared to the wild-type haplotype. Patients
harboring the haplotype with S836S and 3'UTR variants presented more
aggressive disease as compared those harboring the wild-type haplotype.
Conclusion: Our results demonstrated that the neutral RET polymorphism
S836S is in LD with RET 3'UTR variants and these variants may affect the
secondary structure of RET mRNA, supporting the hypothesis of a functional

involvement of the 3'UTR variant allele on RET mRNA structure and flexibility.
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INTRODUCTION

Medullary thyroid carcinoma (MTC), a malignant tumor originating in
parafollicular C cells of the thyroid, represents about 4% of all thyroid cancers
(Davies and Welch 2006). MTC is mainly sporadic (75%), but may also be part
of an inherited disorder transmitted as an autosomal dominant trait with 100%
penetrance, referred to as multiple endocrine neoplasia type 2 (MEN 2). The
MEN 2 syndrome is classified into three distinct clinical subtypes: MEN type 2A
(MEN 2A): characterized by the presence of MTC, pheochromocytoma (PHEO),
and hyperparathyroidism (HPT); MEN type 2B (MEN 2B): that includes MTC,
PHEO, ganglioneuromatosis, and marfanoid habitus, and familial MTC (FMTC):
characterized by MTC as the only feature of the disease (Clark, et al. 2005;
Pelizzo, et al. 2007). The RET (REarranged during Transfection) proto-
oncogene is the susceptibility gene for hereditary MTC and somatic RET point
mutations in exon 16 (M918T) are described in approximately 50% of MTC
(Marsh, et al. 1996; Mulligan, et al. 1994; Siqueira, et al. 2010).

Several studies have investigated the relationship between the presence
of single nucleotide polymorphisms (SNPs) in the RET gene and susceptibility
or progression of hereditary or sporadic MTC. The RET neutral variants L769L,
S836S, and S904S influence the clinical presentation and disease outcome in
MTC patiens (Ceolin, et al. 2012a; Gimm, et al. 1999; Siqueira et al. 2010;
Sromek, et al. 2010; Wiench, et al. 2001). Particularly, the S836S variant
(codon 836 of exon 14, SerAGC/SerAGT) has been found in higher frequency
as compared to control group, in sporadic MTC patients (Gimm et al. 1999).
This variant also has been associated with two-to-three-fold increase in the risk
of MTC in the Spanish population (Ruiz, et al. 2001), early onset of MTC and
increased risk for metastatic disease (Siqueira et al. 2010). These results are in
agreement with a recent meta-analysis that demonstrated an association of
sporadic MTC susceptibility with S836S polymorphism (Figlioli, et al. 2012). In
hereditary MTC, the S836S was over-represented in G533C-carriers
(Tamanaha, et al. 2009) and associated with early onset of MTC and increased
risk for metastatic disease (Siqueira et al. 2010). Recently, the presence of
multiple RET risk alleles has been associated with increased estimated risk for

MTC development and aggressiveness, indicating that these variants could be
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acting in an additive manner on disease pathogenesis (Ceolin et al. 2012a;
Siqueira, et al. 2014).

Nevertheless, the mechanism as SNPs modulate the MTC pathogenesis
is still open to discuss (Ceolin, et al. 2012b; Figlioli et al. 2012). One of the
proposed mechanisms suggests that the S383S neutral variant might be in
linkage disequilibrium (LD) with an unknown functional variant. The unknown
variant may be modulating the RET oncogene expression to affect the structural
stability of the mRNA (Fernandez, et al. 2006; Gimm et al. 1999; Tamanaha et
al. 2009).

Loss-of-function RET mutations account for approximately 50% of
familial and 7-35% of sporadic Hirschsprung's disease (HSCR) patients (Attie,
et al. 1994, Lyonnet, et al. 1994). Furthermore, several RET polymorphisms and
haplotypes have been described as underrepresented in HSCR patients, and
could act as low susceptibility loci and modify the phenotype of HSCR (Fitze, et
al. 2003; Griseri, et al. 2005; Lantieri, et al. 2006). Particularly, the haplotype
including the rarer S836S polymorphic allele has shown a low penetrant
protective effect against the disease (Fitze, et al. 2002; Griseri, et al. 2002).
Interestingly, Griseri et al 2007 report a strong LD among S836S variant and
3’untranslated region (3’'URT) SNPs (rs76759170, G>A and rs3026785, T>C).
This study suggests that 3'UTR variants can have a functional effect on the RET
expression (Griseri, et al. 2007).

Here, we evaluated the presence of linkage disequilibrium between
S836S and 3'UTR RET variants in MTC patients and assessed whether the
3'UTR variants could play a role on RET mRNA structural stability.

MATERIAL AND METHODS

Patients

Patients with a diagnosis of MTC attending the Endocrine Division at
Hospital de Clinicas de Porto Alegre were invited to participate in the study.
Since 1997, our division has been a reference center for RET mutation
screening in Brazil, and therefore, patients referred to us by other Brazilian

centers were also invited to participate. All patients and/or their legal
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representatives provided written informed consent for the study in accordance
with the institutional ethics committee.

The data collected for each individual included the clinical characteristics
of family members (association of other endocrine neoplasias), the type of RET
mutations, and information on atypical features noted, such as Hirschsprung’s
disease (HIRS) or cutaneous lichen amyloidosis (CLA). Patients underwent a
complete clinical examination, laboratory tests (levels of basal calcitonin (Until
December 2003, Calcitonin IRMA-DSL7700, Diagnostic Systems Laboratories,
Inc., Webster, TX, USA, reference range <10 pg/ml and, after January 2004,
Immulite 2000, Diagnostic Products Corporation, Los Angeles, CA, USA,;
reference value (VR) male <12.0 pg/ml and female <6.0 pg/ml)), plasma
parathyroid hormone (PTH; Immulite 2000 Intact PTH, Diagnostic Products),
urinary fractionated metanephrines (HPLC), and, whenever indicated,
diagnostic imaging investigation (cervical ultrasonography, thorax and
abdominal computed tomography (CT)). Selected patients were submitted to
whole-body metaiodobenzylguanidine scintigraphy to rule out PHEO and/or
distant metastasis.

Total thyroidectomy was performed in all patients with varying cervical
neck dissection procedures. The diagnosis of lymph node metastasis was
based on histological examination. Patients with suspicious distant metastasis
(i.,e. the presence of local metastasis and/or serum calcitonin >150 pg/ml)
underwent imaging exams (cervical, thoracic and abdomen CT (or liver
magnetic resonance imaging), and bone scintigraphy). Patients with
undetectable calcitonin levels were considered free of disease. Patients with
PHEO or HPT underwent specific surgery. Tumor staging was performed
according to the current International Union against Cancer TNM classification
(O'Sullivan and Shah 2003).

Our initial sample comprised 297 patients, 168 with hereditary MTC and
129 with the sporadic form of disease. Fifteen of these patients were excluded,
either because they were awaiting surgery or not enough material was available

for polymorphism analysis.
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Genotyping assay

RET variants L769L (rs1800861, codon 769, exon 13, LeuCTT/LeuCTG),
S836S (rs1800862; codon 836, exon 14, SerAGC/SerAGT), S904S (rs1800863,
codon 904, exon 15, SerTCC/SerTCG) and 3'UTR (rs3026785, T>C and
rs76759170, G>A) were analyzed in DNA extracted from peripheral blood
leukocytes by standardized procedures. Genotype analysis was performed
using Human Custom TagMan SNP Genotyping Assays (Applied Biosystems,
Foster City, CA, USA), as described previously by (Ceolin et al. 2012a; Siqueira
et al. 2014). Primer and probe sequences used for genotyping the RET 3'UTR
variants were, rs3026785: 50-
CACGTAAATGCAGAAGTTACTAAGTATTAAGTATTACT-30 (forward primer),
50-AGGAACATGATCTGGTTTAATGACCTTT-30 (reverse primer), VIC-50-
TCTGTCAGTTATTAAAATT-30, FAM-50-TGTCAGTTACTAAAATT-30;
rs75759170: 50-ACACGTAACCTGGCTCTAATTTGG-30 (forward primer), 50-
CTGCATTTAGTAAGACTATCATTAAGCATATCTGA-30 (reverse primer), VIC-
50-CACAGTGTATCTGAAAAA-30, FAM-50-CACAGTGTATTTGAAAAA-30.

The reactions were conducted in a 96-well plate, in a total 5 ml reaction
volume using 2-10ng genomic DNA, TagMan Genotyping Master Mix 1X
(Applied Biosystems), and Custom TagMan Genotyping Assay 1X. The plates
were then positioned in a real-time PCR thermal cycler (7500 Fast Real PCR
System; Applied Biosystems) and heated for 10 min at 95 8C, followed by 45
cycles of 95 °C for 15s and 62 °C for 1min. Fluorescence data files from each
plate were analyzed using automated allele calling software (SDS 2.1; Applied

Biosystems).

Haplotype Construction and Linkage Disequilibrium Analysis

The haplotypes were constructed based on the combination of allelic
variants and their frequencies were inferred using the phase 2.1 program, which
implements a Bayesian statistical method (Stephens, et al. 2001). We also used
the phase 2.1 program to compare the distributions of different RET haplotypes
between MTC patients through permutation analyses of 1000 random replicates
(Stephens et al. 2001). Among all pairs of biallelic loci, we examined widely
used measures of linkage disequilibrium (LD), Lewontin’s D’ ID’l and r? (Hedrick
1987).
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Thermodynamic Simulations Methodology

The accuracy of computer predictions of RNA secondary structure from
sequence data and free energy parameters is about 70% and the predictions
are easier and more accurate on small molecules (the number of structures
grows exponentially with the sequence length) (Jaeger, et al. 1989; Mathews
2004; Wuchty, et al. 1999).

In this study, to minimize the experimental limitations and perform a more
robust analysis, we evaluate RET optimal and suboptimal mRNA structures. We
believe it is important to evaluate both structures because there could be short
or long-lived intermediate states of the RNA sequence while it executes the
folding process that will ultimately lead it to the minimal free energy (MFE) state.
In other words, the RNA may stay longer in suboptimal folded structures than in
the final MFE structure.

For the bioinformatics analyses we used the haplotypes inferred by
Phase program (Table 3). Additionally, we also used the haplotype carrying only
the S836S variant (TTCGT). This haplotype does not exist in our population;
however, we decided to use it to compare with the GTCAC haplotype.

The preliminary analysis treated both, wild type (TCCGT_WT haplotype)
and polymorphic sequences (GCCGT, TCGGT and GTCAC haplotypes), with
the RNAfold algorithm provided by the Vienna Package. This algorithm provides
the optimal RNA secondary structure and its associated MFE for each input
sequence (Lorenz, et al. 2011).

The Vienna Package (Lorenz et al. 2011) program RNAsubopt with
default parameters was used to generate suboptimal secondary structures of all
haplotypes. Since the number of possible suboptimal structures for each
sequence is exceedingly large we randomly selected a subset of those using
the -p option. In this analysis we used subsets of 2900 structures for each
sequence. The resulting dot-bracket files were evaluated as follows: 1) by
counting the number of continuous base-pairs in double helices of at least 6 bp
(number of double helices sections - Npy); 2) by using TfReg to evaluate the
total (Weber 2013) melting index of the double helices; 3) by calculating the
resulting Gibbs free energy with RNAeval from the Vienna Package (Lorenz et
al. 2011).
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First we perform these calculations for the wildtype sequence and obtain
average numbers of base-pairs, total melting index and Gibbs free energy.
Then we compare each suboptimal structure of the polymorphic haplotype to
those averages and count how many times they present greater thermodynamic
stability. This gives us a probability which represents how likely it is that a
polymorphic haplotype may result into a more stable structure than the wild type
sequence.

The NCBI Reference Sequence accession number for the RET gene
was: NM_020975.4 (mRNA).

Statistical analysis

Results are expressed as meantS.D. or median (IQ 25-75) unless
otherwise specified. Hardy—Weinberg equilibrium for each polymorphism was
assessed by y? tests. Baseline characteristics were compared using %2 tests or
Fisher's exact test for qualitative variables. Quantitative variables were
compared between groups using Student’s t-test or Kruskal-Wallis tests. The
differences in cumulative lymph node and/or distant metastasis between groups
were tested by Kaplan—Meier curves; comparisons between curves were
performed using the log rank test. The Statistical Package for the Social
Sciences 18.0 (SPSS Inc., Chicago, IL, USA) was used, and P<0.05 was
considered as statistically significant.

RESULTS

RET variants in medullary thyroid carcinoma patients

The clinical and oncological features of the study subjects are
summarized in Table 1. The median age at diagnosis was 36.7+9 years and the
percentage of women was 56.3%. The ethnic background was 95% Caucasian.
Of the 282 patients analyzed, 155 (55.0%) presented hereditary MTC and 127
(45%) presented sporadic form of disease. The median basal serum calcitonin
and CEA levels at diagnosis were 269.5 (30.8-1206.3)pg/ml and 13 (2.7-

47.8)ng/ml, respectively. The median tumor size was 3.4 (2.2-4.0) cm. One
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hundred and ten patients (46.8%) presented lymph node metastasis and 17.6%
presented distant metastasis at diagnosis, respectively. The minor allele
frequencies observed were as follows: S836S (4.8%) and 3'UTR RET variants
rs76759170 (4.9%) and rs3026785 (4.9%) (Table 2).

Haplotype Construction and Linkage Disequilibrium Analysis

We used a Bayesian statistical method to estimate the frequency of
different haplotypes produced by the combination of the L769L(rs1800861),
S836S(rs1800862), S904S(rs1800863) and 3'UTR(rs3026785 and rs76759170)
polymorphisms in MTC patients.

A total of four haplotypes were inferred in our study population. The
haplotype frequencies were shown in Table 3. Interestingly, we observed a
strong LD between 3’'UTR variants (|D’|= -1, r2= 1). Likewise, the 3'UTR
polymorphisms are also in a strong LD with the S836S variant (|D’|= -1, r?=
0,989).

Bioinformatics Analysis

Next, we evaluated the effect of the RET haplotypes on the optimal and
suboptimal mRNA structures. Our purpose was to evaluate the effect of these
variants on the whole structure, not only in part. Thus, we opted to analyze the
full mMRNA sequence (5.6kb). For the bioinformatics analyses we used all
haplotypes inferred by Phase program (Table 3). These analyses included only
synonymous polymorphisms.

As shown in Figure 1, bioinformatics analyses have demonstrated
different RNA secondary structure predictions for WT (TCCGT), S836S
(TTCGT) and 3’'UTR (GTCAC) haplotypes.

The 3'UTR haplotype presented greater number of Npy in both optimal
and suboptimal structures, when compared with the WT haplotype (Figure 2B
and 2D, respectively). In agreement, bioinformatics analysis showed differences
in minimal free energy (MFE) for the WT and 3’'UTR haplotypes in optimal and
suboptimal structures (Figure 2A and 2C, respectively). We also assessed
whether the 3’UTR have an additional effect on the RET mutations M918T and

C634Y, the most frequent mutation at codon 634 in our sample. As shown in
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Figure 3, the 3’'UTR haplotype polymorphisms affect the NDH and MFE

structures even in the presence of the RET mutations (Figure 3).

RET genotypes and disease presentation

Due to the distinct clinical features of the sporadic and hereditary
disease, we performed the analysis separately.

Sporadic Medullary Thyroid Carcinoma

Table 1 shows the clinical and oncological features of the 127 patients
with sporadic MTC patients. The mean age at diagnosis was 48+15.5 years and
53.5% was women. The frequency of lymph node and distant metastasis were
57.4 and 24.5%, respectively.

The minor allele frequencies observed for the RET variants were follows:
S836S (5.5%), rs76759170 (5.6%) and rs3026785 (5.6%) (Table 2). Fourteen
patients (11%) were heterozygous for 3’UTR polymorphic allele. Individuals
harboring the 3’'UTR haplotype had higher serum calcitonin level (1747.5(939.2-
7444) vs 579(120-2582.5) pg/mL, P=0.028), CEA level (585(144.7-4353) vs
28.3(6.5-113) ng/mL, P=0.005) and larger tumor size (3.4(2.2-4.0) vs 2.3(1.5-
3.3), P=0.050). The 3'UTR RET haplotype was associated with metastatic
disease as compared to WT haplotype (100 vs 52.9%, P=0.003 and 69.2 vs
25.0%, P=0.003) (Table 4). Accordingly, Kaplan—Meier estimates of cumulative
lymph node and distant metastasis yielded distinct curves for patients with or
without the 3'UTR haplotype (P<0.001, Figure 4), further demonstrating that
metastatic disease occurred earlier in those individuals harboring the 3'UTR

variants.

Hereditary Medullary Thyroid Carcinoma

A total of 155 patients presented the hereditary form of the disease. The
clinical and oncological features of MEN2 families are shows in Table 5. Of the
35 independent families with MEN2 analyzed, 19 families were classified as
MENZ2A, 3 as MEN2A associated with cutaneous lichen amyloidosis (CLA), 1 as
MENZ2A associated with Hirschsprung’s disease, 9 as MEN2B and 3 as FMTC.
All but three MEN2A kindred had a RET codon 634 mutation (exon 11), the
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most prevalent mutation (91% of cases). All MEN2B individuals presented
mutation at codon 918 (exon 16), resulting in the substitution of a methionine
residue by threonine (M918T).

The mean age at diagnosis was 27.2+16.7 years and 58.6% was women
(Table 1). The frequency of lymph node and distant metastasis were 36.7 and
11.3%, respectively (Table 1). The frequency of RET 3’'UTR polymorphic
variants (rs76759170 and rs3026785) was 4.2% (Table 2).There were no
differences in age at diagnosis, serum calcitonin and CEA levels, tumor size,
PHEO and lymph node or distant metastasis between individuals with or without
3'UTR polymorphic alleles (P>0.05). However, the frequency of HPT was higher
in individuals harboring the 3’'UTR haplotype (15 vs 45%, P=0.035) (Table 4).
Interestingly, Kaplan—Meier estimates of cumulative lymph node yielded distinct
curves for patients with or without the 3’'UTR haplotype (P=0.041, Figure 5).
However, no differences were observed for distant metastasis (P=0.164, Figure
5).

DISCUSSION

In the present study, we have demonstrated that the neutral RET
polymorphism S836S is in linkage disequilibrium with RET 3’'UTR variants.
Interestingly, the haplotype carrying the S836S and 3'UTR RET variants
presented a greater Npy and lower levels of MFE as compared to the wild-type
haplotype. Furthermore, the haplotype harboring these variants are associated
with development of metastatic disease at a younger age in individuals with
hereditary or sporadic MTC.

Based on the overrepresentation of the RET polymorphisms in
individuals with hereditary or sporadic MTC, a role for these genetic variants in
the MTC pathogenesis has been suggested. Nevertheless, the results on the
effect of RET polymorphic variants in the development or progression of MTC is
still controversial (Ceolin et al. 2012b; Figlioli et al. 2012; Machens, et al. 2012).
The S836S variant allele was over-represented in sporadic MTC patients from
Germany, Spain, and the United States (Gimm et al. 1999; Ruiz et al. 2001).
More recently, the S836S variant was associated with early onset of MTC and
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increased risk for metastatic disease in sporadic and hereditary form of disease
(Siqueira et al. 2010). Nevertheless, several other studies failed to demonstrate
any effect of RET variants on risk of development or on the natural course of
MTC (Berard, et al. 2004; Sharma and Saranath 2011; Wohllk, et al. 2005).

The molecular mechanism by which RET polymorphisms affect the
development and evolution of MTC are still not properly understood. One of the
proposed mechanisms suggests that polymorphisms could influence the RET
MRNA levels. However, quantitative studies in MTC tumor samples show no
difference in RET expression in patients with or without the G691S/S904S,
L769L, and S836S polymorphisms (Elisei, et al. 2004). Another hypothesis
suggests that bases exchange in the DNA molecule could create a new
alternative splicing site, leading to the synthesis of a truncated protein,
erroneous ligand binding, micro-RNA binding, change of structure and mRNA
stability as well as a number of copies (Borrego, et al. 1999). However, the
study performed by Griseri et al. showed that the S836S(C>T) polymorphic
variant failed to affect DNA—protein binding, transcript stability, or RNA splicing
and editing of the RET gene (Griseri, et al. 2000). An alternative way to explain
the role of RET polymorphisms in the clinical course of MTC proposes that
these neutral variants can be in LD with an unknown functional variant
(Borrego, et al. 2003). Griseri et al 2007 report a strong LD between S836S
polymorphism and 3’UTR variants in HSCR disease. This study suggests that
3'UTR variants play a role in the posttranscriptional control of a subset of RET
transcripts (Griseri et al. 2007).

Here, we have demonstrated that the S836S polymorphism is in linkage
disequilibrium with RET 3’UTR variants in MTC patients. The 3'UTR gene
region is emerging as fundamental and effective in regulating gene expression
at posttranscriptional levels (pre-mRNA processing, mRNA stability and
translational regulation) (Moore 2005). Several sequence elements that may be
involved in mRNA regulation exist in the 3'UTR region, including regions rich in
adenine and uridine elements - AU-rich elements (ARE). The ARE mRNAs are
regulated by RNA-binding proteins that can selectively bind to the ARE and
promote their mMRNA stability or degradation (Lopez de Silanes, et al. 2007).
Griseri et al found that rs3026785 is located next to the AUUUA sequence. This
study showed that single nucleotide substitution of 3'UTR may influence the
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secondary structure of RET mRNA and that 3'UTR allele lowers RET mRNA
degradation in human neuroblastoma cells, ultimately leading to an increase of
transcription product and probably an increase in the amount of total RET
protein at the cell membrane, however, the same effect was no found in
transfected MTC cells (Griseri et al. 2007; Griseri et al. 2002).

Corroborating these findings, in silico analysis performed in our study
showed that 3'UTR haplotype (GTCAC) could influence the stability of the RET
MRNA. We can observe that this haplotype presents highest Npy and lower
levels of MFE, suggesting that RET mRNA carrying the 3'UTR haplotype
provides the most rigid and thermodynamically stable mRNA structure, when
compared with the others. Thus, our data allow us to suggest that the 3’'UTR
haplotype may affect the secondary structure of RET mRNA, supporting the
hypothesis of a functional involvement of the 3’'UTR variant allele in RET mRNA

stability.

CONCLUSION

Our results demonstrate linkage disequilibrium between S836S and RET
3'UTR genetic variants. The RET mRNA carrying the 3’'UTR haplotype presents
higher structural and thermodynamic stability when compared to mRNA carrying
the WT haplotype, supporting the hypothesis of a functional involvement of the
3'UTR variant allele in RET mRNA stability. Furthermore, patients harboring
3'UTR haplotype presents more aggressive disease as compared to those

harboring the WT haplotype.
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Tables

Table 1. The clinical and oncological features of medullary thyroid carcinoma patients

Total Sporadic MTC Hereditary MTC
Total patients (%)® 282 127(45.0) 155(55.0)
Sex female (%) 160(56.3) 68(53.5) 91(58.6)
Age at Diagnosis (yr)°® 36.7+19 48+15.5! 27.2+¢16.7

Calcitonin (pg/ml)©
CEA (ng/ml)°
Tumor Size (cm)°®
N1 (%)

M1 (%)

269.5(30.8-1206.3)
13(2.7-47.8)
2.3(1.3-3.2)
116(48.9)

46(20.9)

759(163.5-2777.5)2
36(7.2-123)3
2.4(1.5-3.5)"
67(58.3)°

32(30.5)°

103(17.8-882.6)°
6.3(2-30.1)°
1.5(0.7-2.9)"
49(40.2)"
14(12.2)"

CEA, carcinoembryonic antigen; N1, lymph node metastasis; M1, distant metastasis.

®Fifteen of the 297 patients were excluded, either because they were awaiting surgery or not enough material was available for polymorphism analysis (15

patients).
°Data expressed as meanzS.D.

‘Data expressed as median (IQ 25-75).

1 Dados avaliados para 118 pacientes;
2 Dados avaliados para 60 pacientes;
3 Dados avaliados para 34 pacientes;
* Dados avaliados para 82 pacientes;
® Dados avaliados para 115 pacientes;
® Dados avaliados para 105 pacientes;
’ Dados avaliados para 142 pacientes;
® Dados avaliados para 106 pacientes;
° Dados avaliados para 55 pacientes;
'° bados avaliados para 30 pacientes;

" Dados avaliados para 123 pacientes;
12 pados avaliados para 116 pacientes.
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Table 2. RET minor allele frequency polymorphisms in medullary thyroid carcinoma patients

RET Polymorphisms Allele Total Sporadic MTC ~ Hereditary MTC
variation (n=282) (n=127) (n=155)
S836S (%) C>T 4.8 5.5 4.2
rs76759170 (%) G>A 4.9 5.6 4.2
rs3026785 (%) T>C 4.9 5.6 4.2

Table 3. Haplotypes inferred by the Phase Program

Presence/absence of Haplotype (%)*
Haplotypes L769L S836S  S904S rs76759170  rs3026785 Sporadic  Hereditary
TCCGT (WT) 0.53 0.61
GCCGT X 0.20 0.20
TCGGT X 0.22 0.15
GTCAC X X X X 0.05 0.04

Haplotype frequencies was calculated by the Phase 2.0 program using permutation test (1000 replications). For simplified representation,

the Phase program shows the haplotypes by the presence of the wild-type or risk allele .
? Frequencies calculated by the Phase 2.0 program based on the number of chromosomes.
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Table 4. Clinical and oncological features of medullary thyroid carcinoma patients according to the
presence of polymorphic haplotype

Sporadic MTC

WT GTCAC P
Total patients (%) 113 14
Sex female (%) 63(55.8) 5(35.7) 0.129°
Age at Diagnosis (yr)? 48.8+16 42+11 0.095¢
Calcitonin (pg/ml)® 579(120-2582.5) 1747.5(939.2-7444)  0.028°
CEA (ng/ml)® 28.3(6.5-113) 585(144.7-4353) 0.005¢
Size Tumor (cm)”® 2.3(1.5-3.3) 3.4(2.2-4.0) 0.050¢
PHEO (%) - - -
HPT (%) - - -
N1 (%) 54(52.9) 13(100) 0.003°
M1 (%) 23(25.0) 9(69.2) 0.003°

Hereditary MTC

WT GTCAC P
Total patients (%) 142 13
Sex female (%) 85(60) 6(46.2) 0.505
Age at Diagnosis (yr) ® 2717 23.2+11 0.428°
Calcitonin (pg/ml)® 90(16.5-882.8) 410.9(19.0-1066) 0.577¢
CEA (ng/ml)® 6.3(2.0-33.0) 12.5(1.08-) 0.652¢
Size Tumor (cm)”® 1.5(0.7-2.9) 1.7° 0.933¢
PHEO (%) 37(32.5) 5(41.7) 0.748
HPT (%) 17(15) 5(45.5) 0.035
N1 (%) 43(39) 6(50) 0.543°
M1 (%) 12(11.7) 2(18.2) 0.885°

PHEO, pheochromocytoma; HPT, hyperparathyroidism; N1, lymph node metastasis; M1, distant metastasis; WT, wild-type; GTCAC,
haplotype harboring S836S and 3'UTR RET variants.

®Data expressed as mean+S.D.
Data expressed as median (IQ 25-75).

“Variables were compared using the Yates’ X?-test or Fisher’s exact test.
dvariables were compared using the Mann—Whitney U test.

°Data about only one patient.
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Table 5. Clinical presentation and RET germline mutations in hereditary medullary thyroid
carcinoma paitients.

N° of Mutation

Phenotype  per RET  ATArisk  MTC PHEO  HPT

- mutation

families level

MEN2A 9 C634Y  C 59 16 12
5 C634R  C 14 6 2
1 C634W  C 3 2 2
1 C634S  C 1 1 :
1 C620R B 3 1 1
1 C618R B 5 2 0
1 C6l8F B 2 0 0

MEN2A+CLA 1 c634Y  C 28 6 6
1 C634W  C 4 2 0
1 C634R  C 2 0 0

MEN2A+HIRS 1 C618R B 1 1 0

MEN2B 9 MO18T D 13 5 0

FMTC 1 E768D A 10 0 0
1 S891A A 9 0 0
1 L790F A 1 0 0

MTC, hereditary medullary carcinoma; PHEO, pheochromocytoma; HPT, hyperparathyroidism



Figures

Figure 1
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Figure 1. The figure shows the optimal mMRNA secondary structure of the RET haplotypes. A) Total
MRNA secondary structure of the RET wild-type (WT) haplotype. B) Part of mRNA secondary
structure of the RET WT haplotype. C) Part of mRNA secondary structure of the RET S836S
haplotype (TTCGT). D) Part of mRNA secondary structure of the RET 3’'UTR haplotype (GTCAC).
Haplotypes generated by RNAfold program (Vienna Package).
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Figure 2

Optimal Structures
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Figure 2. The minimal free energy (MFE) and number of double helices (Npy) were available in both,
optimal and suboptimal structures. The variant fragment carrying the S836S and 3'UTR variants
(GTCAC haplotype) presented greater Npy (B,D) and lower levels of MFE (A,C) when compared to
wild-type haplotype (WT, TTCCGT), this fact happens in both, optimal and suboptimal structures.
*These analyze included only synonymous polymorphisms. The G691S variant was excluded by

promote amino acid substitution, thus affecting directly the protein structure.
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Figure 3

Optimal Structures
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Figure 3. Minimal free energy (MFE) and number of double helices (Npy) in optimal and suboptimal
mutated sequences. The mutated sequences carrying the S836S and 3'UTR variants (GTCAC
haplotype) presented greater Npy (B,D) when compared to mutated sequences carrying the WT
sequence. The mutated sequences carrying the S836S and 3'UTR variants (GTCAC haplotype)
also presented lower levels of MFE in optimal (A) and suboptimal (B) structures when compared to
mutated sequences carrying the WT haplotype.
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Figure 4
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Figure 4. Kaplan—Meier estimates the proportion of sporadic MTC patients (n=127) with lymph node
(A) or distant metastasis (B). The log rank test was used to compare curves.
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Figure 5

o o 2
= @ @
1 1 1

Fraction free of lymph node metastasis

o
(%)
1

+0—011 +WThaplotype
‘%.L} +-GTCAC haplotype

P=0.041 ﬁ

00

T T T
0,00 20,00 40,00 60,00

Age at diagnosis (years)

Fraction free of distant metastasis

0,87

0,6

0,47

b e -
-

—+4-WT haplotype
M“L +~ GTCAC haplotype

-

P=0.164

00

T T T
0,00 20,00 40,00 60,00

Age at diagnosis (years)

Figure 5. Kaplan—Meier estimates the proportion of hereditary MTC patients (n=155) with lymph
node (A) or distant metastasis (B). The log rank test was used to compare curves.
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CONCLUSAO

Os nossos resultados demonstraram que o polimorfismo S836S do proto-
oncogene RET esta em desequilibrio de ligacdo com variantes localizadas na
regiao 3'UTR desse gene. Além disso, observamos que a sequéncia de mRNA do
RET portadora do haplétipo S836S e 3'UTR (GTCAC) apresenta maior
estabilidade estrutural e termidindmica quando comparado a sequéncia selvagem
(haplotipo TCCGT). Dessa forma, sugerimos que estas variantes podem afetar a
estrutura secundaria do mRNA do gene RET, influenciando assim a estabilidade

dos seus transcritos.
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