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Resumo

Os carcinomas da tiredide sdo as neoplasias malignas mais frequentes do
sistema enddcrino. Classificam-se histologicamente em carcinomas papilar e folicular,
derivados das células foliculares; carcinoma medular, derivado das células C ou para-
foliculares, e carcinoma anaplasico. Os carcinomas diferenciados, papilar e folicular,
representam mais do que 85% de todos os tipos histolégicos. O carcinoma medular,
compreende 5 a 10% e o anaplasico ou indiferenciado, 2% de todos os canceres da
tiredide.

Os carcinomas diferenciados da tiredide geralmente conservam as
caracteristicas bioquimicas da célula folicular tireoidiana. No entanto, varios estudos
tém descrito anormalidades na expressdo das principais proteinas envolvidas na
biossintese dos hormoénios tireoidianos, tais como o receptor do TSH, o co-
transportador de Na'/lI" (NIS), a tireoglobulina (Tg) e a tireoperoxidase (TPO). As
iodotironinas desiodases tipo 1 (D1) e tipo 2 (D2) sédo enzimas responsaveis pela
ativacdo do T4 e producado do hormédnio biologicamente ativo T3 na tiredide e nos
tecidos periféricos. Poucos estudos analisaram a expressado das 5’-desiodases nos
carcinomas diferenciados da tiredide. Estudos prévios demonstraram que a
expressao da isoenzima D2 esta reduzida no carcinoma papilar e aumentada no
carcinoma folicular metastatico. No entanto, uma expressao variavel da D1 foi
descrita em amostras de carcinomas papilares, sendo que ndo havia uma avaliagao

sistematica da expressao dessa isoenzima nos carcinomas foliculares.



O obijetivo inicial do nosso estudo foi avaliar a expressao da D1 e da D2 nos
tumores benignos e malignos da tiredide. De forma interessante, demonstramos que
nos varios subtipos histolégicos de carcinoma papilar, inclusive em microcarcinomas,
os niveis de RNA mensageiro (RNAmM) e de atividade da D1 estavam
significativamente diminuidos em relagdo ao tecido tireoidiano normal
correspondente (0,25 + 0,24 vs. 1,09 + 0,54 unidades arbitrarias (UA), P<0,001 e
0,08 + 0,07 vs. 0,24 + 0,15 pmol T4/min/mg proteina, P=0,045, respectivamente) .
Por outro lado, observamos um aumento da expressao dessa enzima nos adenomas
(1,9+1,5vs. 0,83+ 0,58 UA, P=0,028 e 2,67 + 1,42 vs. 0,22 + 0,06 pmol T4/min/mg
proteina, P=0,044, respectivamente) e nos carcinomas foliculares (1,2 + 0,46 vs.
0,67 + 0,18 UA, P=0,038 e 1,20 + 0,58 vs. 0,20 + 0,10 pmol T4/min/mg proteina,
P<0,001, respectivamente). Da mesma forma, confirmamos dados prévios sobre o
aumento da atividade da D2 no carcinoma folicular metastatico. A analise desses
resultados permitiu concluir, originalmente, que a alteragdo na expressdo da D1
parece ser um evento precoce e especifico da desdiferenciacdo celular do
carcinoma papilar (Souza Meyer EL et al, Clinical Endocrinology 2005;62:672-78).

O interesse pelo padrao de expressao das 5’-desiodases em outros tumores
humanos e pelos mecanismos ou implicagbes do aumento ou da diminuicdo das
desiodases na patogénese neoplasica, determinou um estudo da literatura que foi
publicado em artigo de revisdo (Meyer ELS et al, Arquivos Brasileiros de
Endocrinologia e Metabologia 2007;51/5:690-700).

Uma observacéao inesperada durante as nossas pesquisas foi a presenga da
D2 no carcinoma medular da tiredide (CMT). A atividade da D2 em amostras de

CMT estava comparavel ao tecido folicular normal (0,41 + 0,10 vs. 0,43 + 0,41 fmol
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T4/min/mg proteina, P=0,913). Para descartar a possibilidade de contaminagao do
tecido tumoral por tecido tireoidiano normal, a investigacdo foi ampliada para a
analise dessa enzima nas células TT, uma linhagem celular humana de CMT. Os
resultados confirmaram os achados nas amostras tumorais e evidenciaram a
manutencdo das propriedades bioquimicas da D2, tais como a inibicdo pelos
hormdnios tireoidianos, a insensibilidade a inibicdo pelo propiltiouracil e a baixa
Constante de Michaelis-Menten, apesar da desdiferenciagao celular. Sendo assim,

0s nossos dados propdéem uma nova perspectiva sobre o papel dos horménios

tireoidianos nas células C da tiredide (artigo submetido a publicacdo).
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Resumo

Descritores: lodotironinas desiodases; Neoplasias; Expressao génica

As iodotironinas desiodases formam uma familia de selenoenzimas com
propriedades cataliticas distintas que ativam ou inativam os horménios tireoidianos
via desiodacdo do anel fendlico ou tirosinico da molécula do T4. As desiodases
tipo | e Il (D1 e D2) sdo as enzimas responsaveis pela geracdo do T3 e séo
amplamente expressas na tiredide normal. A transformagao neoplasica benigna ou
maligna da glandula tiredide esta associada a alteragdes na expressao dessas
isoenzimas, sugerindo um possivel papel da D1 e da D2 como marcadores de
diferenciagao celular. Anormalidades na expressdao de ambas enzimas e da
desiodase tipo Il (D3), inativadora dos hormoénios tireoidianos, sdo também
encontradas em outras neoplasias humanas. Os mecanismos ou as implicacdes
do aumento ou diminuicdo das desiodases na patogénese neoplasica sao pouco
compreendidas. No entanto, € importante observar que a expressao anormal da
D2 pode ser responsavel por um quadro de tireotoxicose em pacientes com
metastases de carcinoma folicular de tiredide enquanto que o aumento da D3 em

hemangiomas pode causar hipotireoidismo de dificil tratamento.
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Abstract

Keywords: lodothyronine deiodinases; Neoplasia; Gene Expression

The iodothyronine deiodinases constitute a family of selenoenzymes that catalyze the
removal of iodine from the outer ring or inner ring of the thyroid hormones. The
activating enzymes, deiodinases type | (D1) and type Il (D2), are highly expressed in
normal thyroid gland. Benign or malignant neoplastic transformation of the thyroid
cells is associated with changes on the expression of these enzymes, suggesting that
D1 or D2 can be markers of cellular differentiation. Abnormalities on the expression
of both enzymes and also of the deiodinase type Ill (D3), that inactivates thyroid
hormones, have been found in other human neoplasias. So far, the mechanism or
implications of these findings on tumor pathogenesis are not well understood.
Nevertheless, it's noteworthy that abnormal expression of D2 can cause
thyrotoxicosis in patients with metastasis of follicular thyroid carcinoma and that

increased D3 expression in large hemangiomas causes severe hypothyroidism.
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Introducéo

O horménio tireoidiano € produzido pela glandula tiredide na forma de
um precursor inativo, a tiroxina (3,5,3’,5’-tetraiodo-L-tiroxina, T4). Em humanos,
apenas 20% da forma biologicamente ativa do horménio, a triiodotironina (3,5,3’-
trilodo-L-tironina, T3), é secretada diretamente pela tiredide. Assim, a maior parte
do T3 circulante é derivada da desiodacido do anel externo da molécula de T4
nos tecidos periféricos, através da acao de enzimas denominadas iodotironinas
desiodases (1).

O hormonio tireoidiano, dentre outras agdes, estimula a diferenciacédo e
proliferagao celular. Alguns estudos indicam que, ao menos in vitro, os hormonios
tireoidianos desempenhem um papel na transformacgao neoplasica induzida pela
radiacdo ou por substancias carcindgenas (2,3). Outros estudos tém associado o
status tireoidiano com a tumorigénese e o crescimento de tumores sélidos (4,5).
Uma das acdes do T3 na proliferacdo de células neoplasicas foi documentada
através de um estudo que demonstrou que concentracdes fisioldégicas de T3
bloqueiam a resposta transcricional sinalizada pela via RAS nas células de
neuroblastoma (6). A repressao dos niveis de ciclina D1, proteina envolvida na
progressao do ciclo celular, pelo T3, parece ser um importante componente do
mecanismo que bloqueia a proliferacdo celular ras-dependente. O T3 pode inibir
a resposta oncogénica das 3 isoformas N- K e H-RAS e ambos os receptores do
horménio tireoidiano (TRa e TRB) parecem mediar essa agao (6).

O envolvimento do T3 na génese tumoral também foi demonstrado em
estudos com camundongos transgénicos, nos quais uma mutagéo na isoforma do

receptor do horménio tireoidiano TRp, induziu a formagdo esponténea do
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carcinoma folicular da tiredide (7). Nesses animais, uma mutagado no éxon 10 em
que ocorre uma insercdo C no codon 448 produzindo um frameshift de 14
aminoacidos da cadeia carboxi-terminal do TRp, impede a ligagdo do T3 ao seu
receptor e age como um fator de transcricdo dominante negativo nos elementos
responsivos ao T3 (TREs). Essa mutagao poderia alterar a transcrigao de varios
genes regulados por esse hormdénio e que podem estar envolvidos na
proliferagdo e diferenciacdo celular. Com base nessas observagdes, o gene do
TRpP é questionado como um possivel gene supressor tumoral. E interessante
observar que alguns estudos prévios demonstraram anormalidades na expressao
dos TRs, tanto ao nivel do RNA mensageiro quanto da proteina, sendo que
mutagbes somaticas no TRa e no TR foram identificadas em varios tumores
humanos, tais como figado, rim e tiredide (8-11).

Os carcinomas da tiredide constituem as neoplasias malignas mais
frequentes do sistema enddcrino (12). Os carcinomas tireoidianos s&o
classificados de acordo com o tipo histologico em papilar, folicular, medular e
indiferenciado ou anaplasico, sendo que os carcinomas papilar e folicular,
denominados carcinomas diferenciados, representam aproximadamente 85% dos
casos (13). Os carcinomas diferenciados da tiredide na maioria das vezes mantém
as caracteristicas bioquimicas da célula folicular normal. No entanto, varias
anormalidades tém sido descritas na expressdo génica da tireoglobulina, da
tireoperoxidase, do receptor do TSH e do co-transportador Na®/I" (14-16);
proteinas responsaveis pela sintese dos horménios da tiredide. A analise da
expressao dessas proteinas em tecidos normais e neoplasicos da tiredide tem

buscado a identificacdo de possiveis marcadores de diferenciagcdo celular com
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implicagdes no diagndstico, tratamento e prognodstico dos carcinomas
diferenciados da tiredide (17-19).

Recentemente, o padrdo de expressdo das desiodases nos tecidos
neoplasicos também passou a despertar interesse. Anormalidades na expressao
dessas enzimas sao encontradas nos tecidos tumorais, sendo as alteracdes
parecem ser especificas ao tipo histolégico (20-25). Nas neoplasias tireoidianas,
as desiodases tém sido questionadas como possiveis marcadores de
diferenciagdo celular (20,21). Atualmente aceita-se que € necessario um
suprimento adequado de T3 intratecidual, combinado com a sinalizacdo mediada
pelos TRs, para a manutencao das caracteristicas diferenciadas das células, a
apoptose e a prevengao do crescimento de clones tumorigénicos (26). O objetivo
dessa revisao é descrever o padrao de expressao das desiodases nas neoplasias
da tiredide e nos demais tumores humanos, bem como, discutir as possiveis

implicacbes dessas alteragoes.

Neoplasias Benignas e Malignas da Glandula Tire6ide: Aspectos Moleculares

A célula epitelial folicular da tiredide é responsavel pela biossintese dos
horménios tireoidianos. Quatro tipos distintos de neoplasias tireoidianas se
originam dessa célula: os adenomas foliculares e os carcinomas papilar, folicular e
anaplasico (13). Mutagbes ativadoras no gene do receptor do TSH e da proteina G
sdo as anormalidades genéticas associadas aos adenomas foliculares
hiperfuncionantes (27,28). A mutacdo no gene BRAF (T1799A) parece ser a

alteragao genética mais freqlente nos carcinomas papilares, sendo que essa



18

mutacdo nao ocorre concomitante as alteragdes no RAS e RET/PTC, dois
oncogenes também envolvidos na patogénese dos carcinomas diferenciados da
tiredide (29,30). Ainda no carcinoma papilar destacam-se os rearranjos do
oncogene RET com genes heterélogos dando origem ao gene quimérico RET/PTC
(31). Nos adenomas e carcinomas foliculares, além das mutagdes ativadoras dos
genes RAS, temos os rearranjos cromossomais entre o PAX-8, um fator de
transcricdo relevante para o desenvolvimento tireoidiano, € o receptor nuclear
PPARy, que esta envolvido no controle da proliferagédo e diferenciagao celular
(32,33). Outras mutagdes de oncogenes e genes supressores tumorais contribuem
para a desdiferenciagdo em carcinoma anaplasico (p53, Rb) (34). Uma leitura mais
detalhada sobre a genética molecular dos carcinomas diferenciados da tiredide

pode ser revista no artigo de Maciel e cols. (35).

lodotironinas Desiodases

Os hormonios tireoidianos sao pequenas moléculas ligantes hidrofobicas
nao-peptidicas essenciais para varios processos biolégicos como
desenvolvimento, crescimento, diferenciacdo e metabolismo (36,37). Sua agao
ocorre, fundamentalmente, através da ligagdo do horménio a receptores nucleares
(TRs) localizados em sequéncias especificas, os elementos responsivos ao
horménio tireoidiano (TREs), na regido promotora dos genes-alvo. A formagéo do
complexo hormdnio-receptor resulta em alteragdes na composi¢gao do complexo
transcricional e este processo pode tanto aumentar quanto reprimir a transcricao

(38).
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O T4, principal produto secretado pela tiredide, funciona primariamente
como um pro-horménio, sendo transformado no horménio biologicamente ativo, o
T3, que possui alta afinidade pelos TRs (39). As iodotironinas desiodases tipos |
(D1), I (D2) e Il (D3) formam uma familia de selenoenzimas que, com
propriedades cataliticas distintas, ativam ou inativam o horménio tireoidiano via
desiodagao do anel fendlico ou tirosinico das iodotironinas (figura 1) (40). Embora
as trés desiodases apresentem em comum certas caracteristicas estruturais
importantes, essas enzimas diferem entre si em varios aspectos como no padrao
de expressao tecidual, localizagado celular, papel fisiolégico, preferéncia pelo
substrato, sensibilidade a inibidores e na forma como sido reguladas pelos
hormonios tireoidianos. A tabela 1 sumariza as principais caracteristicas das trés
desiodases humanas.

A atividade das desiodases € regulada por um processo complexo, e varios
fatores e/ou situagdes fisiopatoldgicas que podem alterar a desiodagdo em um
determinado tecido (1). De fundamental importancia regulatéria sao as alteragdes
no status dos hormoénios tireoidianos que determinam mudancgas significativas na
atividade das desiodases. Do ponto de vista fisioldgico, estas mudangas parecem
coordenadas de forma a manter os niveis circulantes e intracelulares de T3
proximos do normal. Além de serem expressas em varios tecidos periféricos, as
isoenzimas D1 e D2 sdo amplamente encontradas na tiredide, especialmente na
célula folicular (41, 42). Aproximadamente 30 a 50% do T3 secretado diretamente

pela tiredide deriva da desiodacgéao intratireoidiana do T4 (42).
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Desiodase Tipo 1

Em humanos, os niveis mais elevados de expressao da D1 séao
encontrados no figado, rim, tiredide e hipdfise (1). A D1 apresenta uma
caracteristica unica entre as desiodases, pois pode catalisar a desiodagao tanto do
anel fendlico quanto do anel tirosinico das diversas iodotironinas e esses
processos resultam, respectivamente, na ativacdo e inativagdo dos horménios
tireoidianos (Figura 1). Nos mamiferos em geral, a atividade da D1,
particularmente da D1 hepatica, € considerada uma importante fonte de T3
plasmatico no estado eutireoideo (1, 43). Em humanos, apesar da D1 contribuir na
producdo do T3 plasmatico, sua contribuicdo mais significativa ocorre nos
pacientes com hipertireoidismo (44). Além de atuar na ativagcdo do T4, a D1
também participa no rapido cleareance do rT3 e na inativacdo das iodotironinas
sulfatadas (45). A expressao da D1 é regulada ao nivel transcricional pelo
hormodnio tireoidiano. Varios estudos demonstraram que o T3 estimula a sintese
da D1, através de um efeito direto sobre a taxa de transcricdo génica da enzima,
induzindo aumentos nos niveis do RNA mensageiro e, consequentemente, da
proteina (46). De fato, dois TREs funcionais foram identificados no promotor do
gene da D1 humano (47, 48). Em particular na tiredide, a expressao da D1 é

estimulada via TSH/AMP ciclico (AMPc) (49).

Expressao da D1 nas neoplasias tireoidianas

Varios estudos avaliaram a expressao da D1 nas neoplasias tireoidianas.

Khorle et al.(20) demonstraram uma variabilidade nos niveis de expressao da D1
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em 10 amostras nao-pareadas de carcinoma papilar, sendo que foram observados
desde niveis indetectaveis até niveis muito altos de expressao. Por outro lado,
Toyoda et al (50) observaram uma reducdo da proteina de 27kDa com
propriedades da D1, em 4 de 5 casos de carcinoma papilar. Em trabalho realizado
pelo nosso grupo, observamos uma significativa redugdo nos niveis de RNA
mensageiro e atividade da D1 em todas as 14 amostras de carcinoma papilar
avaliadas (24). Esses resultados foram observados em todos os subtipos
histolégicos, que incluiam desde as formas classica, variante folicular, variante
esclerosante difusa até microcarcinomas; e nos diferentes estagios clinicos (Figura
2a,b). Em acordo com o0s nossos resultados, Arnaldi e cols.(25) também
descreveram uma redugédo nos niveis de RNA mensageiro da D1 nos carcinomas
papilares.

Em contraste com a significativa redugcdo da D1 nos carcinomas papilares,
nos adenomas e carcinomas foliculares da tiredide, os niveis da D1 estdo
aumentados em relacdo ao tecido normal (Figura 3a,b,c) (24). Achados
semelhantes foram detectados em amostra de carcinoma de células de Hurthle
(24). A analise desses resultados parece indicar que a desdiferenciagao celular da
tiredide promove alteragdes na expressao génica da D1 através de mecanismos
pré-transcricionais, um evento especifico na progressao para o carcinoma papilar.

Atividade da D1 também foi descrita no carcinoma anaplasico. Estudos
prévios relataram nivel muito baixo ou indetectavel nesse tipo de carcinoma, com
resultados similares em linhagens celulares correspondentes (20,51). No entanto,
nos detectamos niveis elevados de atividade em 1 amostra de carcinoma
anaplasico misto (24). Com base nos achados da expressdo da D1 nos

carcinomas papilares e foliculares, esses resultados aparentemente conflitantes
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podem, talvez, sugerir o tipo histolégico a partir do qual ocorreu a
desdiferenciacado tumoral (52).

Alteracbes na regulacdo da D1 também foram documentadas nas células
tireoidianas neoplasicas. Nos estudos realizados em linhagens de células
humanas de carcinoma folicular de tiredide (FTC 133 e FTC 238), observou-se
que a D1 perde a resposta ao estimulo fisiolégico do TSH e do T3, mas mantém-
se sensivel ao acido retindico, um metabdlito ativo da vitamina A que regula a taxa
de crescimento e diferenciacdo de varios tipos celulares (51). Nessas células, o
acido retindico estimula a atividade da D1 em 5 a 10 vezes. Nas linhagens
humanas menos diferenciadas, ocorre também uma perda da resposta ao acido

retindico (51).

Expressado da D1 em outras neoplasias

No carcinoma de células claras, o tipo mais frequente de carcinoma renal,
foram descritos niveis indetectaveis de RNA mensageiro e atividade da D1 em
todas as 10 amostras analisadas (53). Os autores especulam que a perda da
expressao da D1 seja em consequéncia da transformagédo neoplasica ou que a
célula origem desse tumor seja tubular, que normalmente ndo expressa essa
enzima. A reducao na expressao da D1 também foi demonstrada em amostras de
adenocarcinoma de figado comparada ao tecido normal (54), sendo que nas
células derivadas de carcinoma hepatocelular humano (Hep G2), um aumento de
2 vezes na atividade da D1 foi descrito com o uso do acido retindico (51). A

atividade da D1 também esta significativamente reduzida no adenocarcinoma e
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carcinoma pulmonar de células escamosas (55). Achados semelhantes foram
descritos no cancer de préstata (56).

Um resultado conflitante ao que foi evidenciado na maioria das neoplasias
humanas, nas quais observamos uma hipoexpressao da D1, foi descrito em
carcinoma de glandula mamaria de ratas Sprague-Dawley induzido por N-metil-N-
nitrouréia (MNU), em que a atividade enzimatica da D1 estava pelo menos 2
vezes mais alta do que no tecido mamario normal ndo-lactante (57). No entanto,
os niveis da D1 eram maiores nos tumores com 2 a 4 meses do que nos tumores
com mais de 6 meses de crescimento (58), caracterizando uma perda da
expressao da D1 com a evolugdo tumoral. Na glandula mamaria de ratos, a D1
esta aumentada na lactacao principalmente no epitélio alveolar e sua expressao é
regulada pela sucgéo através do estimulo -adrenérgico (59).

Em relagdo a regulacdo da D1 nas células neoplasicas, foi demonstrado
que nas células MCF-7, uma linhagem celular humana de carcinoma de mama
ovariano-dependente, a D1 responde ao acido retindico, enquanto que esta
abolida a regulagdo pelo T3 e pelo agonista B-adrenérgico isoproterenol (60).
Similarmente ao que ocorre em outras linhagens celulares neoplasicas, na
linhagem menos diferenciada de carcinoma de mama (MDA-MB-231), nao foi
encontrada atividade da D1, tanto nas condi¢gdes basais ou em tratamentos (60).
Esses resultados reforcam a possibilidade da D1 ser um marcador de
desdiferenciagéo celular como sugerido em outros estudos (20,21).

Ao contrario do sistema nervoso central (SNC) de ratos, nenhuma atividade
da D1 foi documentada no SNC de humanos (61). No entanto, alguns estudos
demonstraram que a D1 esta presente tanto na hipdfise normal quanto nos

adenomas hipofisarios humanos (62,63). Niveis muito baixos de RNA mensageiro
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da D1, quase préximos ao limite da detecgédo do método, foram descritos em 50%
das amostras de pituitaria normal e tumoral. Outro estudo detectou atividade da
D1 tanto na hipdfise normal quanto nos adenomas hipofisarios, sendo que niveis
elevados de atividade da D1 foram descritos em algumas amostras de tecido
normal e de tumores nao-funcionantes ou produtores de prolactina (63). A tabela 2
sumariza o0s principais achados sobre a expressdo da D1 nas neoplasias

humanas.

Desiodase Tipo 2

A D2 é uma enzima que cataliza exclusivamente a desiodagcdo do anel
externo das iodotironinas desempenhando um papel critico na ativacdo do T4 em
diferentes tecidos. Em humanos, o RNA mensageiro e/ou a atividade da D2 estao
presentes principalmente no cérebro, hipdfise, tiredide, placenta e musculos
cardiaco e esquelético (1). Embora o principal papel fisiolégico atribuido a D2 seja
a produgao intracelular de T3, estudos recentes sugerem que a D2 presente no
musculo esquelético contribui com uma parcela significativa da produgédo do T3

plasmatico em humanos (44).

Em geral, a atividade da D2 apresenta uma correlagdo inversa com os
niveis séricos dos hormoénios tireoidianos, estando aumentada no hipotireocidismo
e diminuida no hipertireoidismo (64). Mecanismos pré e pds-transcricionais estao
envolvidos na regulagado da expressao da D2 pelos horménios tireoidianos com
papéis distintos para o T3, T4 e rT3. O T3 atua principalmente ao nivel
transcricional diminuindo os niveis de RNA mensageiro da D2, enquanto o T4 e o

rT3 rapidamente reduzem a atividade enzimatica postranscricionalmente,
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aumentando a taxa de ubiquitinagdo e posterior degradacdo da enzima via
proteossomas (65). Varios fatores parecem capazes de modular a taxa de
transcricdo do gene da D2, como o AMPc, os fatores de transcricdo TTF-1 e PAX-
8, a proteina ativadora 1 (AP1) e agentes adrenérgicos (66). Na tiredide, a
expressao da D2 esta relacionada ao grau de estimulo tecidual via TSH/AMPc,
com aumento da expressado encontrado na Doenca de Graves e nos adenomas

hiperfuncionantes (41).

Expressao da D2 nas neoplasias tireoidianas

No carcinoma papilar da tiredide foi descrito uma reducdo nos niveis de
RNA mensageiro e na atividade enzimatica da D2, um processo que segundo 0s
autores, pode ser secundario a transformacédo neoplasica (23). Um dado
interessante é que nas variantes foliculares dessa neoplasia, ndo se observa uma
reducao significativa nos niveis de expressdo da enzima em relagdo ao tecido
tireoidiano normal (25).

Semelhante ao que foi observado na expressdo da D1 nas lesbes
foliculares, os niveis de RNA mensageiro da D2 nos adenomas e carcinomas
foliculares sao similares ao tecido nao-neoplasico (25), enquanto que nos
adenomas foliculares hiperfuncionantes é observada uma alta expressao da D2
(41). E interessante no entanto que, em metastases de carcinoma folicular foram
descritos altos niveis de atividade da D2 que determinavam um persistente
aumento da relagao sérica de T3/T4 nos pacientes (24, 67,68). Em consequéncia
do aumento da atividade da D2 no tumor, pacientes com grandes e/ou multiplas

metastases de carcinoma folicular podem apresentar um quadro clinico de T3-
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tireotoxicose devido ao aumento da conversao do T4 exdgeno pelo tecido tumoral

(68).

Expressao da D2 em outras neoplasias

A D2 esta normalmente expressa no tecido cerebral humano, sendo que em
neoplasias cerebrais foram identificados receptores dos hormoénios tireoidianos,
indicando um possivel envolvimento desses horménios na proliferacao celular
desse tipo tumoral (61,69,70). A atividade da D2 foi identificada em astrocitomas,
glioblastomas e oligodrendrogliomas, com forte correlagdo com os seus niveis de
RNA mensageiro, sugerindo uma regulagao pré-transcricional da expressao dessa
enzima nos tumores cerebrais (71). Os maiores niveis de atividade foram
encontrados nos gliosarcomas (72). Por outro lado, nenhuma atividade de
desiodagdo do T4 foi detectada nos meningiomas, sendo a explicagdo mais
provavel a diferenca na origem embriolégica desses tumores (células da
aracnéide), em contraste aos gliomas que se originam das células gliais (73).

Além do seu papel na regulacdo da secregao de TSH através do feedback
negativo, os hormoénios tireoidianos parecem estar envolvidos na regulagéo do
crescimento e diferenciagdo da célula hipofisaria (74,75). Com excegado dos
tumores hipofisarios secretores de ACTH e TSH, os demais tumores hipofisarios
apresentam um aumento significativo nos niveis de RNA mensageiro e atividade
da D2 quando comparados com a pituitaria normal (62). A maior atividade da D2
parece ocorrer nos subtipos produtores de TSH e prolactina, quando comparados
aos tumores nao-funcionantes, aos produtores de GH e ACTH (63). Segundo os

autores, esses resultados demonstram que apesar da transformacéao tumoral, a D2
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permanece ativa, mantendo o seu papel na funcéo e regulacao da hipéfise anterior
humana.

Vérias linhagens celulares tumorais humanas apresentam atividade da D2.
As células JEG3, uma linhagem de coriocarcinoma humano, mantém a expressao
da D2 apesar da transformacao tumoral e sua responsividade ao tratamento com
AMPc (76). Foi demonstrado que as células MSTO-211H, uma linhagem de
mesotelioma humano, expressam o gene da D2, apresentando niveis de RNA
mensageiro 40 vezes mais elevados do que as células mesoteliais normais
(77,78). Uma alta atividade da D2 foi encontrada nessas células, sendo
aproximadamente 40% maior do que a encontrada em tecidos de pacientes com
Doengca de Graves (78). A D2 também foi identificada em células de
osteossarcoma humano (Sa0OS-2), embora com expressdo mais baixa em relagao
as células osteoblasticas normais (NHOst) (79). Nessas células, tanto os niveis de
RNA mensageiro quanto a atividade enzimatica rapidamente aumentam sob o
estimulo do TSH. Além disso, as 3 isoformas de receptores do T3 foram
encontradas, sugerindo um possivel papel do T3 gerado localmente pela D2 na
maturacdo e remodelamento do osso normal. A presenca da D2 também foi
descrita em carcinomas de pulméao, similares ao tecido circunjacente (55). A tabela
2 sumariza os principais achados sobre a expressao da D2 nas neoplasias

humanas.

Desiodase Tipo 3

A D3 catalisa unicamente a desiodagao do anel interno das moléculas de

T4 e T3 resultando na formagcdo dos metabdlitos inativos rT3 e T2,
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respectivamente (Figura 1). Os mais altos niveis de expressdo da D3 sao
encontrados em tecidos fetais humanos e de roedores, na placenta, utero
gravidico e vasos umbilicais (80,81). Na vida adulta, a D3 estd expressa
predomimantemente no sistema nervoso central e pele (61,82). A atividade da D3
nao foi detectada na tiredide em nenhum estagio do desenvolvimento ou na vida
adulta. O alto nivel de expressao nos tecidos fetais, placenta e utero sugere que a
D3 regule os niveis circulantes e teciduais do T3 de modo a proteger o feto em
desenvolvimento de uma indevida exposicdo ao hormoénio tireoidiano ativo (80).
No cérebro e pele de diferentes espécies, a atividade e os niveis de mRNA da D3
estdo aumentados no hipertireoidismo e diminuidos no hipotireoidismo, entretanto
0s mecanismos envolvidos nesta regulagdo ainda nao foram determinados (83).
Nao existem dados na literatura sobre a expressdao da D3 nos tumores

tireoidianos.

Expressao da D3 em outras neoplasias

A existéncia de atividade da D3 no cérebro humano adulto parece ser
responsavel pela inativagcdo dos horménios tireoidianos no sistema nervoso central
(61,73). Nauman et al (72) determinaram a concentragao celular de T4 e T3 e a
atividade enzimatica em tecidos de gliomas humanos com varios graus de
malignidade e em tecidos cerebrais normais. A atividade da D3 estava aumentada
em todos os casos de gliosarcoma, em 9 de 10 casos de glioblastoma multiforme;
e diminuida em todas as amostras de astrocitoma grau Il e grau lll quando

comparada com a baixa atividade desta enzima encontrada no tecido cerebral
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normal. Os autores sugerem que essas alteragdes podem estar relacionadas com
a progressao maligna.

Estudos prévios nao identificaram a expressao da D3 em linhagem celular
derivada da hipdéfise anterior humana (84). No entanto, a analise de adenomas
hipofisarios demonstrou niveis de RNA mensageiro aproximadamente 7 vezes
mais elevados do que no tecido hipofisario normal. Maior expressao foi encontrada
nos tumores secretores de TSH (13 vezes), seguidos pelos produtores de ACTH
(7 vezes), nao-funcionantes (7 vezes) e pelos produtores de GH (6 vezes). No
entanto, a atividade enzimatica foi detectada somente em 3 de 16 tumores (18%),
todos nao-funcionantes (62).

A presenca da D3 é relatada em anormalidades vasculares e em algumas
linhagens de células malignas (83,85,86). Dados recentes indicam que a
expressao dessa enzima pode ser reativada apdés o nascimento em tecidos
normais durante enfermidades criticas e outras condigdes patologicas (87).
Recentemente, o RNA mensageiro e a atividade da D3 foi identificado em
hemangiomas infantis em niveis 7 vezes maiores do que na placenta, um 6rgao
que normalmente expressa uma grande quantidade dessa enzima. Como a D3
inativa os horménios tireoidianos, o crescimento tumoral ou a presenga de grandes
hemangiomas pode provocar hipotireoidismo severo e de dificil tratamento (85). O
primeiro caso relatado foi de uma crianga de 3 meses de idade com varios
hemangiomas hepaticos e hipotireoidismo primario refratario a altas doses de L-
tiroxina para restabelecimento do eutireoidismo e da secre¢do normal de
tireotrofina (TSH). Os altos niveis de atividade da D3 no tumor, determinam uma
maior degradagao dos hormdnios tireoidianos, sendo que o hipotireoidismo resolve

com a ressecgao ou involugdo do tumor. Os hemangiomas cutadneos também
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podem expressar niveis elevados de D3 (87). Nos adultos a atividade aumentada
de D3 em hemangiomas pode ser causa de hipotireoidismo subclinico (86). Dessa
forma, uma alta suspeig¢ao para hipotireoidismo deve-se ter em criangas e adultos
com grandes tumores vasculares.

Na busca de um maior entendimento do papel da D3 na regulagédo dos
horménios tireoidianos, alguns estudos tém avaliado a expressao dessa enzima
em diferentes linhagens celulares humana. A atividade e o RNA mensageiro da D3
estdo presentes e fortemente correlacionados nas células de carcinoma de
endométrio (ECC-1), carcinoma de mama (MCF-7) e de neuroblastoma (SH-
SY5Y) (83). A presenga da atividade da D3 nas células MCF-7, segundo os
autores, pode indicar que essa enzima pode estar expressa no tecido mamario
somente em certas situagdes fisioldgicas tais como no periodo de lactagéo. Os
estudos regulatérios demonstraram que o estradiol aumentou a atividade da D3
somente nas células ECC-1, sugerindo uma contribuigdo desse hormdnio na
indugdo da D3 no utero gravidico. Além disso, a incubagdo com acido retindico
determinou o0 aumento em 2 a 3 vezes na atividade da D3 nos tipos ECC-1 e MCF-
7, mas a reducdo nas células SH-SY5Y, demonstrando com esses resultados,
uma regulacédo especifica conforme o tipo celular. A expressao da D3 nao foi
afetada pelos hormoénios tireoidianos ou pelo AMPc em nenhum tipo celular(83).
Esses resultados caracterizam a perda do estimulo fisioldgico dos horménios
tireoidianos em decorréncia do processo neoplasico. A tabela 2 sumariza os

principais achados sobre a expressao da D3 nas neoplasias humanas.
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Consideracdes finais

Em tumores humanos de origem epitelial provenientes de tecidos que
normalmente expressam a D1, geralmente ocorre uma redugao na expressao dessa
enzima no tecido neoplasico. No entanto, a expressdao da D2 se encontra inalterada
ou mesmo aumentada, com exce¢ao do carcinoma papilar da tiredide. Uma possivel
explicacdo, embora especulativa, € que a reducido da expressao da D1 nos tumores
possa decorrer da perda da resposta fisiolégica ao T3. J& 0 mecanismo para as
alteracdes na expressao da D2 parece ser mais complexo, em fungcdo dessa enzima
apresentar regulacdo pré e poés-transcricional. De qualquer modo, € necessario
determinar se as anormalidades na expressdo das desiodases, principalmente da
D2, sdo simplesmente uma consequéncia da transformacao celular ou parte do
processo de patogénese tumoral. Futuros estudos funcionais dessas enzimas em
células tumorais auxiliardao no entendimento dessa questdo. Até o momento, as
repercussdes da expressao anormal das desiodases nos tumores humanos sao
evidentes em metastases de carcinoma folicular da tiredide e em tumores de origem

vascular.
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Tabela 1: Principais caracteristicas das iodotironinas desiodases

43

(kDa)

Caracteristicas D1 D2 D3
Localizagao do Cr. 1p32-p33 Cr. 14924.3 Cr. 14932
gene

Peso molecular 27 30 31

Papel fisiolégico

Fornece T3 para o

Fornece T3 para o

Inativa T3 e T4

tireoidianos na
atividade

plasma espaco intracelular
Localizagao Figado, rim, Hipdfise, cérebro, Utero, placenta,
tiredide tecido adiposo tecidos fetais, pele,
marrom, placenta, cérebro
tiredide, musculos e hipofise
cardiaco e
esquelético
Preferéncia pelo rr3>>T4>T3 T4 >T3 T3>T4
substrato
Sitio de desiodacéao Anel interno e Anel externo Anel interno
externo
Sensibilidade ao Sensivel Resistente Resistente
propiltiouracil (PTU)
Efeito dos Aumenta Diminui Aumenta
hormonios
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Tabela 2: Padrao de expressao das iodotironinas desiodases nas neoplasias humanas

em geral
Tipo de D1 D2 D3 Refs.
tumor
RNAmM Atividade RNAmM Atividade RNAmM Atividade
Carcinoma papilar | Diminuido Diminuida Diminuido Diminuida N/A N/A (23-25)
da tiredide
Carcinoma Normal ou | Aumentada | Normal ou | Aumentada N/A N/A (24,25)
folicular da aumentado aumentado
tiredide
Carcinoma renal | Diminuido Diminuida N/A N/A N/A N/A (53)
de células claras ou ou
indetectavel | indetectavel
Adenocarcinoma N/A Diminuida N/A N/A N/A N/A (54)
de figado
Adenocarcinoma N/A Diminuida N/A Inalterada N/A N/A (55)
e carcinoma de
células
escamosas de
pulméo
Carcinoma de Diminuigdo da 5’-desiodagao N/A N/A (56)
préstata
Carcinoma de N/A Diminuida N/A N/A N/A N/A (59)
mama
Adenoma de Diminuido | Diminuida* | Aumentado | Aumentada | Aumentado | Inalterada** | (62,63)
hipofise
Mesotelioma N/A N/A Aumentado | Aumentada N/A N/A (78)
Osteossarcoma N/A N/A Diminuido | Diminuida N/A N/A (79)
Hemangioma N/A N/A N/A N/A Aumentado | Aumentada | (85,86)

N/A: ndo avaliado

* detectavel em 1 amostra de 16 adenomas nao-funcionantes

** detectavel em 3 amostras de 16 adenomas nao-funcionantes
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Legendas

Figura 1: Produtos da monodesiodagao do T4.

Figura 2: (a) Niveis de RNA mensageiro da D1 em unidades arbitrarias no
carcinoma papilar da tiredide (CPT) e tecido normal adjacente. (b) Atividade
enzimatica da D1 no CPT e tecido normal adjacente. A atividade da D1 foi realizada

utilizando 1uM de T4 como substrato. Adaptada da ref.24.

Figura 3: (a) Niveis de RNA mensageiro da D1 em unidades arbitrarias no adenoma
folicular da tiredide (AF) e tecido normal adjacente. (b) Atividade enzimatica da D1
no AF e tecido normal adjacente. A atividade da D1 foi realizada utilizando 1uM de
T4 como substrato. (c) Niveis de RNA mensageiro da D1 em unidades arbitrarias no

carcinoma folicular da tireéide (CFT) e tecido normal. Adaptada da ref.24.
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Summary

OBJECTIVE Type | iodothyronine deiodinase (D1) catalyzes the 5’'monodeiodination
of T4 and is highly expressed in normal human thyroid gland. In the present study we
investigated D1 expression in a series of benign and malignant differentiated thyroid

neoplasias.

DESIGN Surgically isolated thyroid tumor fragments were used. The D1 expression

was determined by RT-PCR and enzymatic assay.

PATIENTS Tumors and adjacent normal tissues were obtained from 28 unselected
patients (papillary carcinoma, n = 14; follicular adenoma, n = 7; follicular carcinoma, n

= 6; anaplastic carcinoma, n = 1).

MEASUREMENTS D1 mRNA levels were determined using specific primers for the

human D1 gene and enzymatic assays were performed using T, as substrate.

RESULTS In papillary thyroid carcinoma, D1 mRNA and activity levels were
decreased in tumor as compared with surrounding tissue (0.25 + 0.24 vs. 1.09 + 0.54
arbitrary units (AU), P<0.001 and 0.08 + 0.07 vs. 0.24 + 0.15 pmol T4/min/mg protein,
P=0.045, respectively). Decreased D1 expression was consistent and was observed in
all histological subtypes and clinical stages analyzed, including microcarcinomas. In
contrast, significantly higher D1 mRNA levels and enzyme activity were present in
follicular adenoma (1.9 + 1.5 vs. 0.83 + 0.58 AU, P= 0.028 and 2.67 + 1.42 vs. 0.22 +
0.06 pmol T4/min/mg protein, P= 0.044, respectively) and in follicular thyroid
carcinoma (FTC) than in surrounding normal tissue (1.2 + 0.46 vs. 0.67 + 0.18 AU, P=

0.038 and 1.20 £ 0.58 vs. 0.20 + 0.10 pmol T4/min/mg protein, P<0.001, respectively).
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Type |l iodothyronine deiodinase (D2) activity was also significantly higher in
metastatic FTC samples than in normal thyroid tissues (5.20 = 0.81 vs. 0.30 + 0.27

fmol T4/min/mg protein, P< 0.001).

CONCLUSIONS These findings suggest that thyroid cell dedifferentiation promotes
changes in D1 gene expression by pretranscriptional mechanisms and indicate that
decreased D1 expression might be an early and discrete event in thyroid cell

dedifferentiation towards papillary thyroid carcinoma.
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Introduction

Type | (D1) and type Il (D2) iodothyronine deiodinases catalyze 5°-
monodeiodination of T4, an essential step in thyroid hormone activation. D1 supplies a
fraction of plasma T3 and it is expressed mainly in liver, kidney, thyroid, and euthyroid
anterior pituitary. D2 expression appears to be more widespread, with D2 transcripts
or activity found in thyroid gland, brain, spinal cord, placenta and cardiac and skeletal
muscles (Bianco et al., 2002). D1 and D2 are both expressed in normal and stimulated
human thyroid gland. D1 transcripts seem to be constitutively expressed in human
thyroid whereas D2 activity varies more closely with the degree of tissue stimulation
(Salvatore et al., 1996). These two isoenzymes present rather different biochemical
and regulatory characteristics, exhibiting different tissue distribution and
developmental patterns of expression, and respond differently to thyroid status and

inhibitors (Bianco et al., 2002).

Of the major forms of differentiated cancer derived from thyroid follicular cells,
papillary thyroid carcinomas (PTC) are by far the most common. In contrast, follicular
thyroid carcinomas (FTC) are now quite rare (Mazzaferri & Kloos, 2001). The genetics
events towards PTC formation appear to be different from those of FTC (Fagin, 2002).
RET/PTC rearrangements may occur as initiating events in papillary carcinoma,
although it appears that RET/PTC itself is not sufficient to evoke malignant
transformation (Mizuno et al., 1997; Fagin, 2004). Recent studies suggest that a
somatic mutation of BRAF is the most common genetic change in PTC (Kimura et al.,
2003; Namba et al., 2003) and may be an alternative tumor-initiating event in PTC

(Fagin, 2004). These tumors generally retain many of the biochemical features of
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normal epithelial thyroid cells, still various degrees of abnormalities have been
demonstrated in the expression of major proteins involved in the complex machinery
of thyroid hormone synthesis (Brabant et al., 1991; Otha et al., 1991; Arturi et al.,
1998; Lazar et al., 1999). Interestingly, a recent study using microarray analysis has

shown that the D1 and D2 genes are down regulated in PTC (Huang et al., 2001).

Few studies have focused on 5 deiodinase activity in differentiated thyroid
carcinomas. The accumulated data show conflicting results: Kohrle et al. (1993)
reported lower to elevated D1 levels in 10 samples of PTC whereas Toyoda et al.
(1992), using N-Bromoacetyl-l'*"'T, as affinity label to identify D1 protein, found lower
D1 levels in four out 5 cases of PTC. None of those studies used paired normal
thyroid samples as controls. D1 expression has not been systematically evaluated in
samples of FTC.

The present studies were performed to analyze the D1 gene expression in a
series of papillary and follicular thyroid carcinomas. We observed a consistent
decrease on D1 mRNA paralleled by a decreased on D1 activity in PTC samples. In
contrast, increased D1 mRNA and activity levels were observed in both follicular

lesions adenomas and carcinomas.

Materials and Methods

Patients
Samples of thyroid tumors (papillary carcinoma, n = 14; follicular adenoma, n =
7; follicular carcinoma, n = 6; anaplastic carcinoma, n = 1) were collected from 28

consecutive unselected patients attending the Endocrine or the Head and Neck
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Surgery Divisions at Hospital de Clinicas de Porto Alegre. Surgery was indicated
independently by attending physicians based on clinical indications and tissues
obtained at surgery were immediately frozen and stored until analysis. Tumors were
histologically classified according to WHO recommendations (Hedinger, Williams &
Sobin, 1998). Clinical data were retrospectively reviewed in medical records. The
clinical stage was determined by the TNM system (Beahrs et al., 1992). Serum TSH
was measured by a double antibody—sensitive assay (Immulite, Diagnostic Products),
serum T4 by competitive immunoassay (Immulite, Diagnostic Products), and serum
thyroglobulin was measured by an electrochemiluminescence immunoassay (Elecsys
Systems, Roche). The information obtained from the study did not influence or affect
the patients’ diagnosis or treatment. The Ethics Committee at the Hospital approved

the study protocol, and all patients gave informed consent.

Tissue preparation and RNA isolation

Thyroid tissues were obtained from both tumor and adjacent normal tissue at
the time of surgery. Each tissue was immediately frozen in liquid nitrogen and stored
at — 70° C until preparation. Total RNA was isolated from 50 - 100 mg of thyroid tumor
and surrounding nontumor tissues using TRIzol® reagent (Invitrogen™ Life
Technologies Inc., NY, USA) according to the manufacturer’s instructions. The purity
of the total RNA was assessed by UV spectrophotometry (GeneQuant 11®, Amersham

Pharmacia Biotech).
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Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

A semiquantitative RT-PCR technique was used to determine the expression
levels of D1, D2, Sodium iodide symporter (NIS), and TSH receptor (TSH-R) genes in
RNA samples isolated from thyroid tissues. RT-PCR was performed using the
Superscript Preamplification System for First Strand cDNA Synthesis (Invitrogen™
Life Technologies Inc., NY, USA) with 3ug of total RNA as template. Specific
oligonucleotides derived from the coding region of published sequences of human D1
(5-AAGAGGCTCTGGGTGCTCTTGG-3' and 5-GGTTCTGGTGATTTCTGATGTC-3'),
D2 (5-ACTCGGTCATTCTGCTCAAG-3 and 5-GAGAACTCTTCCACCAGTTTTG-3'),
NIS (5-GCTCTGAACTCGGTCCTCAC-3' and 5-GTCCAGAATGTATAGCGGCTC-3))
and TSH-R (5'-GTCCAGAATGTATAGCGGCTC-3’ and 5-
GCTTTTCAGGGACTATGCAATGAA-3’) genes were used to prime target cDNA,
resulting in a predicted 498, 368, 481 and 239 bp products, respectively. A human 3,-
microglobulin  primer set (5-ATCCAGCGTACTCCAAAGATTCAG-3° and 5'-
AAATTGAAAGTTAACTTATGCACGC-3’) that generated a 623 bp product was used
as an internal control. B-microglobulin was co-amplified within the same reaction in
order to evaluate inter-sample variation in cDNA contents and PCR efficiency. The
PCR reactions included 0,5 - 1 ul of RT products, and were carried out with Taq DNA
polymerase (Invitrogen™ Life Technologies Inc., NY, USA) in a final 50 ul volume.
The amplification profile was an initial denaturation step at 94°C for 3 min, followed by
94°C for 1 min, annealing at 58°C (D1, NIS) or 60°C (D2, TSH-R), and extension at
72°C for 2 min. Twenty-five amplification cycles were used for D1, 30 cycles for D2,
32 for NIS and 28 for TSH-R, with a final additional extension step at 72°C for 4 min.
The B2-microglobulin primers were included after the 5™ cycle for D1, 10" cycle for D2,

12™ for hNIS and 8™ cycle and TSH-R. RT-PCR reactions without cDNA samples
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were carried out as negative controls. All reactions were performed in duplicate. After
amplification, 10ul of the PCR products were analyzed on an 1.5% ethidium bromide
agarose gel and the intensity of each band was determined by optic densitometry
(arbitrary units) (ImageMaster® VDS, Amersham Pharmacia Biotech). Each gene band
intensity was normalized against the corresponding values of the Bz-microglobulin

band intensity.

Deiodinase assays

Deiodinase assays were performed as previously described (Wagner et al., 2003).
Briefly, tissue samples obtained from normal and tumoral thyroid tissues were
homogenized on ice in PE buffer (0.1M potassium phosphate and 1mM EDTA)
containing 10 mM dithiothreitol (DTT) and 0.25 M sucrose (pH: 6.9). D1 assays were
performed using 100-300 ug tissue protein and 1uM unlabeled T4 in a total volume of
300ul PE buffer containing 10mM DTT, and approximately 100.000 c.p.m ['®I]T4
(Amershan, Biosciences). D2 assays were performed under the same conditions
using 20mM DTT, 1nM unlabeled T4 and 1mM propylthiouracil (PTU). The apparent
Km and Vmax for D1 and D2 enzymes were determined using various amounts of
unlabeled T4 (0.25, 0.4, 0.5, 1, and 5uM and 0.25, 0.4, 1, and 5nM, respectively).
Incubations were carried out at 37°C for 60-120 minutes. The reaction was terminated
by adding 200ul of horse serum and 100ul 50% trichloroacetic acid. Samples were

analyzed in duplicate.

Statistical analysis
Results are expressed as mean + SD or otherwise specified. For comparisons

of D1 mRNA and activity levels in tumoral and corresponding surrounding tissue, a
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paired Student’s t-test or Wilcoxon signed ranks test was applied. Correlation between
variables was assessed by linear regression analysis. P < 0.05 were considered

statistically significant.

Results

Patients

Table 1 shows the clinical and pathological characteristics of all patients with
thyroid tumors included in this study. Thyroid samples covered patients age 10 to 70
years and, different histological subtypes and clinical stages, including
microcarcinomas. D1 activity was measured in six PTC samples (cases 7, 8, 11, 12,
13 and 14), four adenoma samples (cases 17, 18, 20 and 21), and three FTC (cases
25, 26 and 27). D2 expression was also analyzed in samples of follicular and
anaplastic thyroid carcinomas. Patients 25 and 26 had metastatic spread of follicular

thyroid carcinoma.

D1 expression in thyroid tumors

Figures 1A-B shows levels of D1 expression in samples from patients with PTC.
The D1 mRNA levels were significantly decreased in tumor tissue as compared with
corresponding normal surrounding tissue (0.25 + 0.24 vs. 1.09 + 0.54 AU, P< 0.001).
Lower D1 mRNA levels were present in all samples. No D1 expression was found in 2
cases. The lower level of D1 mRNA was paralleled by a decrease on D1 activity (0.08
+ 0.07 vs. 0.24 + 0.15 pmol T4/min/mg protein, P= 0.045) (Figure 1C). The only
exception for that was found in a follicular variant of PTC case. In this sample, the D1

activity levels were similar in tumor and adjacent tissue (0.1 vs. 0.09 pmols/min/mg
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protein; Figure 1C) despite a slight decrease in mRNA levels (0.73 vs. 0.96 AU; Figure
1B). Hence, a strong correlation between D1 mRNA and activity was observed

(R?=0.72, P=0.008).

In contrast, we observed a significant increase in D1 mRNA levels in FTC as
compared with levels in nontumoral tissue (1.2 + 0.46 vs. 0.67 + 0.18, P=0.038; Figure
2A). Accordingly, D1 activity was significantly higher in samples of metastases of
follicular carcinoma (1.20 + 0.58 vs. 0.20 + 0.10; P< 0.001). Further studies performed
to determine the D1 kinetics in the neoplastic tissue demonstrated that the apparent
Km (T4) in follicular carcinoma samples were similar to that found in normal thyroid
tissue (2.9 vs. 2.1 uM, respectively). Nevertheless, D1 Vyax was markedly higher in
follicular carcinoma samples than in normal tissue (2.38 vs. 0.40 pmol T4/min/mg
protein, respectively), indicating that differences in the enzyme concentration, rather
than in catalytic capacity, account for the observed higher D1 activities in tumor
homogenates. Of particular interest was the finding that D1 V.« was about six-fold
higher in FTC metastasis than in normal thyroid tissue (3.43 vs. 0.46 pmol T4/min/mg

protein; Figure 2B).

D1 expression was also measured in samples of benign follicular lesions. We
observed increased D1 mRNA levels (0.83 + 0.58 vs. 1.9 + 1.5 AU, P=0.028)
paralleled by an increase in D1 activity (0.22 + 0.06 vs. 2.67 £ 1.42 pmol T4+/min/mg

protein, P= 0.044) in follicular adenomas (Figure 2C-D).

The D2 expression was also analyzed in FTC. The D2 mRNA levels in FTC
samples were similar to those in surrounding normal tissue (1.24 + 0.86 vs. 1.49 +
0.87 AU, P=0.86). However, the D2 activity was significantly higher in tumor samples

than in normal thyroid tissues (5.20 + 0.81 vs. 0.30 + 0.27 fmol/min/mg protein,
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P<0.001). Interesting, D2 activity was also higher in a sample of a follicular variant of
PTC than in adjacent normal tissue (0.53 vs. 0.15 fmols/min/mg protein). The D2
kinetics in FTC was determined by double-reciprocal plot. As expected, the apparent
Km (T4) was similar to that found in normal thyroid tissue (~6nM) whereas the D2 Vpax
was about 25-fold higher in FTC samples than in normal thyroid tissue (25.5 vs.1.0

fmol T4/min/mg protein, respectively).

D1 and D2 activities were also measured in one sample of anaplastic thyroid
carcinoma. Surprisingly both D1 and D2 activities were significantly higher in tumor
homogenates than in corresponding normal tissue (5.25 vs. 0.14 pmol T4/min/mg
protein and 7.64 vs. 0.33 fmol T4/min/mg protein, respectively). The samples were
obtained from a 53-year-old man who had undergone surgery for a recurrent neck
mass with extension into the mediastinum. Thyroid function tests showed a TSH of
13.7 mUI/L (reference range, 0.4-4.0 mU/L) and T4 of 2.74 pg/dL (reference range,
4.5-12.5 ug/dL). A high serum thyroglobulin of 1061 ng/mL (reference range, 1.4-78
ng/mL) was present. The weight of the tissue removed weighed an impressive 1050g.
Histological examination demonstrated a multinodular thyroid with areas of normal
thyroid tissue, Hurthle cell carcinoma and anaplastic carcinoma. There was invasion of
blood vessels, local soft tissues and regional lymph nodes. Immunohistochemical
analysis revealed thyroglobulin positivity only in differentiated areas. The patient died

3 months after surgery.

NIS and TSH-R gene expression in PTCs
Expression of the NIS and TSH-R genes were analyzed in 12 PTC samples
and corresponding normal thyroid tissues. Figure 3A shows levels of NIS expression

in samples of PTC. The NIS mRNA levels were significantly decreased in tumor than
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normal surrounding tissue (0.20 + 0.18 vs. 1.41 + 0.91 AU, P=0.001). Lower NIS
MRNA levels were present in all samples analysed. No NIS expression was found in 4
cases. In contrast, the levels of TSH-R mRNA in PTC samples were similar to those in
surrounding normal tissue (0.79 = 0.58 vs. 1.21 £ 1.18 AU, P=0.102; Figure 3B) and
TSH-R transcripts were detected in all samples analysed. In the follicular variant of
PTC sample, we observed a decrease in NIS mRNA levels (0.47 vs. 1.5 AU, Figure
3A) whereas no differences were observed in TSH-R mRNA levels (0.35 vs. 032 AU,

Figure 3B).

Discussion

In the present study, the D1 expression was determined in tumor thyroid
samples by semi-quantitative RT-PCR and enzymatic assay. The results show that
the D1 mRNA and enzyme activity levels are significantly decreased in PTC as
compared with corresponding surrounding nontumor tissue. Although PTC is
heterogeneous, the D1 expression pattern was consistent, and expression was lower
in all samples analyzed, including microcarcinomas. In contrast, D1 overexpression

was found in adenoma and follicular carcinoma.

Changes in the level of expression of genes are common in many cancers and
may result from mutations in transcriptional factors, loss of cell differentiation, or
unregulated production due to disrupted control mechanisms (Latchman, 1996; Ivan et
al., 1997). Here we demonstrated that the reduced levels of D1 mRNA are paralleled
by a decrease in enzyme activity in a series of PTC samples that included different
histological subtypes and tumor stages. Lower levels of D1 expression were detected

even in small papillary cancer less than 1 cm in diameter. Although the reasons for the
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decreased D1 remain speculative, it is striking that D1 underexpression has been
described in virtually all tumors derived from parenchymal or epithelial tissues

(Pachucki et al., 2001; Garcia-Solis et al., 2003; Wawrzynska et al., 2003).

The rate of D1 synthesis can be influenced by a number of substances or
conditions, the most potent being thyroid hormones and TSH (Salvatore et al, 1996;
Bianco et al, 2002). Thyroid hormones regulate the D1 gene via transcriptional
mechanisms that require the interaction of ligand with the thyroid hormone receptor
(TR) (Toyoda et al, 1995; Zhang et al., 1998). Interestingly, aberrant expression of
TRs has been reported in PTC as well as in other human cancers (Lin et al., 1999;
McCabe et al.,, 1999; Kamiya et al., 2002; Cheng, 2003). In addition, sequencing
analysis demonstrates a high frequency of TR mutations in PTCs (Puzianowska-
Kuznicka et al., 2002). Changes in TRs can led to an impairment or loss of T3 binding
and, thus, could explain the underexpression of the D1 gene. Indeed, this hypothesis
has been considered to explain the decreased levels of NIS expression in PTC
(Puzianowska-Kuznicka et al., 2002), showed here and other studies (Arturi et al,
1998; Lazar et al, 1999; Park et al, 2000). The NIS gene also contains a thyroid
response element (TRE) within the flanking region and it is up regulated by thyroid

hormones (Ohmori et al, 1998).

The expression pattern of D1 and NIS genes contrasts with that described for
other genes in PTC, such as the TSH-R gene, which shows significantly lower
expression in advanced stages but not in early stages of disease (Tanaka et al., 1996;
Tanaka et al., 1997). In agreement with previous studies (Brabant et al, 1991; Park et
al, 2000), we observed a heterogeneous pattern of expression of the TSH-R gene in

PTC. It is noteworthy that TSH-R mRNA levels were detected in all samples analyzed.
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Two inferences arise from these observations. First, distinct mechanisms may be
responsible for down regulation of specific thyroid related genes in PTC. Also, it is

unlikely that decrease TSH-R levels could explain the lower D1m RNA levels in PTC.

Increased D1 and D2 mRNA expression have been described in hyper
functioning adenoma (Salvatore et al., 1996; Murakami et al., 2001; Brtko et al., 2002).
The explanation of this finding is that both genes are up-regulated by the cAMP
regulatory cascade, which is constitutively activated in hyperfunctioning thyroid
adenoma, which is due primarily to an activating mutation in the TSH receptor gene or
Gsa gene (Bianco et al, 2002; Vassart, 1997). Here we found increased D1
expression in all samples of adenoma and metastases of follicular carcinoma that we
analyzed, indicating other mechanisms for induction of D1 gene. Although a possible
explanation is that the higher serum TSH levels up regulate the D1 gene, this does not
explain the higher D1 expression in samples from patients with normal serum TSH
levels. Recently, Kim et al. (2003) reported D2 overexpression in metastases of FTC
suggesting that this overexpression could be responsible for the persistently increased
serum ratio of T3 to T4 observed in these patients. Our results further demonstrated

that higher D1 levels might also contribute to increase peripheral T4 conversion.

Higher D2 activity was found in samples of metastasis of FTC, in agreement
with a previous report (Kim et al., 2003). But, unlike the D1 gene, no significant
changes in D2 mRNA levels were observed. Although D2 regulation is a complex
process involving both transcriptional and posttranscriptional mechanisms (Burmeister
et al.,, 1997; Bianco et al, 2002), thyroid hormones are considered to be the most
important regulators of D2 activity, which is rapidly and markedly reduced by exposure

to T4 (Steinsapir et al., 2000). In one of the two cases analyzed, the patient had
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elevated TSH levels, implying hypothyroid state with low serum T4 levels. Both high
serum TSH and low T4 levels up regulate D2 activity, but since no changes were
observed in the D2 mRNA levels, the increase in the D2 activity might occur primarily

at post-transcriptional level.

An interesting observation of this study came out from the analysis of a follicular
variant of PTC sample. In this tumor, the level of D1 activity was similar to surrounding
normal tissue, contrasting with all other PTC samples. Furthermore, contrary to
previous studies that showed decreased levels of D2 expression in PTC (Murakami et
al., 2001), we found higher levels of D2 activity in tumor than in adjacent normal
tissue. Taken together, these findings suggest preponderance of the follicular
component and may possibly illustrate the distinct D1 and D2 expression patterns in

PTC and follicular neoplasias.

High levels of D1 and D2 activity were also found in samples of a mixed
anaplastic and Hurthle cell carcinoma. Previous studies have demonstrated low or
undetectable D1 activity in anaplastic carcinoma samples (Koéhrle et al., 1993; Schreck
et al.,, 1994). Undifferentiated thyroid carcinomas are the end stage forms of thyroid
cancer and are believed to arise from papillary or follicular carcinomas (Fagin, 2004).
Based on our findings, it is tempting to speculate a follicular origin in this particular

case.

In conclusion, we demonstrated marked differences in the D1 gene expression
between follicular lesions, either adenoma or carcinoma, and PTC. These findings are
in agreement with the current knowledge on the molecular events involved in epithelial
thyroid cell dedifferentiation, which suggests different gene expression pathways

towards papillary or follicular neoplasias. Furthermore, the results suggest that
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decreased D1 expression might be an early and discrete event in thyroid cells towards

papillary carcinoma dedifferentiation.
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Table 1 — Clinical characteristics of patients with thyroid tumors.

Patient Sex/age TSH®  Histology Size (cm) Stage® Invaded organ
no. (yr.)
Papillary thyroid carcinoma
1 M/56 0.44 Classic type 4.0 3 Conjuntive tissue and
skeletal muscle of neck
2 M/35 1.76 Classic type; 0.5 1 Cervical lymph nodes
multifocal; and fibroadipose tissue
bilateral
3 F/30 Classic type 1.0 1
4 F/29 0.93 Classic type 3.2 1 Cervical lymph nodes
5 F/52 0.02 Classic type 1.2 2
6 F/22 Classic type 1.0 1 Cervical lymph nodes
7 F/10 3.14 Diffuse 2 Cervical lymph nodes
sclerosing and pulmonary
variant metastases
8 M/70 3.57 Classic type 6.5 3 Skeletal muscle of neck
9 F/21 3.55 Classic type 1.2 1 Cervical lymph nodes
10 F/43 0.74 Follicular variant 1.1 1
11 F/38 2.49 Follicular variant 0.7 1 Cervical lymph nodes
12 M/37 Classic type 2.8 2 Cervical lymph nodes
13 F/45 0.90 Classic type 2.5 2
14 F/61 1.45 Classic type 0.8 1
Non-toxic follicular adenoma
15 M/37 2.7
16 F/41 1.00 2.0
17 M/47 2.95 3.8
18 F/69 1.56 3.0
19 M/51 1.93 2.5
20 F/55 2.5
21 F/54 6.63 2.0
Follicular Thyroid Carcinoma
22 F/28 1.12 5.0 1
23 F/23 0.83 25 1
24 F/66 5.81 25 2
25 F/31 26.8 3.5 2 Parapharyngeal left
26 F/69 0.50 4 Paramediastinal right
27 F/23 0.50 5.0 2

Anaplastic Thyroid Carcinoma

28

M/53

13.7 Mixed with focal
Hurthle cell
carcinoma

Soft tissues of neck and
Cervical lymph nodes

& TSH reference: 0.4 - 4.0 mUI/L.
® Stage according to the TNM system.
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Figure 3
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Legends

Figure 1: A. An illustrative semi-quantitative RT-PCR of D1 products in tumor (T) and
surrounding normal tissue (N) from cases 1, 2, 6 and 7(Table1) on 1.5% agarose gel
stained by ethidium bromide. B. D1 mRNA levels in papillary thyroid carcinoma
(PTC) and corresponding normal tissue. C. D1 enzyme activity in PTC and
corresponding normal tissues. Individual data points for each sample (cases
7,8,12,13 and 14) are depicted. D1 activity was measured as the release of I" from
1uM T4 as substrate. Results of mMRNA levels are expressed in arbitrary units (AU).
Individual data points for each 13 samples are depicted as solid circles and open

circles represent a follicular variant of PTC (case 11).

Figure 2: A. D1 mRNA levels in follicular thyroid carcinoma (FTC) and normal thyroid
tissues. Individual data points for each sample are depicted as solid circles and open
circles represent samples of metastasis of FTC (cases 25 and 26). Results are
expressed in arbitrary units (AU). B. Double reciprocal plot of type 1 iodothyronine
deiodinase activity in normal tissue (solid circles) and follicular thyroid carcinoma
(open circles). D1 activity was measured in randomly selected fragments from the
thyroid tumor of patient 26 (Table 1) using different concentrations of '*°I-T, as
described in Materials and Methods. C. D1 mRNA levels in samples of follicular
adenoma (FA) and corresponding normal tissue. Results are expressed in arbitrary
units (AU). D. D1 enzyme activity in FA (cases 17, 18, 20 and 21) and corresponding
normal tissue. D1 activity was measured as the release of I from 1uM T, as

substrate.
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Figure 3. A. NIS mRNA levels in samples of papillary thyroid carcinoma (PTC) and
corresponding normal tissue. B. TSH-R mRNA levels in samples of papillary thyroid
carcinoma (PTC) and corresponding normal tissue. Individual data points for each 11

samples are depicted as solid circles and open circles represent a follicular variant of

PTC (case 11).



Parte IlI

Type 2 lodothyronine Deiodinase Is Highly Expressed in Medullary Thyroid

Carcinoma

Artigo submetido a publicagao

78



79

Type 2 lodothyronine Deiodinase Is Highly Expressed in Medullary Thyroid

Carcinoma

Erika L Souza Meyer, M.D., luri M Goemann, José Miguel Dora, M. D., and Ana

Luiza Maia, M.D., Ph.D.

Endocrine Division, Hospital de Clinicas de Porto Alegre,

Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil

Running title: lodothyronine deiodinase and medullary thyroid carcinoma

Grant support: Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES), Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPQq)
and Fundo de Incentivo a Pesquisa do Hospital de Clinicas de Porto Alegre (FIPE),

Brazil.

Correspondence: Ana Luiza Maia, M.D., Ph.D. Servigco de Endocrinologia, Hospital
de Clinicas de Porto Alegre. Rua Ramiro Barcelos 2350, 4° andar, Porto Alegre, RS,
Brazil, 90035-003. Phone: + 55 51 33310207; Fax: 55 51 33325188. E-mail:

almaia@ufrgs.br



80

Summary

Type Il deiodinase (D2) plays a critical role in controlling intracellular T3
concentration and early studies indicated a follicular but not a parafollicular C-cell
origin of D2 activity in the thyroid gland. Here, we show that D2 is highly expressed in
human medullary thyroid carcinoma (MTC), a tumour that arises from the C-cells. D2
transcripts were detected in all MTC samples obtained from 12 unselected MTC
patients and the levels of D2 activity were comparable to those found in surrounding
normal follicular tissue (0.41+0.10 vs 0.43£0.41 fmol.min.mg.protein, P=0.91).
Additional analysis in the TT cells, a human MTC cell line, demonstrated that the D2
expression is down regulated by thyroid hormones and enhanced by cAMP analogs
and dexamethasone. The thyroid hormone receptor a1 and B isoforms were also
detected in all MTC samples and in TT cells, thus suggesting a potential role of T3

locally produced by D2 in this neoplastic tissue.

Key words: type 2 deiodinase, medullary thyroid carcinoma, gene expression



81

Introduction

Medullary thyroid carcinoma (MTC) is an uncommon thyroid tumor that arises from
the parafollicular C-cells of the thyroid, embryologically unrelated to the follicular
epithelium. In addition to calcitonin gene products, MTC cells express several
biochemical markers that typify secretory cells of the diffuse neuroendocrine system
(Leboulleux et al., 2004). This tumor may be sporadic or may occur on a hereditary
basis caused by germline mutations in the RET proto-oncogene (Ponder, 1999). The
RET proto-oncogene is expressed in cells of neuronal and neuroepithelial origin and
encodes a receptor tyrosine kinase (Mulligan et al., 1993). In patients with familial
MTC (FMTC) only the thyroid is affected. Patients with multiple endocrine neoplasia
(MEN) 2A develop MTC, pheochromocytoma (pheo) and/or primary
hyperparathyroidism. In  addition, MEN2B patients have MTC, pheo,
ganglioneuromas of the digestive tract, mucosal neuromas, and/or skeletal
abnormalities (Ponder, 1999).

The type 1 and type 2 iodothyronine deiodinases (D1 and D2) enzymes are
responsible for catalyzing deiodination of T4 to T3. D2 plays a critical role in providing
local T3 to regulate intracellular T3 concentration and recent studies suggest that this
enzyme also contributes to a significant fraction of plasma T3 in rodents and humans
(Bianco et al., 2002; Maia et al., 2005). D2 is expressed in normal and stimulated
human thyroid gland and has been evaluated as a possible marker of thyroid
follicular cell differentiation (Salvatore et al., 1996; Murakami et al., 2001a; Kim et al.,
2003; De Souza Meyer et al.,, 2005; Arnaldi et al., 2005; Takano et al., 2006).
Previous studies have described underexpression of D2 in papillary thyroid

carcinoma (PTC) (Murakami et al., 2001a; Arnaldi et al., 2005). In contrast, D2 are
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reported to be significant increased in follicular carcinoma (Kim et al., 2003; De
Souza Meyer et al., 2005; Takano et al., 2006). Little is known about the metabolism
of iodothyronine in MTC. Early studies have suggested that only differentiated thyroid
neoplasias contain 5-deiodinase activity, whereas medullary carcinomas do not,
suggesting a follicular but not a C-cell origin of enzyme activity (Ishii et al., 1981;
Boye et al., 1984). Here, we demonstrated that the D2 enzyme is also highly

expressed in human MTC samples.
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Materials and Methods

Patients and tissues
Samples of MCT were collected from 12 consecutive unselected patients

attending the Endocrine or the Head and Neck Surgery Divisions at Hospital de
Clinicas de Porto Alegre. Surgery was independently indicated by attending
physicians based on clinical indications. Tumors were histologically classified
according to WHO recommendations (Hedinger et al., 1988). Immunohistochemical
staining for calcitonin was positive in all CMT samples. Identification of RET germline
mutations was performed by standard procedures (Pufales et al., 2003). Clinical data
were retrospectively reviewed in medical records. The clinical stage was determined
by the Tumor/Node/Metastases (TMN) system (Greene and Sobin, 2002). Serum TSH
was measured by a double antibody—sensitive assay (Immulite, Diagnostic Products
Corporation, EUA). For determination of preoperative serum calcitonin levels, a
sensitive immunoradiometric assay was performed (Calcitonin IRMA-DSL 7700,
Diagnostic Systems Laboratories, Inc., Webster, TX ; reference range < 12 pg/ml).

Thyroid tissue was obtained from both tumor and adjacent normal tissue at the
time of surgery. All tissues obtained at surgery were immediately frozen in liquid
nitrogen and stored at — 70° C until analysis.

The information obtained from this study did not influence or affect the patients’
diagnosis or treatment. The Ethics Committee at the Hospital approved the study

protocol and all patients gave their informed consent.
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Cell culture

The TT cells, a human MTC cell line, were cultured in F-12K medium
supplemented with 10% fetal bovine serum (Life Technologies). Cells were maintained
at 37° C in a humidified atmosphere of 5% CO, and 95% air, and the culture medium
was changed twice a week. TT cells were seeded in six-well or in 60-mm plastic
culture plates for RT-PCR and for measurement of deiodinase activity, respectively.
The cells were cultured for 18-24 hours in serum-free 0.1% BSA in F-12K medium
before harvesting, when the effects of thyroid hormones were tested. For other
experiments, the cells were incubated in the usual medium containing compounds to

be tested for the indicated period.

RNA isolation and reverse transcription

Total RNA was isolated from 50 - 100 mg of thyroid tumor and surrounding
nontumor tissues using TRIzol® reagent (Invittogen™ Life Technologies Inc., NY,
USA) according to the manufacturer’s instructions. For TT cells, the total RNA was
isolated with the use of the Rneasy Mini Kit (Qiagen GmBH, Hilden, Germany)
according to the manufacturer’s protocol. The purity and integrity of the total RNA of
all samples was assessed by UV spectrophotometry (GeneQuant II®, Amersham
Pharmacia Biotech). RNA was reverse transcribed using the Superscript
Preamplification System for First Strand cDNA Synthesis (Invitrogen™ Life

Technologies Inc., NY, USA) with 3 ug of total RNA as template.
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Reverse transcription polymerase chain reaction (RT-PCR)

A RT-PCR technique was used to determine the expression levels of D2, TSH
receptor (TSH-R), thyroid hormone receptor TRa1 and TRp genes in RNA samples
isolated from thyroid tissues. Primer sequences are given in Table 1. PCR reactions
included 1 ul of RT products, and were carried out with Taqg DNA polymerase
(Invitrogen™ Life Technologies Inc., NY, USA) in a final 50 -pl volume. The
amplification profile was an initial denaturation step at 94°C for 3 min, followed by
94°C for 1 min, annealing at 60°C (D2 and TSH-R) or 55°C (TRa1 and TRp), and
extension at 72°C for 2 min. Thirty amplification cycles were used for all genes, with a
final additional extension step at 72°C for 4 min. The Bz-microglobulin primers were
used as an internal control. RT-PCR reactions without cDNA samples were carried out
as negative control. After amplification, 10 ul of the PCR products were analyzed on a
1.5 % ethidium bromide agarose gel and the intensity of each band was determined
by optic densitometry (arbitrary units - AU) (ImageMaster® VDS, Amersham

Pharmacia Biotech).

Quantitative PCR (qPCR)

Reactions for the quantification of D2 mRNA in TT cells experiments were
performed in an ABI Prism 7500 Sequence Detection System (Applied Biosystems,
Warrington, UK) using the SYBR Green PCR Master Mix (Applied Biosystems) and
cyclophilin as a housekeeping internal control. Primer sequences are given in Table
1. Samples were run in duplicate. The cycle conditions were 94°C x 5 min (Hot Start),
40 cycles of 94°C x 30 sec; 58°C x 30 sec; 72°C x 45 sec and a final 1 min extension

period. Initially, standard curves representing 5-point serial dilution of mixed cDNAs
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of the control and experimental groups were analyzed and used as calibrators to
determine the relative quantification of product generated in the exponential phase of
the amplification curve. Comparable efficiency was observed presenting r2 greater
than 0.99. Sample quantification was calculated by the standard curve and corrected

by the internal control cyclophilin in all experiments.

lodothyronine deiodinase activity assays

Deiodinase assays were performed as described previously (Wagner et al.,
2003). In brief, tissue samples were individually homogenized on ice in PE buffer (0.1
M potassium phosphate and 1 mM EDTA) containing 10 mM dithiothreitol (DTT) and
0.25 M sucrose (pH 6.9). Protein concentration was quantitated by Bradford assay
using BSA as a standard. D2 assays were performed using 100-300 ng tissue protein
and 1nM unlabeled T4 in a total volume of 300 ul PE buffer containing 20 mM DTT,
1mM propylthiouracil (PTU), and approximately 100.000 cpm [125I] T4 (Amersham,
Biosciences). The apparent Km and Vmax for D2 enzymes were determined using
various amounts of unlabelled T4 (0.25, 0.5, 1, 2 and 6 nM). Incubations were carried
out at 37°C for 60-120 min. The reaction was terminated by adding 200 ul of horse
serum and 100 pl of 50% trichloroacetic acid (TCA).
For measurements of activity in cell, the medium was removed and the cells washed
twice with PBS, harvested, and sonicated in 0.25 M sucrose in PE buffer (0.1 M
potassium phosphate and 1 mM EDTA) with 10 mM DTT. In deiodinase assays, we
used 150-250 ug cell sonicate; 1nM unlabeled T4, and 20 mM DTT in a final volume
of 300 pl PE. Incubation was for 60—120 minutes at 37°C, and '®°l- was separated
from labeled T4 by TCA precipitation. Results are the mean of values derived from at

least two separate experiments.
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Statistical analysis
Results are presented as mean + SD. Statistical differences were evaluated by

t test. P values <0.05 were considered statistically significant.

Results

Patients

Table 2 shows the clinical and laboratorial characteristics of the 12 patients
studied. Thyroid samples covered patients aged 15 — 65 years. Nine patients had
hereditary MTC with RET germline mutations in codon 634 with bilateral disease and
C-cell hyperplasia on pathological examination. Three patients had a sporadic form of
MTC. All patients studied were on thyroid hormone replacement therapy and present

serum TSH levels within the reference range (0.4 - 4.0 UI/L).

D2 expression in human medullary thyroid carcinoma

D2 mRNA was detected in all MTC samples (Fig.1A). Of the 12 samples
analyzed, D2 activities were measured in 7 MTC samples (n° 3, 4, 6 -10 of table 2).
Enzyme activities in MTC tissues were similar to those corresponding to normal
thyroid tissues (0.41+0.10 vs 0.43+0.41 fmol.min.mg.protein, P=0.913) (Fig.1B).
Further studies performed to determine the D2 kinectics in the neoplastic tissue
demonstrated that the apparent Km (T4) values of 2.3 nM in the tumor homogenates,
typical for this enzyme (Fig.1C). The Vmax for D2 was 0.86 fmol.min.mg.protein in
tumor and was comparable to those of normal thyroid tissue (1.59

fmol.min.mg.protein). Interestingly, in a sample of a sporadic CMT (n° 3 of table 2), D2
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activity was significantly higher than in surrounding normal follicular tissue (6.34 vs.

0.09 fmol min.mg.protein, respectively).

D2 expression in TT cell line

To assess whether the D2 expression found in MTC was truly expressed in this
neoplastic tissue, we performed enzyme activities in TT cells, a human MTC cell line
established from a specimen obtained by needle biopsy from a 77 year old female
with MTC. The results obtained confirmed those observed in MTC samples (Fig. 2A).
The Km (T4) for D2 in the TT cell sonicates was 2.59 nM and the D2 Vmax was 1.22

fmol.min.mg.protein

Effects of thyroid hormones on D2 expression in TT cells

To study the effects of thyroid hormones on D2 expression in TT cells, 107M
thyroid hormones were added to the culture medium for 16h before harvesting the
cells. The addition of 10”M of T3 significantly decreases D2 mRNA levels (1.55+ 0.38
vs. 0.89+0.32 AU, P=0.010). Addition of 10”M thyroid hormones to the incubation
medium decreased the deiodinating activity in TT cells (0.12+0.02 vs. 0.03+0.03
fmol.min.mg.protein, P= 0.001 for T4; 0.06+0.02 fmol.min.mg.protein, P= 0.01 for rT3
and 0.12+0.02 fmol.min.mg.protein, P= 0.23 for T3). The potency of the inhibition

effect was T4>rT3>T3 as shown in fig.2B.

Effects of cCAMP and Dexametasona (DEX) on D2 expression in TT cells
The effects of dibutyril cCAMP[(Bu).cAMP] and forskolin on D2 expression in TT

cells were also evaluated. By 16h of incubation, 10° M (Bu).cAMP nearly doubled D2
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mRNA levels (1.08+0.09 vs. 1.78+0.17 AU, P<0.001). In addition, (Bu),cAMP (10 M)
and forskolin (10° M) significantly stimulated deiodinating activity in TT cells
(0.06+0.03 vs. 0.13 =+ 0.03 fmol.min.mg.protein, P=0.002 and 0.12+0.03
fmol.min.mg.protein, P=0.03, respectively) (Fig.2C). These results indicate that D2
expression in MTC is pretranslationally stimulated through a cAMP-mediated pathway

In the next experiment, the effects of DEX on stimulation of D2 expression were
tested. Results demonstrated that 10° M DEX stimulated D2 mRNA (1.05+ 0.09 vs.
2.18+1.34 AU, P=0.05) and D2 activity (0.12+0.02 vs. 0.21+0.02 fmol.min.mg.protein,

P=0.001) (Fig.2D).

Thyroid hormone isoform transcripts in MTC samples and TT cell line

We evaluated TR a1 and B isoforms in MTC samples and TT cells by RT-PCR.
The TR isoforms were observed in all 8 MTC samples (cases 3-10 of table 2)
analyzed and in the TT cells (Fig. 3). We also evaluated the TSH-R expression in 7
MTC samples (cases 4-10 of table 2) and TSH-R transcripts were found only in one

sample (case 5 of table 2).

Discussion

In the present study, we demonstrated that D2 enzyme is expressed in MTC
tissues at levels comparable with normal human follicular thyroid cells. The
biochemical and molecular properties of D2 enzyme in TT cells, a human MTC cell
line, seem to be preserved despite C cell dedifferentiation. Furthermore, TRs were
demonstrated in all MTC samples and in TT cells, suggesting a potential role of T3

locally produced by D2 in this neoplastic tissue.
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The MTC arises from the C cells of the thyroid gland and represents 5% to 8% of
all thyroid cancers. Unlike the endoderm-derived thyroid follicular epithelial cells, the C
cells originate in embryonic neural crest and account for only 0.1% of thyroid cells.
Several biochemical features including the production of calcitonin and other
neuroendocrine markers such as chromogranin A, neuron-specific enolase, and the
neural cell adhesion molecule (NCAM) characterize these cells (Leboulleux et al.,
2004). Expression of thyroid-specific genes involved in the complex process of thyroid
hormone synthesis, such as NIS, thyroglobulin, and TSH-R genes has been
demonstrated in MTC samples (Pacini et al., 1991; Elisei et al., 1994; Dohan et al.,
2001). However, little is known about the metabolism of iodothyronine in C- cells or
MTC.

Previous data have indicated that microsomes prepared from thyroidal C-cell
neoplasms did not contain 5’-deiodinases, suggesting that the source of thyroid
deiodinases in the thyroid tissue was exclusive of the follicular cells (Boye et al.,
1984). Here, we show that functional D2, an enzyme that catalyzes T4 activation, is
expressed in both sporadic and hereditary MTC samples at levels comparable with
normal follicular thyroid. D2 mRNA and activities were detected in all MTC samples
analyzed. The potential explanation for this unexpected finding would be the presence
of RNA and protein from follicular cells, contaminating the medullary tumor. However,
the results obtained in MTC samples were further confirmed in the TT cells, a human
MTC cell line that harbors a codon 634 mutation (Cys—Trp) in RET proto-oncogene
which constitutively activates RET tyrosine kinase (Carlomagno et al., 1995).

The physiological importance of intracellular thyroid hormone activation by D2 has
been clearly demonstrated in certain tissues. Adenohypophyseal T3 production by D2

plays an important role in feedback regulation of TSH secretion by thyroid hormones
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and also regulates pituitary cell growth and differentiation (Barrera-Hernandez et al.,
1999; Stahl et al., 1999; Bianco et al; 2002; Schneider et al., 2001). Interestingly, a
variable expression of D2 has been described in a number of subtypes of pituitary
adenomas, implying that this enzyme is still active in tumor tissues (Tannahill et al.,
2002; Baur et al., 2002). It is well established that thyroid hormones play an important
role at multiple steps in the development of glial cells that, like C-cells, is of
neuroectodermic origin (Rodriguez-Pefia et al., 1999) and high levels of D2 activity
was noted in oligodendrogliomas, a tumor derived from the glial cells (Mori et al.,
1993; Murakami et al., 2000). Although D2 expression has not been accessed in
normal C cells, the presence of this enzyme in the TT cell line, considered a reliable
model system for studies of human parafollicular cells, might also suggest a possible
role of thyroid hormones in human C-cell metabolism (Zabel et al., 1995; Zabel and
Grzeszkowiak, 1997). In agreement with this hypothesis, transcripts of both TR a1 and
B isoforms were observed in all MTC samples analyzed and in TT cells. Further
studies to evaluate the possible role of T3 locally produced by D2 in the regulation of
C cell-specific gene expression are warranty.

Abnormal D2 expression and function have been described previously in other
human neoplasms (Curcio et al., 2001; Morimura et al., 2005; Meyer et al., 2007;
Dentice et al., 2007). Indeed, it is conceivable that thyroid status is linked to the
development and growth of neoplastic tissues (Lemaire et al., 1981; Leuthauser et al.,
1987). By activating T3, a differentiating agent, as well as blocking its production,
changes in deiodination can influence the balance between cell proliferation and
differentiation in tissue microenvironment. Interestingly, it was reported that D2 is
down regulated and D3 is up regulated in human basal cell carcinomas, supporting a

potential therapeutic application for T3 in this malignant neoplasia (Dentice et al.,
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2007). On the other hand, high D2 activity has been demonstrated in the human
mesothelioma cell line MSTO-211H (Curcio et al., 2001). This is an example of high
levels of D2 in a human tumor cells derived from a tissue that normally does not
express this enzyme.

D2 regulation in neoplastic cells is also of interest. D2 regulation is a complex
process involving both transcriptional and post-transcriptional mechanisms. Thyroid
hormones are the most important recognized regulators of deiodinase expression,
with well-correlated changes in activities and mRNA levels (Bianco et al., 2002). In
the TT cells, the D2 expression was inhibited by thyroid hormones. T4 and rT3
suppress D2 activity mainly at the posttranslational level through acceleration of the
degradation rate D2 protein (Steinsapir et al., 1998). However, T3 was more potent
than T4 to inhibit the synthesis of D2 mRNA, indicating that pretranscriptional
mechanisms are also involved in the regulation of D2 expression in TT cells. On the
other hand, D2 mRNA and activities levels were stimulated by (Bu),cAMP and
forskolin in TT cells. These results indicate that D2 expression in C-cells is regulated
by a cAMP-dependent mechanism at the pretranslational level, as previously
reported in human thyroid follicular cells, human skeletal muscle cells, rat brown
adipocytes, and rat pineal glands (Murakami et al., 2001a; Hosoi et al., 1999;
Murakami et al., 2001b; Kamiya et al., 1999). In follicular thyroid cell, D2 gene is
regulated via TSH-R-cAMP-mediated mechanism (Murakami et al., 2001a).
Nevertheless, since MTC samples nor TT cells do not express TSH-R other factors
might be involved in cAMP activation in these cells (Elisei et al., 2005).

Our results showed that glucocorticoid (DEX) significantly stimulated D2
expression in TT cells, in agreement with studies performed in GH4C1 and GH3 rat

pituitary tumors cells (Kim et al., 1998; Araki et al., 2003). In contrast, DEX was
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reported to decrease D2 activity in cultured mouse neuroblastoma cells (St Germain,
1986). Therefore, the effect of glucocorticoid on D2 expression seems to differ among
the various neoplastic tissues.

An interesting observation in this study came from the analysis of a sporadic MTC
sample. In this tumor, the level of D2 activity was much higher than the normal
epithelial tissue of same patient. The possibility of a mixed follicular-medullary tumor
was ruled out by negative immunohistochemical analysis for thyroglobulin (data not
shown). Overexpression of D2 was also described in follicular carcinoma as a cause
of low circulating free thyroxine levels (Kim et al., 2003). Both high serum TSH and/or
low T4 levels up-regulate D2 activity, however, no changes were observed in thyroid
function tests in this case.

In conclusion, the present results demonstrate that the D2 is expressed in samples
of MTC, as well as in a human MTC derived cell line. Furthermore, TRs were
demonstrated in MTC and in TT cells suggesting a potential role of T3 in this
neoplastic tissue and presenting novel perspectives for thyroid hormone metabolism in

human parafollicular C-cells.
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Table 1 - Oligonucleotide sequences used for RT-PCR and gPCR reactions

Gene Primers PCR product size (bp)
DIO 2 F: 5-ACTCGGTCATTCTGCTCAAG-3 368
R: 5-GAGAACTCTTCCACCAGTTTTG-3
TSH-R F: 5-GTCCAGAATGTATAGCGGCTC-3 239
R: 5-GCTTTTCAGGGACTATGCAATGAA-3’
TRa1 F: 5-TCGAGCACTACGTCAACCAC-3 127
R: 5-TCGACTTTCATGTGGAGGAA-3
TR F: 5-ACCAGAGTGGTGGATTTTGC 105
R: 5-AAGGGACATGATCTCCATGC-3
B2-microglobulin | F: 5-ATCCAGCGTACTCCAAAGATTCAG-3’ 623
R: 5'- AAATTGAAAGTTAACTTATGCACGC-3
DIO2* F: 5-ACTTCCTGCTGGTCTACATTGATG-3' 58
R: 5-CTTCCTGGTTCTGGTGCTTCTTC-3"
Cyclophilin * F: 5-GCCGATGACGAGCCCTTG-3 156

R: 5 TGCCGCCAGTGCCATTATG-3’

* primers used in quantitative polymerase chain reaction
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Table 2 — Clinical characteristics of the patients with medullary thyroid carcinoma.

Patient | Sex/ RET Preoperative Tumor Size Stage Invaded organ
No age mutations  basal calcitonin histology (cm) @
(yr.) (pg/mL)

1 F/54 - 93 Unilateral 2.2 2

2 F/50 - 50 Unilateral 5.0 2

3 F/60 - 431 Unilateral 24 2

4 F/65 C634Y 1100 Bilateral; C-cell 2.4 2
hyperplasia

5 M/15 C634Y 411 Bilateral; C-cell 1.2 2
hyperplasia

6 F/35 C634Y 43 Bilateral; C-cell 2.5 2
hyperplasia

7 F/37 C634Y 125 Bilateral; C-cell 3.0 3 Cervical lymph
hyperplasia nodes

8 F/30 C634Y 882 Bilateral; C-cell 1.2 3 Cervical lymph
hyperplasia nodes

9 F/62 C634Y 2258 Bilateral; C-cell 3.0 3 Cervical lymph
hyperplasia nodes

10 F/35 C634R 1000 Bilateral; C-cell 1.3 2
hyperplasia

11 F/33 C634Y 3309 Bilateral; C-cell 1.3 2
hyperplasia

12 F/22 C634R 2200 Bilateral; C-cell 1.3 2
hyperplasia

# Stage according to the TNM system.
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Legends

Fig. 1. D2 expression in human medullary thyroid carcinoma (MTC). A. D2
MRNA levels in MTC and corresponding normal tissue. Individual data points for
each sample are depicted. Results are expressed in arbitrary units. B. D2
enzyme activity in MTC and corresponding normal tissue. Individual data points
for each sample are depicted. D2 activity was measured as the release of I from
1nM T4 as substrate. C. Double-reciprocal plot of D2 activity in normal thyroid
tissue (solid circles) and MTC (open circles). D2 activity was measured using

different concentrations of '?°I-T4 as described in Materials and Methods.

Fig. 2. D2 expression in TT cells. A. Double-reciprocal plot of D2 activity in TT
cells. D2 activity was measured using different concentrations of T4 as described in
Materials and Methods. B. Effects of thyroid hormones on D2 activity in TT cells.
TT cells were cultured with thyroid-hormone-depleted medium for 24 h, and then
incubated with thyroid hormones for 16 h. C. Effects of (Bu),cAMP and forskolin on
D2 activity in TT cells. TT cells were incubated with medium only (control), or
medium containing (Bu)2cAMP (10 M) and forskolin (10" M) for 16 h. D. Effects of

DEX on D2 mRNA and D2 activity in TT cells. *, P < 0.05; **, P < 0.01.

Fig. 3. TRa and TRp mRNA expression in MTC. RT-PCR analysis of PCR
products from 8 samples of MTC (patients 3 — 10 of Table 2). M, Marker; N, Normal

thyroid tissue (positive control); TT, TT cells.



