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APRESENTACAO E OBJETIVOS
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APRESENTACAO

Nesta tese de doutorado apresentamos 3 trabalhos completos relacionados a aspectos
moleculares das disgenesias tiroidianas, fruto da cooperacdo entre grupos de pesquisa das
Universidades Federais de Sdao Paulo (UNIFESP) e Parana (UFPr), na linha de pesquisa sobre
patogenia, diagnéstico e tratamento do hipotiroidismo congénito, em projetos financiados
pela Fundacdo de Apoio a Pesquisa no Estado de Sao Paulo, FAPESP (Auxilio a pesquisa
06/54950-6, "Disgenesia tiroidiana: estudo clinico e rastreamento de mutacbes de genes
candidatos T7/TFI, PAXS8, FOXEI, NKx2-5 E TSHr em 601 pacientes com hipotiroidismo
congénito"”) e Fundacdo Araucdria (Programa de Pesquisa para o SUS 9348: Estudo molecular
da disgenesia tiroidiana: aspectos clinicos e moleculares da disgenesia tiroidiana como causa
do hipotiroidismo congénito).

Os trabalhos sao:

1. "Genética e Mecanismos Moleculares da Morfogénese da Tiréide: Uma Nova Abordagem na
Disgenesia Tiroidiana", de autoria de Helton E. Ramos, Suzana Nesi-Franca e Rui M. B. Maciel,
submetido aos Arquivos Brasileiros de Endocrinologia e Metabologia;

2. "Clinical and Molecular Analysis of Thyroid Hypoplasia: a Population-based Approach in
Southern Brazil", de autoria de Helton E. Ramos, Suzana Nesi-Franca, Valter T. Boldarine,
Rosana M. Pereira, Hans Graf, Luiz de Lacerda, Gisah A. Carvalho e Rui M. B. Maciel,
submetido a revista Clinical Endocrinology;

3. "NKX2.5 missense mutations are associated with thyroid ectopy: a study of 157 patients
with thyroid dysgenesis", de autoria de Helton E. Ramos, Valter T. Boldarine, Suzana Nesi-
Franca, Cleber P. Camacho, Gustavo S. Guimardes, Magnus R. Dias da Silva, Hans Graf, Luis de
Lacerda, Gisah A. Carvalho e Rui M. B. Maciel, submetido a revista The Journal of Clinical

Endocrinology and Metabolism.

Desta forma, para esta tese, realizamos estes estudos colaborativos empregando, por
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um lado, a experiéncia acumulada do Laboratério de Endocrinologia Molecular da Disciplina
de Endocrinologia da UNIFESP no diagndéstico molecular de doencas da tiréide (1-9), cujo
grupo também tinha sido pioneiro no desenvolvimento de técnicas de rastreamento e na
criacdo da legislacdo do hipotiroidismo congénito no Brasil, participando de sua implantacao
em varias cidades brasileiras, como Sao Paulo, Ribeirdo Preto, Rio de Janeiro e Brasilia (10-22);
por outro lado, a casuistica bem documentada da Unidade de Endocrinologia Pediatrica da
UFPr que, em cooperacdao com a Fundacdo Ecuménica de protecdo ao Excepcional (FEPE),
desenvolveu no Estado do Paranad um sistema bem estruturado de rastreamento e seguimento
do hipotiroidismo congénito, referéncia nacional e o primeiro a ser credenciado pelo
Ministério da Saude (23). Praticamente todas as criancas detectadas pelo programa tém o
diagnéstico confirmado e sdo seguidas regularmente. Vdrias teses e notas prévias tém
analisado aspectos clinicos e operacionais do programa, além da avaliacdo psicolégica das
criancas (23-34). Desta forma, quando procuramos estudar a patogénese molecular das
disgenesias tiroidianas, optamos por utilizar as criancas que constituem a coorte do Programa
do Estado do Parana pelo diagndstico etiolégico preciso dos pacientes com hipotiroidismo
congénito, além do excelente seguimento e facilidade de contato com os pais e familiares.

No Parana a pesquisa do hipotiroidismo congénito é realizada pela FEPE, com a
determinacdo primdria do TSH do sangue coletado do calcanhar na alta do recém-nascido.
Atualmente, com a nova portaria do Ministério da Salde 822/01, a FEPE examina em média
180.000 criancas por ano e a prevaléncia da doenca é de 1 caso para cada 4.000 nascidos
vivos analisados. O Programa abrange todos os 399 municipios do Parana, com 480 hospitais
ou maternidades e 800 unidades basicas de saude cadastradas. O seguimento dos recém-
nascidos diagnosticados pelo programa é realizado pela Unidade de Endocrinologia Pediatrica
do Hospital das Clinicas da Faculdade de Medicina da UFPr, sob a responsabilidade de uma
das investigadoras deste projeto, a Dra. Suzana Nesi-Franca. Até o momento o programa
diagnosticou 689 pacientes com HC; destes, 129 foram classificados como hipotiroidismo
transitério e a absoluta maioria dos demais estd em tratamento pela mesma equipe. Esforcos

tém sido empreendidos para melhorar o atendimento ambulatorial, principalmente no que se

12



refere a idade do inicio do tratamento, com média de 70 dias entre 1991 a 1993 e evoluindo

para 45 dias em 1994 e 15 dias em 2006.

OBJETIVOS

Os objetivos desta tese sdo:

1. caracterizar clinicamente as criancas portadoras de Disgenesia Tiroidiana (DT) provenientes
da coorte com diagndstico definitivo de hipotiroidismo congénito do Programa de
Rastreamento do Hipotiroidismo Congénito do Estado do Parana, respondendo
especificamente as seguintes questdes: a) classifica-las em subgrupos especificos de DT com
base nos dados obtidos por cintilografia e ultra-sonografia; b) definir a prevaléncia de sexo
em cada subgrupo de DT; c) estabelecer a prevaléncia de malformacdes cardiacas em cada
subgrupo de DT; d) definir o padrdao hormonal de cada subgrupo de DT,;

2. rastrear mutacbes dos genes candidatos, PAXS, receptor de TSH (75H-R) e NKX2.5 no
subgrupo de pacientes portadores de hipoplasia tiroidiana;

3. ratrear mutacdes do gene NKX2.5 em pacientes com disgenesia tiroidiana apresentando

doenca tiroidiana isolada ou associada a doenca cardiaca congénita.

Nos trabalhos completos apresentados a seguir teremos, primeiramente, uma
introducdo e atualizacdo ao tema das disgenesias tiroidianas com o manuscrito "Genética e
Mecanismos Moleculares da Morfogénese da Tiréide: Uma Nova Abordagem na Disgenesia
Tiroidiana"; a seguir, o manuscrito "Clinical and Molecular Analysis of Thyroid Hypoplasia: a
Population-based Approach in Southern Brazil" responderd aos objetivos 1 e 2 da tese;
finalmente, o manuscrito "NKX2.5 missense mutations are associated with thyroid ectopy: a

study of 157 patients with thyroid dysgenesis " respondera ao objetivo 3.
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Trabalho 1, submetido aos Arquivos Brasileiros de Endocrinologia e Metabologia
NOVOS ASPECTOS DA GENETICA E DOS MECANISMOS MOLECULARES DA
MORFOGENESE DA TIROIDE PARA O ENTENDIMENTO DA DISGENESIA

TIROIDIANA

Helton E. Ramos, Suzana Nesi-Franca e Rui M. B. Maciel
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Abstract

The elucidation of the molecular mechanisms underlying the very early steps of
thyroid organogenesis and the etiology of most cases of thyroid dysgenesis are poorly
understood. Many genes have been identified as important contributors to survival,
proliferation and migration of thyroid cells precursors, acting as an integrated and
complex regulatory network. Moreover, by generation of mouse mutants, the studies
have provided better knowledge of the role of these genes in the thyroid
morphogenesis. In addition, it is likely that a subset of patients has thyroid dysgenesis
as a result of mutations in regulatory genes expressed during embryogenesis. This
review summarizes molecular aspects of thyroid development, describes the animal
models and phenotypes known to date and provides information about novel insights

into the ontogeny and pathogenesis of human thyroid dysgenesis.
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Resumo

A organogénese da tirdide ainda ndo estd completamente elucidada, assim como
também nao se sabe o mecanismo patogenético da maioria dos casos de disgenesias
tiroidianas. Varios genes tém sido identificados como importantes para a sobrevivéncia,
proliferacdo e migracdo dos precursores das células tiroidianas e tem se demonstrado
que eles atuam de modo integrado. Além disso, por meio da criacdo de camundongos
mutantes, diversos estudos tém trazido um entendimento melhor para o papel destes
genes na morfogénese tiroidiana. Finalmente, tem-se também evidenciado que
mutacdes em alguns destes genes sdo responsdveis pelo desenvolvimento de
disgenesias tiroidianas em criancas com hipotiroidismo congénito. O objetivo desta
revisdo é sumarizar os aspectos moleculares do desenvolvimento tiroidiano, descrever
os modelos animais e respectivos fenétipos e oferecer novas informacdes sobre a

ontogenia e a patogénese das disgenesias tiroidianas humanas.
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Introducao

O Hipotiroidismo congénito (HC) é a endocrinopatia congénita mais comum,
afetando cerca de 1:3000-4000 recém-nascidos (RN) (1). Um grupo heterogéneo de
doencas relacionadas as alteracdes no desenvolvimento da tirdide, conjuntamente
denominadas Disgenesias Tiroidianas (DT), responsabiliza-se por aproximadamente
85% de todos os casos de HC. Tradicionalmente, as DT sdo subdivididas em subgrupos:
agenesia ou atireose, hemiagenesia, ectopia e hipoplasia; contudo, nao nos parece
satisfatéria uma classificacdo baseada unicamente em aspectos morfolégicos, uma vez
qgue fenédtipos semelhantes podem ser oriundos de eventos moleculares distintos. Nos
ultimos anos, a descoberta de genes (especialmente fatores de transcricao envolvidos na
diferenciacdo das células foliculares tiroidianas) e outros mecanismos implicados na
morfogénese tiroidiana, possibilitaram um maior esclarecimento sobre as bases
genéticas da ontogénese tiroidiana. Entretanto, apenas 5% dos pacientes com DT
apresentam mutacdes nos genes candidatos identificados: receptor do TSH (75HR),
PAXS8, TITFI e FOXE], indicando que sua patogénese é ainda muito mais complexa (1).
Esta freqliéncia baixa de mutacdes nas populacdes estudadas pode ser explicada pelo
fato de que as andlises sdo, na sua maioria, limitadas as regides codificadoras dos genes
e, portanto, nao excluiriam mutacbes potenciais existentes em outras regides
regulatérias, aspectos pds-zigdticos ou, mesmo, a existéncia de fendmenos
epigenéticos como causa de DT (1). Adicionalmente, a ampla variabilidade fenotipica
encontrada e a presenca invaridvel de penetrancia incompleta nos casos familiares
apontam, ainda, para possiveis mecanismos multigénicos de heranca ndo mendeliana
(2). Portanto, apesar dos avancos recentes na compreensdao de muitas etapas do
desenvolvimento tiroidiano, um montante consideravel de aspectos etiopatogénicos
estdo ainda bastante obscuros. Do ponto de vista clinico, um melhor entendimento dos
mecanismos de controle morfogenéticos da tirdide seria extremamente relevante, uma

vez que os disturbios de desenvolvimento da glandula sdao responsdveis pela maioria
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dos casos de HC. Este artigo de revisdo visa sumarizar novos conhecimentos adquiridos
a partir do estudo de modelos animais e de pacientes com DT, discutindo aspectos ja
estabelecidos e enfatizando os pontos ainda enigmdticos no entendimento do

desenvolvimento normal da tirdide e de sua fisiopatologia molecular.
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Genética do Desenvolvimento Tiroidiano Normal

Especificacdo

No embrido humano, a tiréide é o primeiro 6rgao endocrino a se desenvolver. Em
sua forma madura compde-se de dois grupos celulares distintos, com origens
embrionarias diferentes, denominados células foliculares tiroidianas (CFT) e células
parafoliculares (ou células C). Um espessamento do epitélio endodérmico, localizado no
assoalho da linha média da faringe embriondria, correspondente a base da lingua,
abriga um conjunto de células que representa as CFT primordiais ou primérdio
tiroidiano. Esta estrutura primitiva pode ser observada por volta do E8-8.5 em
camundongos e E20-22 em humanos. As CFT primordiais, a esta altura, ja apresentam
uma assinatura molecular especifica - a coexpressdo Unica de quatro fatores de
transcricdo: Hhex, Titfl, Pax8 e Foxel - que as diferencia de células do epitélio
endodérmico vizinho (3). Este processo, onde as células primordiais recebem uma
programacado definida de mudancas morfolégicas e moleculares a serem seguidas com a
finalidade de se tornarem CFT chama-se especificacdo ou determinacdo (4). Ndo se
conhece o mecanismo controlador, moléculas ou genes responsaveis pela inducdo deste
processo; acredita-se na hipdtese de possivel sinalizacdo oriunda do mesénquima
adjacente ou do endotélio do saco aértico primitivo (4). Portanto, problemas na etapa de
especificacdo deveriam gerar agenesia tiroidiana (total auséncia da glandula) como
conseqliéncia do grave defeito de organogénese. Modelos animais com inativacao
especifica de genes essenciais para a formacdo do intestino primitivo como Nodal,
fatores de transcricao reguladores do Nodal, FGF4, membros da familia GATA ou Sox, e
que, portanto, seriam potenciais candidatos a reguladores da especificacdo, ao serem
estudados, ndo foram completamente informativos. Na grande maioria destes modelos
animais ha interrupcao do processo de desenvolvimento embrionario antes mesmo do

surgimento do primérdio tiroidiano (5). Outros possiveis genes candidatos, mas ainda
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ndo identificados, seriam fatores de transcricdo responsaveis pelo inicio da expressao e

controladores dos genes Hhex, Titf1 e Pax8 (5).

Formacdo do broto tiroidiano embriondrio

Por volta do E9.5 em camundongos e E24 em humanos, o primérdio tiroidiano
invagina-se e invade o mesénquima adjacente, formando, no E10.5 em camundongos e
no E26 em humanos, uma estrutura alongada conhecida como broto tiroidiano
primitivo. Este processo de crescimento e brotamento do primérdio tiroidiano envolve,
evidentemente, um aumento muito rapido do nimero de células progenitoras, porém
recentemente demonstrou-se que isto ndo parece acontecer por proliferacdo celular,
mas possivelmente por recrutamento de células do endoderma vizinho (4). Em seguida,
o broto tiroidiano assume formato de diverticulo e migra caudalmente em direcdo ao
mesénquima. Nesta etapa, o diverticulo tiroidiano ainda se comunica com o epitélio
faringeo por uma estrutura estreita, o ducto tiroglosso, que se desfaz gradualmente e
desaparece por volta do E11.5 no camundongo e do E37 em humanos, quando a tiréide
primitiva perde definitivamente a comunicacdao com o assoalho faringeo (3).

Problemas na rede de interacdo génica durante a especificacdo e brotamento
tiroidiano podem significar prejuizo importante na sobrevivéncia e proliferacdo das CFT
primordiais. E justamente nesta fase que as CFTs caracterizam-se pela co-expressio
singular de fatores de transcricdo importantes para a morfogénese: Hhex, Pax8, Titf1 e
Foxel. Modelos animais transgénicos de inativacdo destes genes oferecem informacoes
valiosas para o mecanismo de disgenesia. Na realidade, o estudo de animais mutantes
para Hhex, Titfl e Pax8 permite observar que a morfogénese tiroidiana inicia-se, mas
em seguida, ocorre involucdo e subsequente desaparecimento do broto tiroidiano

primitivo. Discutiremos a importancia de cada fator de transcricdo na préxima secao.

Migracdo do primdrdio tiroidiano
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Por volta do E13-14 em camundongos e E44-48 em humanos, a tiréide primitiva
alcanca seu posicionamento final, anteriormente a traquéia e inferiormente a cartilagem
cricoide, quando finalmente funde-se com os corpos ultimobranquiais que contém as
células derivadas da crista neural e precurssoras das células C. Todo esse processo de
migracao dura, em humanos, 4 semanas e sua base genética ja é parcialmente
compreendida, com participacdo importante do fator de transcricio Foxel, reforcando a
idéia de uma migracdo ativa, ao invés de um simples processo de transporte passivo por
remodelacdo (6). Alguns outros eventos morfolégicos da regido cervical e oral podem
ainda contribuir no direcionamento da tirdide primitiva para a sua localizacdo final (7). A

figura 1 ilustra alguns aspectos da migracdo e organogénese.

Lobulacdo e Foliculogénese

Nos E14-15 em camundongos e E60-70 em humanos, a tirdide primitiva tem
formato semi-circular e ja possui dois lobos rudimentares paratraqueais. Em seguida, os
lobos laterais crescem e a glandula assume seu formato final: dois lobos conectados por
um estreito istmo. No E15.5 do camundongo e E50 de humanos, inicia-se o processo de
formacdo de foliculos rudimentares - foliculogénese. Qualquer problema no processo
chamado de lobulacdo pode comprometer a organogénese e a glandula, ao final, pode
ndo formar os dois lobos simetricamente - hemiagenesia. Os mecanismos controladores
da formacdo de lobos, organogénese e da proliferacido celular nesta etapa, ainda sao
obscuros. Estudos recentes em modelos animais apontam para a influéncia do gene Shh
(sonic hedgehog) e de outras diversas interacbes celulares envolvendo genes expressos
em tecidos adjacentes (8, 9). Recentemente, um modelo animal de dupla heterozigose
para a inativacdo de Titfl (Titf1+/-) e Pax8 (Pax8+/-), denominado DHTP, mostrou

elevada frequéncia de hemiagenesia (2).

Diferenciagdo funcional e hormonogénese
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O processo de diferenciacdo completa-se apenas quando a glandula atinge sua
localizacdo final; porém, esta localizacio normal ndo é exatamente um requisito
absoluto para que as CFTs completem sua diferenciacao funcional plena; isto explica o
fato de pacientes com glandula ectépica sublingual produzirem normalmente o
hormonio tiroidiano (HT), porém, em menor quantidade (1). A diferenciacdo funcional
inicia-se por volta de E14.5 e é conseqliéncia da expressdo, obedecendo um padrao
temporal, de proteinas essenciais para a producdo do HT: Tg, TPO, Tshr, NIS, DUOX e
Pendrina. Os mecanismos de controle desta etapa ainda estdo sob investigacdo e a
existéncia de uma ordem temporal definida indica que mecanismos genéticos possam
ter influéncia. Em seguida, ndo ocorre adicional diferenciacdo nas CFTs e, portanto, esta
etapa é também denominada de diferenciacdo terminal. As CFTs, entdo, ja iniciam sua
expressdo de genes especificos e essenciais para a biossintese do HT e isto ocorre
obedecendo um padrdo temporal estritamente preciso, que se inicia em E14.5 com Tg,
TPO e Tshr e, em seguida, em E16, com NIS (sodium/iodide symporter). O inicio da

producdo de T4 ja pode ser observado no E16.5 (Tabela 1) (1).

Expansdo da tiroide fetal

Nesta etapa existe uma taxa proliferativa alta do tecido tiroidiano embrionario
que proporciona grande aumento do seu tamanho e, ao mesmo tempo, a expressao de
caracteristicas proprias da arquitetura da glandula. No camundongo, o eixo hipotdlamo-
hipofisario exerce regulacdo completa do crescimento e funcao da tiréide somente apos
0 hascimento. Ja em seres humanos, a tirdide apresenta uma estrutura folicular
organizada por volta de 10-11 semanas de gestacdo e aumenta de volume até o termo,
sendo que o eixo hipotalamo-hipéfise-tiroidiano ja funciona durante a gestacdo. No
animal adulto, a via AMPc induzida por TSH é o regulador principal do crescimento
tiroidiano. Todos os modelos animais de inativacdio do Tshr ou seus ligantes
apresentam invariavelmente uma glandula hipopldsica na fase adulta. O modelo de

animal transgénico que, na tirdide, super-expressa o receptor A2 de adenosina, e sendo
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assim, apresenta ativacao constitutiva da adenilciclase, apresenta hiperplasia notavel da
tirdide na fase adulta (10). Contudo, no periodo embrionario E17, no contexto de
auséncia de Tshr funcional, o tamanho da glandula e o nimero de tirécitos permanecem
inalterados e ndo se reduzem (11); adicionalmente, no mesmo modelo transgénico que
possui aumento de expressdo do receptor A2 de adenosina, o volume tiroidiano nao se
altera no periodo embriondrio e encontra-se normal até o nascimento (10). Concluimos,
portanto, que, no feto, o crescimento da glandula é controlado por mecanismos
independentes da sinalizacdo TSH-Tshr-AMPc; porém, os mecanismos implicados ainda
ndao foram completamente esclarecidos. Interessantemente, animal heterozigoto duplo
para inativacdo de Titfl e Pax8 apresenta defeito de organogénese da tirdide, com
fenétipo de hipoplasia evidenciada tdo cedo quanto E15 e que persiste até o
nascimento. Sendo assim, é possivel que fatores de crescimento regulados por Titf1 e
Pax8 estejam envolvidos na proliferacdo de tirécitos imaturos na fase de crescimento da

tirdide fetal (2).
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Modelos Animais de Disgenesia Tiroidiana (Tabela 2)

Titf]

Titf1 (Nkx2-1 ou T/EBP) é um fator de transcricdao da familia Nkx2 codificado por
gene localizado no cromossomo 12 em camundongos e 14q13 em humanos. Durante a
vida embrionaria, o Titf1 expressa-se no primordio tiroidiano, traquéia, pulmao, cérebro
e neuro-hipdfise (1). Animais com mutacdo inativadora do Titf1 (Titf1-/-) apresentam
fenotipo complexo, caracterizado por morte neonatal, agenesia tiroidiana, hipoplasia
pulmonar, morfologia alterada da traquéia, alteracées cerebrais e auséncia da hipdfise
(12). O primérdio tiroidiano, identificado em fases mais precoces do desenvolvimento
embrionario (E9), forma-se plenamente e é absolutamente normal. Contudo, em fases
mais tardias, por volta do E10.5, a tirdide primitiva ja apresenta significante reducdo
volumétrica e de expressdao de Pax8, Foxel e Hhex. Subsequentemente, o primordio
tiroidiano desaparece (E13), dando lugar somente a células apoptéticas. Compativel com
o conhecido padrao de expressdo de Titf1, ocorre desaparecimento nido s6 das CFT, mas
também das células C e das células epiteliais do corpo ultimobranquial (13). Portanto,
Titf1 ndo é verdadeiramente necessario para a etapa de especificacdo, mas fundamental
para a proliferacdio e sobrevivéncia dos dois tipos celulares; esta funcao ¢é
comprovadamente dose-dependente (fendmeno de haploinsuficiéncia), pois os animais
Titf1+/- apresentam incoordenacdo motora associada a leve hipertirotropinemia com
niveis normais de T4 e fusdo anormal dos corpos ultimobranquiais com a tirdide
primitiva (13, 14). As vias genéticas controladas pelo Titf1 ndo estdo esclarecidas. Sabe-
se que a auséncia do Titf1 determina, no embrido, a falta de expressdao de genes como
Bmp4 (Bone morphogenetic protein 4) e Fgf8 (fibroblast growth factor 8) nos pulmdes e
hipéfise, respectivamente (15). Portanto, paralelamente, o Titfl poderia controlar a
sobrevivéncia das CFTs através de mecanismos semelhantes, envolvendo alguns fatores
de crescimento. Consistente com esta hipdtese é o fato de que o gene Fgfr2 tem sua

expressdo no primédrdio tiroidiano por volta de E11 e animais knockout para este
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receptor apresentam agenesia tiroidiana (15). A proteina Titf1 é definitivamente
regulada de forma tecido-especifica, participando da regulacdo de diferentes genes em
distintos tipos celulares. Na tiréide, além da importancia embrionaria, Titf1 desempenha

claro papel na expressdo de genes especificos da tirdide na fase adulta.

Pax8&

Pax8 (Paired Box gene 8) é membro de uma familia de fatores de transcricdo
caracterizada pela presenca de um dominio paired domain (Prd), constituido de 128
aminodcidos que se liga a sequéncias especificas do DNA. O Pax8, em células foliculares
tiroidianas diferenciadas, reconhece e liga-se a regido promotora de Tg e TPO e interage
fisica e sinergisticamente com Titf1, sugerindo existéncia de cooperacdo, entre 0s
fatores de transcricdo, no controle da diferenciacdo tiroidiana. No embrido, expressa-se
precocemente no primoérdio tiroidiano (E8.5), mielencéfalo e rins (4). Embrides de
animais Pax8-/- apresentam primérdio tiroidiano morfologicamente normal e
comparavel ao fenédtipo selvagem nos estdgios mais precoces. Mas, em estagios mais
tardios, por volta de E11.5, apresentam primordio tiroidiano francamente hipoplasico e
com expressdo reduzida de outros fatores de transcricio como Foxel e Hhex (5); e,
ainda um dia mais tarde (E12.5), as CFT ndo sdo mais detectadas no primérdio
primitivo. Animais Pax8-/- apresentam tiréide rudimentar composta quase que
exclusivamente por células C e morrem com 2-3 semanas de idade por hipotiroidismo
grave e retardo de crescimento e desenvolvimento generalizados (0ssos, intestino,
baco), sendo que a administracdo de T4 evita a morte destes animais (5). Similarmente
ao Titf1, o Pax8 ndo é requisitado para a fase de especificacdo inicial, mas possui
importancia fundamental nas etapas seguintes do desenvolvimento e sobrevivéncia
celular. O animal heterozigoto Pax8+/- possui tirdide histoldgica e funcionalmente
normal, diferindo portanto do fenétipo de DT encontrado em pacientes com mutacoes
inativadoras em heterozigose (16). Recente estudo em modelo animal com dupla

heterozigozidade para mutacdo no Pax8 e Titf1 (Modelo DHTP) revela tirdide hipoplasica
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durante a vida fetal com alta incidéncia de hemiagenesia e reducdo na sintese de
tiroglobulina; interessantemente, este modelo de DT é especifico da linhagem de
animais C57BL/6, ndao sendo observado em animais com a linhagem 129/Sv, indicando

possivel atuacdo moduladora multigénica (2).

Hhex

Hhex (Hematopoietically expressed homeobox) é um fator de transcricdo
primeiramente identificado em células hematopoiéticas multipotentes, localizado nos
cromossomos 19 e 10g23.32 em camundongos e humanos, respectivamente. E
expresso no coracdo, cérebro, primérdio tiroidiano e em outros 6rgdos derivados do
intestino primitivo (figado, timo, pancreas, pulmao). Em animais Hhex-/-, no E9, o
primérdio tiroidiano existe e a expressdao de Titfl, Pax8 e Foxel é normal. Mais
tardiamente (E10), o brotamento tiroidiano é grandemente prejudicado e existe apenas
um pequeno numero de células que ndo expressam Titf1, Pax8 e Foxel; em seguida, o
primérdio tiroidiano desaparece ou apresenta-se gravemente hipoplasico. Portanto,
parece que Hhex, como outros fatores de transcricio estudados, ndo sdo essenciais
para a especificacdo, mas sim para a sobrevivéncia das células precurssoras (1, 17). Nos
embridoes de animais Titf1-/- e Pax8-/-, Hhex é indetectavel no remanescente tiroidiano,

indicando a presenca de uma rede de interacdo génica entre estes fatores de

transcricao.

Foxel

Foxel (TTF2, thyroid transcription factor 2) é codificado por gene situado no
cromossomo 4 em camundongos e 9g22 em humanos. Durante a vida embrionaria
expressa-se muito precocemente na tirdide, na bolsa de Rathke, lingua e es6fago; mais
tardiamente no palato, coanas e foliculo piloso (18). A sua auséncia nos animais Foxel-
/- ndo determina defeito na especificacdo, porém compromete gravemente a migracao e

sobrevivéncia da tirdide primitiva: em E10 o primordio tiroidiano ainda encontra-se
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atracado no assoalho faringeo e em estagios mais tardios existe apenas um pequeno
nimero remanescente de CFT capazes de sintetizar Tg (indicando capacidade
preservada de diferenciacdo) ou simplesmente agenesia completa (6). Esta variabilidade
fenotipica pode ser explicada por eventos epigenéticos ou influéncia do "background"
genético individual. O animal Foxel-/- morre nas primeiras 48 horas de vida e apresenta
fenotipo de agenesia tiroidiana e hipotiroidismo grave associado a fenda palatina
(responsavel pela morte neonatal). Em outro modelo animal, onde a expressdo do Foxel
restringiu-se a células do primdrdio tiroidiano e é ausente no endoderma faringeo (
Titf1+/Foxel)  ha completa migracdo, demonstrando-se que este evento é autébnomo e
exclusivamente dependente do controle intrinseco e local exercido por Foxel nas
células precurssoras da tiréide, ndo havendo interferéncia da auséncia de Foxel no

endoderma faringeo vizinho (5).

Shh

Shh (sonic hedgehog) codifica gene localizado no cromossomos 5 em
camundongos e 7q36 em humanos. Nao ha expressdo no primdrdio tiroidiano, mas é
amplamente detectado no epitélio do intestino primitivo, inclusive no assoalho faringeo.
Estudos com animais Shh-/- indicam sua grande importancia na organogénese de varias
estruturas, incluindo a tirdide. Neste modelo animal, as etapas precoces da
morfogénese tiroidiana ndo sofrem alteracdo, mas parece haver prejuizo no processo de
lobulacdo: no E15, a tiréide primitiva aparece apenas como massa tecidual localizada
em regido paratraqueal (8). Como Shh ou seu receptor ndo sdo expressos em células
tiroidianas, parece haver controle da lobulacdo através de mecanismos prejudicados na
auséncia de Shh. O desenvolvimento anormal de diversas estruturas vasculares
préximas a tiréide que ocorre em animais Shh-/- seria um mecanismo candidato. Esta
hipétese é consistente com o relato de hemiagenesia em pacientes acometidos por
doencas caracterizadas por defeitos vasculares e cardiacos congénitos como a Sindrome

de Di George (19). Porém a base genética do processo de lobulacdo ainda precisa ser
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amplamente explorada, possivelmente envolvendo fatores intrinsecos das CFT e do

tecido adjacente (2).

Nkx2.5

Nkx2.5 é um fator de transcricdo essencial para a morfogénese cardiaca e que se
expressa precocemente no primoérdio tiroidiano (E8.5-9.5) (1). A inativacdo do gene
Nkx2.5 em animais resulta em morte precoce (E9.5) no periodo fetal por defeitos graves
na formacdo do coracdo e especificacdo ventricular, e isto dificulta a andlise da
importancia deste gene na morfogénese tiroidiana (20). Embrides de animais Nkx2.5-/-
apresentam primoérdio tiroidiano hipopldsico se comparados ao tipo selvagem, mas nao

ha alteracdo da expressdo de outros fatores de transcricdo (Pax8, Titf1 e Foxel) (21).

Tshr

O Tshr (thyroid-stimulating hormone receptor) € um membro da familia dos
receptores acoplados a proteina G. Este receptor é detectado em células tiroidianas por
volta do E15, simultaneamente a producdo de TSH pelos tirotrofos da hipéfise fetal e
sua expressdo aumenta consideravelmente a partir do E17. Os modelos animais
disponiveis possibilitaram uma compreensdao muito maior sobre a fisiologia do eixo
hipotalamo-hipéfise-tiroidiano durante a vida embriondria. Tanto o Tshrhvt/Tshrhyt (com
mutacdo puntual espontanea no quarto dominio transmembrana do receptor) quanto o
Tshr-/- (com inativacdo do gene por recombinacdo homéloga em células tronco)
apresentam hipotiroidismo grave apds o nascimento associados a hipoplasia na vida
adulta (11, 22). Na auséncia de um Tshr funcionante existe importante diminuicdo da
expressdao de NIS e TPO na tirdide fetal; portanto a sinalizacdo via Tshr é de extrema
importancia no processo de diferenciacdo funcional. Entretanto a sintese de DNA e
tamanho glandular, durante a vida fetal ndo parecem ser influenciados pelo Tshr,

sugerindo mecanismos de controle diversos do tamanho da tiréide no feto e adulto (11).
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Tbx1

Animais Tbx1-/- exibem fenétipo de malformacdo vascular importante e,
recentemente, é crescente a importancia atribuida a influéncia dos grandes vasos per se
ou de fatores reguladores e essénciais a vasculogénese na morfogénese tiroidiana.
Acredita-se que a malformacdo vascular, direta ou indiretamente, possa contribuir ou
causar um defeito de migracdo ou de formacdo tiroidiana. O animal Tbx1-/- possui
atraso na migracdo do diverticulo tiroidiano em direcdo ao saco aértico e isto acontece
sem haver qualquer prejuizo na expressdo do Foxel, Unico fator de transcricio de
importancia reconhecida no processo de migracdo. O resultado da inativacdo do gene
Tbx1 é um fendtipo de alteracdo vascular associado a defeito de bilobacdo e glandula de

volume reduzido (4, 23).

Outros genes

Alguns genes da familia Hox de fatores de transcricdo poderiam estar envolvidos
na morfogénese tiroidiana. Inativacdo do gene Hoxa5 gera fenétipo de hipotiroidismo
neonatal e menor expressdo embrionaria dos fatores Titfl, Pax8 e Foxel,
associadamente a defeito na foliculogénese e na producdo de Tg (24). Especialmente o
gene Hoxa3, que é detectado no assoalho faringeo e primérdio tiroidiano, tem animal
knockout que apresenta fendtipo de hipoplasia tiroidiana e de hipodesenvolvimento e
migracao anormal dos corpos ultimobranquiais, com conseqliente auséncia do nimero
de células C parafoliculares, associados a agenesia timica e de paratirdide (25). O gene
Eyal, apesar de presente nos corpos ultimobranquiais e ndo ser expresso no primérdio
tiroidiano, gera fendtipo idéntico ao animal knockout para Hoxa3, indicando que o
defeito na organogénese tiroidiana pode advir da auséncia de fusdo com os corpos
ultimobranquiais durante a embriogénese (9). Um fendtipo idéntico é também
observado em animais com mutacao nos genes Pax3 e Endothelin-1, que sao
fundamentais para o desenvolvimento de estruturas derivadas da crista neural, fato que

corrobora o conceito de interacdo importante e critica entre os corpos ultimobranquiais
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e o diverticulo tiroidiano (26, 27). O gene Fgfr2 (fibroblast growth factor receptor 2),
detectado ap6s formacdo do primérdio tiroidiano (E11.5) e seu ligante Fgf70 (fibroblast
growth factor 10) parecem representar vias significativas de diferenciacdo e proliferacao
da tiréide durante a vida embriondria, uma vez que os animais knockout apresentam

fenotipo de agenesia (15, 28).
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Genética da Disgenesia Tiroidiana Humana

TITF]

Rastreamentos de mutacdo do TTF1 em populagbes de pacientes com DT
apresentaram resultados negativos (29-31). Dada a importancia fundamental deste gene
na morfogénese pulmonar e cerebral observada no modelo animal knockout, presume-
se que uma mutacdo inativadora em homozigose seria praticamente incompativel com a
sobrevivéncia no periodo neonatal. De fato, os pacientes até entdo identificados,
apresentam defeitos genéticos em heterozigose (delecdo, insercdo, mutacdo nonsense e
missense) e quadro sindromico que abrange problemas respiratérios no periodo
neonatal (em alguns casos ausente ou com ampla variacdo de gravidade), distlrbios
neurolégicos (coreoatetose) e fendtipo tiroidiano varidavel entre eutiroidismo e HC
(tirdide normal a hipoplasica) (14, 32-37). Na literatura, a andlise de familias estabelece
forte relagdo com coréia hereditdaria benigna (disturbio de movimento autossémico-
dominante) (38). A imensa variacdo do fenétipo e a falta de correlacdo com a extensao
do defeito genético indicam a presenca de penetrancia incompleta e influéncia de genes
moduladores, assim como de fatores ambientais. Contudo, haploinsuficiéncia parece ser
0 mecanismo responsavel pela presenca de doenca em individuos heterozigotos, assim

como recentemente observado em estudo de animais Titf1+/- (14).

PAXS

O gene PAXS, em humanos, localiza-se no cromossomo 2, possui 12 exons que
codificam proteina de 450 aminoacidos. Cerca de 10 Mutacbes do gene PAXSE (8
missense, 1 nonsense e 1 delecdo) ja foram descritas em casos esporadicos e familiares
com transmissdo autossémica dominante de HC com DT, todas em heterozigose (Tabela
3) (39-47). O fenétipo tiroidiano é bastante varidvel (leve a hipoplasia grave), mesmo
entre individuos afetados membros de uma mesma familia, indicando penetrancia

incompleta (40, 44).
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FOXE]

A sindrome de Bamforth-Lazarus caracteriza-se por fenda palatina, atresia
bilateral de coanas, epiglote bifida, alteracdo do couro cabeludo (cabelos espetados) e
agenesia tiroidiana (48). O gene FOXE ] é expresso continuamente na tirdide desde o
periodo embriondrio e possui um Unico exon codificando uma proteina de 367
aminoacidos. Estudos recentes sugerem associacdo entre polimorfismos do gene e risco
de DT (49). Entretanto, o rastreamento de mutacdo em individuos com DT e fenda
palatina isolados ou em combinacdo ndo tiveram sucesso, sugerindo tratar-se de um
defeito genético raro (50). Trés mutacdes do gene FOXE]! em homozigose, todas
localizadas no dominio forkhead de ligacdo ao DNA, ja foram descritas em 5 pacientes
com HC: S57N, A65V e R102C (51-53). Individuos heterozigotos sdo normais e os
portadores de mutacdes com atividade funcional parcialmente preservada apresentam
fenotipo incompleto como auséncia de atresia de coanas e de epiglote bifida (52). A
ultima mutacdo descrita (R102C), em homozigoze, foi encontrada em paciente com HC
grave, auséncia de concentracdo de iodo e tiroglobulina indetectavel, mas associados a

presenca de tecido tiroidiano identificado por ultrasonografia (51).

NKX2.5

O gene que codifica NKX2.5 em humanos localiza-se no cromossomo 5q34 e
possui 2 exons codificando uma proteina de 324 aminoacidos. Estudos /n vitro indicam
que NKX2.5 é um forte indutor de NIS e interage sinergisticamente com 7/7F/; além
disso, a expressdao de isoforma com acdo dominante negativa (N188K) em células
tiroidianas provocou reducdo na transcricio de genes especificos como pendrina e
tiroglobulina (54,55). Uma vez que este gene é fundamental para a morfogénese e
miogénese cardiaca, varias mutacdes inativadoras do gene NKX2.5 ja foram
identificadas em pacientes com cardiopatia congénita, sendo que os defeitos de septo e

disturbios de conducdo figuram entre os fen6tipos mais comumente encontrados (56-
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59). Durante a embriogénese, parece haver intima relacdo entre o desenvolvimento
tiroidiano e cardiovascular, sobretudo refrente ao processo de migracdo do primérdio
tiroidiano (4,60). Recentemente, 3 mutacdes heterozigéticas inativadoras (R25C, A119S
e R161P) foram descritas em 4 pacientes com DT (3 com ectopia e 1 com agenesia). Os
estudos funcionais /n vitro demonstraram reducdo de transativacdo, capacidade de
ligacdo ao DNA e efeito dominante negativo das proteinas mutantes (21). Nosso grupo
realizou o rastreamento de mutacdes do gene NKX2.5 em uma populagdo de 157
pacientes com DT (17 com cardiopatia congénita). Identificamos 4 novas mutacdes
(D16E, A80G, D105E e L245l) e uma mutacdo previamente descrita (A119S) em 4

individuos (todos com ectopia) também sem estigmas de cardiopatia congénita (21).

TSH-R

O gene 7SH-R tem 10 exons, codifica proteina de 765 aminodcidos e localiza-se
no cromossomo 14q31. A porcdo extracelular amino-terminal é codificada por 9 exons,
enquanto que os dominios transmembrana e citoplasmatico sdo codificados por um
Unico grande exon. Mutacbes inativadoras do gene 75H-R, em homozigose ou
heterozigose composta, representam o achado genético mais comum em pacientes com
DT. O espectro da manifestacdo fenotipica da hiposensibilidade ao TSH é grande,
variando de hipertirotropinemia leve ou hipotiroidismo subclinico a grave HC com
profunda hipoplasia da glandula (61). Parte desta variabilidade clinica pode ser
explicada por atividade funcional residual das moléculas mutantes de TSHR, influéncia
moduladora de outros genes e diferencas no background genético (1). Nos casos
familiares, a doenca tem heranca autossémica recessiva e individuos heterozigotos
possuem fendtipo normal ou niveis de TSH levemente aumentados (61). O rastreamento
de mutacdes no TSHR em casos esporadicos ou familiares de hipotiroidismo ndo auto-
imune, mostrou que se trata de evento genético raro (62). Estudo recente de familias

com fendtipo de resisténcia ao TSH (RTSH), mas com padrdo de heranca autossdmico
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dominante de alta penetrancia, apés adequada investigacao dos locus candidatos, indica

provavel implicacdo de novos mecanismos moleculares ou epigenéticos (63, 64).

Outros genes

O gene Shh, classicamente relacionado a holoprosencefalia (auséncia do lobo
frontal do cérebro do embrido) e malformacdo de estruturas da linha média
(dismorfismos cranio-faciais, fenda palatina e alteracdo da morfogénese hipotalamo-
hipofisaria), possui diversas mutacdes descritas em casos isolados e familiares com
heranca autossémica dominante, com grande variabilidade fenotipica. A sindrome pode
englobar diversos distlirbios enddcrinos: diabetes insipidus, hipoplasia adrenal,
hipogonadismo e hipoplasia tiroidiana (65). O gene 7BX7 pode estar relacionado a
Sindrome 22q11 (de Di George), que possui uma prevaléncia de hipotiroidismo em 20%
dos seus casos, as vezes com manifestacdo tardia na vida adulta, sendo sugerido a
deficiéncia do crescimento glandular (hipoplasia) como causa aparente. O quadro clinico
é complexo, envolvendo malformacao vascular, dismorfismos faciais e agenesia de timo
e paratiréide. A investigacdo ndo sistemadtica do fenétipo tiroidiano, nos pacientes ja
descritos com esta sindrome, encontrou alguns casos de hemiagenesia, hipoplasia lobar

e agenesia de istmo em estudos de autépsia (23, 66).

40



Conclusdo

Os estudos em animais knockout e relatos de mutacdes humanas demonstram
papel importante de alguns genes na embriogénese tiroidiana. Até o momento, 4 genes
estdo fortemente implicados: 7/TFI, PAXS, FOXE] e TSH-R. Os 3 primeiros, todos
fatores de transcricdo, muito conservados na escala zoolégica (>90% de homologia
entre camundongos e humanos), embora ndo especificos da tirdide, possuem
coexpressdo Unica no primoérdio tiroidiano durante a embriogénese e que se mantém na
fase adulta. O fenotipo em humanos geralmente assemelha-se ao encontrado no
modelo animal correspondente, porém as mutacdes ja encontradas explicam apenas
uma parte muito limitada dos casos de DT. Mesmo se levando em conta que, na maioria
das vezes, a anadlise é restrita a regido codificadora do gene, é muito provavel que
outros genes ndo conhecidos estejam envolvidos. A exclusdo dos ja conhecidos genes
candidatos, em um série de casos familiares reforcam esta hipotese (67). Além disso, o
modo de transmissdo da doenca pode ser diferente entre animais e humanos. Em
animais, linhagens Pax8+/- apresentam fendtipo aparentemente normal, enquanto que
linhagens Titf1+/- possuem hipotiroidismo subclinico e distlirbios motores. Por outro
lado, em humanos, individuos com mutacdes heterozigdticas para os mesmos genes
homdlogos apresentam quadro clinico de DT com heranca autossdomica dominante. Em
modelos animais o gene Foxel esta fortemente implicado em defeito de migracdo,
enquanto que em humanos, os casos de ectopia, que representam a maioria dos
pacientes com DT, permanecem obscuros do ponto de vista genético, ndo sendo
relacionados as poucas mutacdes descritas do FOXE]. Ainda existe controvérsia sobre o
carater passivo do processo de migracdao do primoérdio tiroidiano e acredita-se que
genes expressos ho mesénquima vizinho deveriam ser também considerados candidatos
na patogénese da ectopia (5). Analogicamente, na sindrome de Kalmann, onde existe
disturbio na migracdo de neurdnios secretores do GHRH (gonadotropin-releasing

hormone), o defeito genético advém de perda funcional de proteina extrinseca a estas
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células endécrinas (68). Ultimamente uma importancia crescente tém sido dada a
influéncia dos vasos embriondrios na organogénese tiroidiana, sugerindo que fatores
vasculares devam ser adicionados a lista de genes candidatos (4, 60). Nossos dados
recentes apontam uma possivel associacdo de ectopia com o gene NKXZ2.5, fator de
transcricdo conhecidamente importante para a diferenciacio e morfogénese
cardiovascular, porém os mecanismos moleculares implicados sdo desconhecidos,
podendo incluir interacdo com outros fatores de transcricio extrinsecos da tirdide,
como os pertencentes a familia Tbx (21, 69, 70).

A andlise dos casos familiares descritos na literatura permite concluir que nao
existe um padrdo de transmissdo claramente mendeliano, havendo alta incidéncia de
alteracoes subclinicas da morfogénese tiroidiana em familiares dos pacientes com DT
(67). A variabilidade fenotipica intrafamiliar é evidente nos casos de mutacdes no PAXS e
7ITF1, indicando penetrancia incompleta. Isto sugere um modelo de doenca de origem
multigénica que mais uma vez, recentemente, encontrou respaldo em modelo animal
(DHTP). O numero de genes candidatos é vasto e ainda largamente desconhecido. A
tabela 2 resume os diversos genes, sendo a maioria fatores de transcricio ou de
crescimento, capazes de produzir defeitos de organogénese tiroidiana em modelos
animais.

A identificacido de novos genes, principalmente se forem relacionados ao
processo de especificacdo ou em fases mais precoces da organogénese, seria
extremamente (til. Ainda assim, a DT ocorre predominantemente como doenca
esporadica (95% dos casos) e existe indubitavel discorddncia na maioria dos casos
documentados em gémeos monozigéticos e uma forte preponderancia no sexo feminino
(principalmente para ectopia) (71, 72). Estes dados indicam que a DT, mesmo tendo
causa genética, pode nao ser hereditaria e que mecanismos nido mendelianos, como
eventos pds-zigdticos e fendmenos epigenéticos podem estar envolvidos na sua

patogénese (73).
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Tabela 1.Resumo das diferentes fases do desenvolvimento tiroidiano: aspectos embriolégicos,
morfoldgicos e genéticos

Genes reguladores Diferenciacdo

Dia Dia Morfologia Titf1 Ffgr2 Tg T4

Embrionério Embrionario Foxel Nis

Camundongo  Humano Pax8 TPO

Hhex Tshr

E8 20d Endoderma - - - - -
indiferenciado

E8.5 22d Primérdio + - - - -
Tiroidiano

E9.5 22-26d Broto + - - - -
Tiroidiano

E10.5 26d Migracdao + - - - =

E11.5 37d Desaparecim. + + - - -
Ducto
Tiroglosso

E12.5 44d Expansao- + + - - -

Fusao Corpos
Ultimobrang.
E13.5 48d Final Migracao + + - - -
Inicio Foliculg.
E14.5-15.5 50d Lobulacao e + + + -
E15.5-16 Foliculogénese -
Inicio da
Diferenciacao
E16.5 10-12 sem Fim da + + + +
Diferenc. +
Terminal
Organogénese
Completa

+, Presente; —, Ausente



Tabela 2. Modelos animais de DT

Gene Funcao Fenétipo tiroidiano

Hhex Fator de transcricdo Agenesia

Titf1 Fator de transcricao Agenesia

Pax8 Fator de transcricdo Agenesia

Pax3 Fator de transcricao Hipoplasia

Foxel Fator de transcricdo Agenesia ou Ectopia

Tshr Receptor acoplado a proteina G Hipoplasia

Fgfr2 Receptor tirosinoquinase Agenesia

Fgf10 Fator de crescimento Agenesia

Nkx2.5 Fator de transcricdo Hipoplasia

Hoxa3 Fator de transcricao Hipoplasia

Hoxa5 Fator de transcricdo Defeito de diferencia¢do funcional
Eya 1 Fator de transcricdo Hipoplasia

Edn-1 Peptideo de sinalizacdo Hipoplasia

Thx1 Fator de transcricao Hipoplasia e Hemiagenesia
Shh Morfogene Hemiagenesia

Adaptado de De Felice e Di Lauro et al. (ref. 1)
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Tabela 3. Mutacdes descritas no gene PAX8em HC

No Alteracdo  Mutacdo Proteina Morfologia Estado Tiroidiano  Ref.
Casos Genética Tiroidiana
2 Missense 91C>T R31C Hipoplasia HC 43
Eutiroidiano
1 Missense 92G>A R31H Hipoplasia HC 44
2 Missense 119A>G Q40P Hipoplasia HC 40
Normal Eutiroidiano
7 Missense 143C>T S48F Hipoplasia HC 42
Normal Hipo Subclinico
3 Missense 155G>C R52P Hipoplasia HC 39, 46
Normal Eutiroidiano
3 Missense 16TA>G S54G Hipoplasia HC 45
2 Missense 170G>A C57Y Hipoplasia HC 47
3 Missense 185T>G L62R Hipoplasia HC 44
Cisto Rudimentar Hipo Subclinico
3 Delecdo 277del 277del Hipoplasia HC 41
Normal Hipo Subclinico
Eutiroidiano
1 Nonsense 322C>T R108X Hipoplasia HC 44
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Figura 1. Vista frontal dos érgaos derivados da faringe primitiva

Cavidade
timpénica
primaria

Mearto auditive
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Corpo
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(a partir do 4% arco)

Glindula paratirdgide
(a partir do 3° arco)

Intestino
Tim I':JI'IF'I"IIEI'A."I::'

{a partir do 3% arco)
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Legenda da Figura

Figura 1. A tirdide forma-se a partir da migracdo do primérdio tiroidiano, que é derivado do
assoalho do intestino primitivo. A medida que migra para baixo, associa-se as células
derivadas do corpo ultimo-branquial, provenientes do 4°. arco branquial, que contém as células
C, para formar a glandula tiréide madura. O forame cego é uma abertura formada pela
invaginacdo do primdrdio tiroidiano que se fecha posteriormente durante o desenvolvimento.
As glandulas paratiréides e o timo derivam-se do 3°. arco branquial. A cavidade timpanica e o
meato auditivo externo formam-se a partir do 1°. arco branquial (Adaptado de Maciel RMB, ref.

74).
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ABSTRACT

Context: Congenital hypothyroidism (CH) is mainly due to developmental abnormalities leading
to thyroid dysgenesis (TD). TD encompasses a very distinct morphologic subtypes of disease.
Objective: This study examined and compared the phenotype in TD variants and searched for
genetic alteration in sporadic thyroid hypoplasia (TH), the most misdiagnosed form of CH.
Design: This was a longitudinal study over a 14-year period (1990-2004).

Setting: Neonatal screening program for CH.

Patients: Among 2,546,112 neonates screened, 644 children were identified with CH; 453
children were identified with permanent primary CH.

Materials and Methods: A continuous series of 353 children with TD was identified using
thyroid function tests (TT4 and TSH), scintigraphy, and ultrasound as diagnostic tools.
Individual phenotypes were analyzed in 253 children with TD. Mutations in the most likely
candidates genes were studied in 35 cases of TH.

Results: The overall birth prevalence of CH was 1:3953. Ectopy represented 37% of all cases of
permanent primary CH, dyshormonogenesis (28%), agenesis (24%), hypoplasia (10%) and
hemiagenesis (1%). The lowest screening T4 levels and the highest TSH levels were in the
agenetic group followed by TH. TH group had an improvement in the thyroid function showing
less severe phenotype with aging. In the molecular analysis, one patient was identified with a
mutation of PAX8E gene (Arg52Pro); four patients had a heterozygous G>C substitution in
position -569; two patients showed Pro52Thr or Asp727Glu polymorphic variants of the 7SH-R
gene; and one patient presented a novel nonsynonimous substitution, Ser98Asn, in the NKX2-5
gene.

Conclusions: Prevalence of CH was within the previously reported range of 1:3000-4000.
Ectopy was the most common etiology. Clinical analysis revealed distinct hormonal patterns in
TH subgroup when compared with other variants of TD, with genetic abnormalities identified

only in few cases in 7SH-R, PAX8 and NKX2.5 genes.
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Introduction

Congenital Hypothyroidism (CH) is the most common inborn endocrine disease,
affecting 1 in 3000-4000 newborns (1-4); it is due mainly to developmental abnormalities (80-
85% of cases), grouped under the name thyroid dysgenesis (TD), but it can be also caused by
dyshormonogenesis (10-15%) and transient hypothyroidism (5%). TD includes 4 variants,
ectopy, agenesis or athyreosis, hypoplasia, and hemiagenesis (5). Ectopic thyroid is the most
frequent malformation, with thyroid tissue being found most frequently at the base of the
tongue. Thyroid agenesis (or true athyreosis) is the second more frequent anomaly and is
defined by the absence of any detectable thyroid tissue, with no uptake of radioisotope in the
thyroid bed, along the normal path of descent or anywhere in the cervical area. Thyroid
hypoplasia (or apparent athyreosis) (TH) is characterized by the presence of a hypoplastic,
hypofunctional, bilobed and orthotopic thyroid which takes up radiosotopes rather poorly.
Thyroid hemiagenesis is a disorder in which one lobe of the gland fails to develop. TH and
thyroid hemiagenesis are considered the rarest TD abnormalities, representing 5-10% of cases
in all series (5).

To understand the pathogenesis of these several TD forms, it would be necessary to
clearly distinguish its various phenotypes, since their differentiation is difficult, particularly
among newborns who present absent or poor uptake on scintigraphy. They are a
heterogeneous group of patients and the differential diagnosis includes TH, thyroid agenesis,
and thyroid ectopy, but also transient disorders, as the presence of anti-TSH-Receptor (TSH-R)
antibodies passed through the placenta from the mother and acute iodine overload (1-3).
Difficulties for a correct diagnosis of these several TD forms are due to weaknesses in previous
studies, among them: a) the percentage of patients who had scintigraphy either was not
reported or was performed in a much smaller proportion of patients (6); b) ultrasound scanning
was underutilized (7); c) the etiological category was not very well defined, since some patients
with small thyroid gland and poor uptake of the tracer have been assigned with

dyshormonogenesis (8); d) the studies were limited by the short duration of follow-up and
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small cohort size; e) there are limited data available on patterns of hormonal concentrations for
TSH and T4. Among the several TD forms, TH is misdiagnosed and underdetected due to the
lack of a systematic evaluation using both scanning and ultrasound. Therefore, a detailed study
of the clinical aspects and hormonal profile of patients with TH is needed.

TH seems to result from involution or failure of the thyroid to growth during embryonic
life or in the postnatal period and its molecular pathogenesis is still unsolved. Knockout
experiments in mice indicates that TH can be caused by defects in transcription factors (Pax3,
Pax8, Nkx2.5, Hoxa3, Tbx1, Eyal) or other genes involved in thyroid development (signaling
peptides, growth factors, growth factor receptors and Tshr) and either inability to receive TSH
signal by posttranslational defects in the TSH receptor (4,9). In humans, the disease is
monogenic in a small number of cases, including loss-of-function mutations in 7SH-R, PAXS
and 7/TF7; and rarest, defects in genes coding Gsx-subunit and TSHB-subunit (1-4).

In this study we have initially dissected the individual phenotypes of a cohort of 353
patients with TD to define those 35 affected by well documented TH to particularly search for

mutations in the potential candidate genes PAXS8, TSH-R and NKX2.5.
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Subjects and Methods

Patients

The State of Parana Neonatal Screening Program, in Brazil, supported and handled with a
100% state coverage by the Ecumenic Foundation for Care of Handicapped, screened 2,546,112
newborns from 1990 to 2004 by TSH measurement on dried blood spots collected on filter
paper at 48 h of life from a heel prick (TSH cut-off 10 mU/L, Delphia Perkin-Elmer
immunofluorimetric assay). The screening and initial evaluation follow a procedure previously
described (10). If the TSH level was higher than 30 mU/L, the neonate was immediately referred
for evaluation and treatment in the Pediatric Endocrinology Unit, Federal University of Parang; if
the TSH concentration was between 10-30 mU/L, another sample was requested, and the child
was referred if TSH is still higher than 10 mU/L. Within 24 h of a positive screening result, the
neonates had a history and a physical examination performed and a blood sample was taken for
confirmation of diagnosis [serum TSH and total T4 (TT4)] employing chemoluminescent assays;
reference intervals are 6-12 ug/dL for TT4 and 0.3-4 mU/L for TSH. After the confirmation of
results, levothyroxine (L-T4) replacement treatment, 10-15 pg/kg/day, was started and L-T4
dosage was adjusted during infancy and childhood according to serum TSH and TT4. When the
infants reach 3 years, they follow a protocol to determine if the CH is permanent or transient,
consisting of serum thyroid function tests (TSH and TT4), thyroid 23] or 131l scanning, and
thyroid ultrasound after 30 days of L-T4 therapy discontinuation. According to the results,
children were divided into five groups: 1) ectopy, 2) agenesis, 3) hypoplasia, 4) hemiagenesis
and 5) normal eutopic thyroid gland or goiter. The presence of cardiac congenital
malformations was ascertained from chart review and were considered significant only in
children older than 2 years.

The female:male proportion, with 95% confidence intervals, was calculated in all
etiological categories and compared to theoretical proportion of 0.5 (which is expected in
autosomal recessive conditions) using the 2z statistic. Repeated-measures ANOVAs were

performed to determine the patterns of TSH and TT4 concentrations in all groups. Serum TSH
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and TT4 concentrations were normally distributed, and a Bonferroni correction for multiple
comparisons was used. Pearson correlations were used to assess the relationship between TSH
and TT4 measured at diagnosis and at the time of the protocol to confirm the diagnosis of
permanent CH.

The study protocol was approved by both Ethics Committees of University Hospitals of
Federal Universities of Sdo Paulo and Parana. Fifty normal individuals from the same geographic

area were used as controls. All parents of minors gave informed consent.

Genotype analysis

For the molecular analysis, we focused on 35 patients with TH (27 females and 8 males)
studying candidate genes PAX-8, NKX2.5, and TSH-R. We did not include NKX2.7 and FOXE-]
because the phenotype analysis of our patients with TH did nor reveal any infant with
Bamforth-Lazarus syndrome or choreoathetosis. Other 35 patients with thyroid /n situ having
normal volume were also included. DNA was extracted from whole blood using standard
techniques. The entire coding region and promoter of the PAX8 gene, including exon/intron
boundaries, was amplified from genomic DNA by polymerase chain reaction (PCR) using
standard techniques. Individual 75H-R exons were amplified and the exon 10 was subdivided in
3 overlapping amplimers. The coding region of the NKX2.5 gene was studied and each of 2
exons were amplified by a total of 4 PCRs. PCR products were sequenced directly on ABI3100
genetic analyzer.

Fifty healthy normal Brazilian individuals from the same geographic area were used as
controls (all primers and PCR conditions are available upon request). Genotyping of all family
members, for the R52P mutation on PAX8 gene, were performed using enzymatic digestion with

BstUI.
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Results

Clinical findings

In 2,546,112 newborns screened, we identified 644 with confirmed CH, giving an overall
birth prevalence of 1 in 3953 live births. From these, 566 are followed in our institution. There
were 113 children with transient primary CH on the basis of spontaneous normalization of TSH
between screening and diagnosis or no rise in TSH after stopping T4 treatment. In all who had a
scan in this group, this showed a thyroid of normal position and shape; some were born to
mothers who were being treated with antithyroid drugs for Graves’ disease or who had anti-
peroxidase antibodies. Of the remaining 453 infants, 353 have already been examined at the
age of 3 years to determine the CH type. We have found 133 with thyroid ectopy (37% of cases
with permanent primary CH), 100 with dyshormonogenesis (28%), 82 with agenesis (24%), 35
with TH (10%), and 3 with thyroid hemiagenesis (1%) (Table 1). In some cases, scintigraphy
showed no isotope uptake, but visualization of thyroid tissue was obtained on ultrasound; this
was attributed to cystic degeneration of the thyroid (n=1), hypoplasia (hn=6) and possible iodide
trapping defect (n=2).

As in other study, the female predominance is significant (z = 5.12, p< 0.001) only for
ectopy and not for TH and agenesis (Table 2) (6).

As in another Brazilian cohort of patients with CH (11), there was a higher than
expected prevalence of congenital heart disease, 26 of 353 (7.3%). Furthermore, as in the
pediatric population of Parana (12), this overall increase was largely due to persistent
ventricular and atrial septal defects.

Screening TSH values were comparable in infants with TH and agenesis (319+47 mU/L
vs 321+28 mU/L; p=0.6), but the mean TSH levels was significantly higher (319+47 mU/L vs
199+16 mU/L; p< 0.05) when compared with the ectopic group. There was a greater difference
between the ectopic and agenetic groups (199+16 mU/L vs 321+28 mU/L; p< 0.001) (Figure

1A). The percentage of infants with screening TSH levels higher than 250 mU/L was also higher
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in agenetic infants (54%) than in infants with TH (37%) and ectopy (24%). As shown in Figure 1B,
mean confirmatory neonatal TT4 levels were lower in infants with agenesis when compared with
infants with ectopy (1.39+0.2 pg/dL vs 4.13+0.3 pg/dL; p< 0.0001) and TH (1.39+0.2 pg/dL
vs 2.03+0.6 pg/dL; p=0.6). In TH (r=-0.51, p< 0.005) and ectopic (r=-0.44; p< 0.0001)
groups, there was a significant inverse correlation between TSH and TT4 concentrations at
diagnosis. However there was no correlation between TSH and TT4 concentrations in the
agenetic group at diagnosis (r=-0.2; p= 0.1).

At the protocol to confirm the diagnosis of permanent CH, the mean TSH concentration
in the agenetic group was still the highest and a significant difference was now found not only
between the ectopic (248+22 mU/L vs 158+13 mU/L; P< 0.001), but also between TH (248+22
mU/L vs 173+30 mU/L; P<0.005) group. Therefore, the pattern of mean TSH level varied
greatly among the TH group if compared with the one previously observed at diagnosis; now it
was more comparable to that seem in the ectopic group (173+20 mU/L vs 158+13 mU/L,;
p=0.7), but the difference did not attain statistical significance. The mean TT4 levels were
consistently the lowest in the agenetic group at protocol to confirm permanent CH. However,
the differences between mean TT4 concentrations now reached significance for the TH group
(1.10+0.1 pg/dL vs 2.36+0.6 pg/dL; p< 0.05), and is still highly significant for the ectopic
group (1.10=0.1 pg/dL vs 2.97+0.2 pg/dL; p< 0.0001). The measured lower TSH levels in TH
group was now followed by a marginal significant difference in TT4 levels between TH and

ectopy (2.36+0.6 pg/dL vs 2.97+0.2 ug/dL; p< 0.01).

PAX8 gene

A recently reported heterozygous mutation in exon 3 was found in an 11-yr-old girl
with TH (13). She had a neonatal persistent jaundice and an elevated TSH at screening (81
mU/L) and a normal TT4 (7.3 pg/dL). Neck ultrasound shown an /n situ bilobed hypoplastic
gland and the scanning had 4% uptake. Thyroid function tests with 1 month-off-therapy for

confirmation of CH (at age 3 years) showed a very high TSH (339mU/L) and a very low TT4 (0.9
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pg/dL). The mutation was a G>C substitution at position 155 and changed the second
nucleotide of codon 52 (Arg52Pro), and leads to a lost of BstUl restriction site allowing
independent confirmation. Genotyping of members of the family showed no mutation but the
father’s DNA was not available (Figure 2).

A heterozygous G>C substitution in position -569 was observed on the promoter region
of 4 patients with TH. A heterozygous A to G change at position +43 (IVS5+43A>G) was found
in intron 5 of 6 patients with TH. Another abnormality, a G to C substitution at position +49

(IVS6+49G>C) was observed in intron 6 of 7 patients with TH.

TSH-R gene

No mutation were found in patients with thyroid /n situ and normal volume. A
heterozygous nonsynonymous polymorphysm in exon 1 was found in a 6-yr-old girl with TH.
The TSH was high at screening (448 mU/L) with a very low TT4 (0.74 ug/dL). Neck ultrasound
shown an /n situ hypoplastic thyroid gland and scanning had a low 1.2% uptake. It was a C>A
substitution at position 234 and changed the first nucleotide of codon 52 (Pro52Thr). Another
nonsynonymous polymorphysm in exon 10 was observed in an 8-yr-old girl with TH. It was
C>G substitution at position 2181 and changed the third nucleotide of codon 727 (Asp727Glu).
She had history of obstipation, large posterior fontanelle, hypoactivity and umbilical hernia. The
TSH at neonatal screening (234 mU/L) and an undetectable TT4 indicated a severe
hypothyroidism. The confirmatory TSH was 758 mU/L. Neck ultrasound showed two
paratracheal hypoechogenic structure of 6 mm in transverse diameter, compatible with a very

hypoplastic gland. Scanning demonstrated no functional thyroid tissue.

NKX2.5 gene

A novel heterozygous nonsynonimous polymorphism was found in one patient with TH.

It was located in exon 1, a G>A substitution in position 293 (Ser98Asn). The patient is now a
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13-yr-old girl who, at 43 days-of-life, presented a confirmatory TSH of 38 mU/L and T4 of 5.8
Mg/dL. Under the protocol for CH confirmation, she was tested at age 3 years, TSH was 58.0
mU and T4 9.1 ug/dL. This polymorphic variant was found in 6/50 controls. Another two silent
mutations were found, not previously described,: C87A (Ala29Ala) in 1 patient with TH and

G541A (GIn181GlIn) in other 3 patients with TH.
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Discussion

TD is a trait showing a rather broad spectrum in which several phenotypes of the same
disease can be identified and large samples are needed in order to find its genetic mechanisms.
In this view, epidemiological and population-based studies are relevant because they can
promote and orient future molecular studies. We report a large number of TD cases ascertained
by thyroid scintigraphy and ultrasound in a long observational study. This report represents
analysis of 78% of children diagnosed with CH in the State of Parand, Brazil during that time
period, thus avoiding referral bias. In many series, the percentage of patients who had
combined scintigraphy and neck ultrasound was not reported or was performed in a much
smaller proportion of subjects (6,13-16).

Estimates of prevalence of CH in countries with screening programs are in the range of
1:3000-4000. Our data showed a prevalence of CH of 1:3953, which is within the reported
range; TD was the most common etiology. The proportion of dyshormonogenesis in our
population was higher (17,18) or lower (16) than previous reports, suggesting a different
genetic background and lack of ultrasound or scintigraphy (13) for investigation.

Furthermore, some studies were based on a screening strategy using TT4 as the primary
test, particularly the old series (19,20). In our population, TT4 was normal, mainly in selected
cases of ectopy and dyshormonogenesis (not shown), confirming that the proportion of patients
with specific etiologies may differ substantially depending on the screening technique. As in
previous studies, a significant female predominance was found only for ectopy (6,9). This is
consistent with the theory that suggests that the molecular mechanisms resulting in defective
thyroid migration may be “modulated by the genetic make-up of the embryo and/or the
hormonal millieu of the fetus” (6).

In general, where the etiology of CH was determined, those with agenesis had the most
severe outcome (15,21). As in this report, most of these studies found the lowest screening TT4
levels and highest TSH levels in the agenetic group (15,22). However, the collection and

interpretation of the data available on patterns of hormonal concentrations for TT4 and TSH in
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children with different etiologies of CH need to be scrutinized. A classification based only on
morphologic criteria is not entirely satisfactory because of the fact that distinct molecular
defects may generate a similar phenotype. This longitudinal study of 353 children with TD
revealed distinct hormonal patterns in the subgroups.

An interesting finding in our study was the significant decrease in the severity of
hypothyroidism in children with TH when we compare TT4 and TSH levels on the time of
screening versus the results obtained by time of confirmation of CH, when the infants are 3-
years-old (Figure 1C-D). The regulation of the growth and function of the thyroid by the
hypothalamic-pituitary axis may change after birth, and this would explain the gain of
functional capacity of the thyroid tissue throughout the first years of life seen in patients with
TH. In the developing human thyroid, many genes are connected in a network of reciprocal
regulatory interaction with known diversity in their temporal expression (4,5). Other factors like
epigenetic modifications, variation in the expression or modulation of relevant genes in the
surrounding parenchyma and developing blood vessels that supply the thyroid, can dictates
differences in thyroid hormone production and gland growth control after birth (23). Another
explanation is the presence of only minor functional disorders, such as partial TSH resistance or
transient CH (24). Also, the role of changes in the environmental factors can not be excluded
(25,26).

Recently, a study tested a new protocol for rhTSH in the etiological diagnosis of CH in
pediatric patients during L-T4 replacement and found transient CH in two patients with TH who
had normal stimulation by rhTSH and definitely recovered thyroid function after stoping L-T4
replacement, indicating that their small thyroid volume was the consequence of the early and
prolonged replacement therapy (27). Thus, closer follow-up of these patients may become
necessary at older ages to prevent unnecessary prolongation of replacement treatment. The
treatment and follow-up schedules for TD need to consider the unique hormonal patterns and
different responses to therapy in each different etiological categories.

TH can be the consequence of specific developmental defects caused by mutations in

transcription factors that govern thyroid ontogeny or, alternatively, in the signaling cascade that
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promotes growth and differentiation on thyroid follicular cells (4,5). However, information
about the real frequency of these defective alleles in the population remains elusive. As an
attempt to fill this gap, we have chosen to use a population-based approach.

In this study, we have analyzed the most likely candidate genes to play important roles
in CH with TH, 75H-R and PAXS8 (1-5). We found a recently reported mutation in PAXS
(Arg52Pro) localized in exon 3 of the paired domain, whose functional DNA binding analysis
resulted in loss of binding to the thyroglobulin promoter element (13). Indeed, mutations on
this site might affect folding and conformation of C-terminal regions of PAX8, including regions
known to be crucial for transactivation activity (1,4). In contrast with this previously reported
case, where the index-case is a boy with unsuspicious neonatal screening for CH presenting
non-autoimmune, early-onset hypothyroidism dominantly inherited, our patient was not
missed in the newborn screening for CH and had a severe hypothyroidism when retested for
confirmation for permanent CH (13). Therefore, this variability found so far in the described
phenotype, from severe hypothyroidism to euthyroidism, even in individuals with the same
mutation, indicates incomplete penetrance, modulation by interacting genes or difference in
genetic background.

As in our study, only a few PAX8 mutations have been previously found in a large panel
of patients, thus suggesting this is an infrequent event (1-5). So, it is questionable if the search
for PAX8 mutations should be extended to patients with early-onset hypothyroidism who were
negative in CH screening as suggested before (13). We did not perform any analysis on the
others modifications found in the promoter or intronic regions.

In our screening for germline inactivating mutation in the 7SH-R gene, in a group of
apparently athyreotic patients without a family history, we observed no significant variation.
TSH-R mutations have been previously identified in familiar groups of CH, thus the patient’s
selection may have played an important role because we analyzed patients selected from an
entire population, mostly sporadic cases. The C — A polymorphism leading to a Pro — Thr
variation in codon 52 was previously detected in other study, in which was also found in normal

subjects in a frequency of 0.062 (26). No anomaly was found in the remaining patients. This
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might imply that other genes involved in the TSH-TSH-R-GSx cascade could be affected or
posttranslational defects modulating TSH binding and affinity as recently suggested (9). TSH is
not required for development and migration of the thyroid anlage, but is essential for thyroid
growth and function; thus, TSH deficiency or insensitivity results in a hypoplastic and
hypofunctional but normally located thyroid gland. 7SH-R germline mutations may account for
some cases of apparent athyreosis and should be suspected especially if plasma thyroglobulin
levels are normal (9).

Mutations account for a small number of cases with TH when searched in the coding
region of known candidate genes. Therefore, other genes that are yet unknown, somatic
mutations, epigenetic events, polygenic susceptibility and an entire complex genetic-
environmental network could explain some of the remaining cases (27).

In conclusion, this study offers a contribution to the understanding of prevalence,
outcome and genetic alteration in sporadic TH. Clinical analysis of TH revealed distinct
hormonal patterns in this subgroup when compared with other causes of TD. Conversely, the
genetic abnormalities identified in the 7SH-R, PAXS and NKX2.5 are not enough to clarify the
pathophysiology and the molecular mechanisms underlying defects in the majority of cases of
TH. A detailed description of phenotype, as well changes in the hormonal and clinical patterns
with aging, might be essential to target the correct genetic and mechanism implicated, and
useful to predict severity and permanence. The identification of additional genes or molecular
events controlling early postnatal thyroid function would be helpful. Tools like genomewide

screening can be an powerfull strategy.
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Table 1. Etiology distribution of permanent primary CH

Etiology Total (%)

Ectopy 133 (37)

Dyshormonogenesis 100 (28)

Agenesis 82 (24)
Hypoplasia 35 (10)
Hemiagenesis 3(1)
Total 353

CH=congenital hypothyroidism
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Table 2. Etiology and sex distribution of DT

Etiology Total Sex distribution Proportion of girls
Female Male (95% CI)

Ectopy 133 96 37 0.72 (0.64-0.81)*

Agenesis 82 52 30 0.63 (0.52-0.73)

Hypoplasia 35 26 9 0.74 (0.59-0.88)

Hemiagenesis 3 2 1 0.66 (0.13-1.20)

* Different from 0.5 (z = 5.12; P < 0.001)
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FIGURE LEGENDS

Figure 1.

A. Mean TSH levels on screening in infants with hypoplasia, agenesis and ectopy

B. Mean confirmatory neonatal TT4 levels in infants with hypoplasia, agenesis and ectopy
C. Mean TSH levels in infants with hypoplasia, agenesis and ectopy on the confirmation
protocol for CH

D. Mean TT4 levels in infants with hypoplasia, agenesis and ectopy on the confirmation

protocol for CH

Figure 2.

A. Pedigree

B. Results of genotyping of family members for the mutation shown in C. A 259-bp
fragment, amplified by PCR and containing sequences of WT exon 3, produces two bands,
199 bp and 60bp, when digested with BstUl (/atter band not shown), whereas the mutant
allele remains intact. This occurs only in the heterozygous propositus

C. Electropherograms showing the mutation found in exon 3 of PAX8 in the propositus

(bottom tracing) and the corresponding normal sequence (top tracing)
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ABSTRACT

Context: Congenital hypothyroidism (CH) is due to thyroid dysgenesis (TD) in 80-85% of
the cases. Initially, the homeobox transcription factor NKX2.5 was thought to be only
required for the organogenesis of the heart tube; however, Nkx2.5-/- embryos exhibited a
smaller outgrowing thyroid bud. Indeed, several loss of function mutations in NKX2.5 have
been described in patients with Congenital Heart Disease (CHD), and recently, an Italian
study has identified three mutations in patients with TD.

Objectives: To address if genetic abnormalities of NKX2.5 could be associated with
patients presenting both CHD and TD, we have performed a mutational screening in 17
patients with both cardiac and thyroidal phenotype, in 140 patients presenting isolated
TD, and then, compared with the results with 50 normal controls.

Results: The screening revealed four novel missense mutations only in patients with
thyroid ectopy. All of then are predicted to result in codon change in conserved domain
(Asp16Glu, Ala80Gly, Asp105Glu, Ala119Ser, and Leu245Ille). NKX2.5 mutations were not
found in patients having both TD and CHD.

Conclusion: Novel NKX2.5 mutations are associated with one particular TD form, ectopy, a
finding that reinforces the role for NKX2.5 in thyroid embryogenesis. We also confirmed
that the mutation rate in NKX2.5 is low in patients with TD (3%), even in a large
phenotype-focused study. Parallel to the heart development, NKX2.5 might have an
essential role in thyroid morphogenesis and is likely to be a component of the genetic

circuit controlling thyroidal cell specification and migration.
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Introduction

Congenital hypothyroidism (CH) occurs in 1:3,500-1:4,000 newborns (1). In 80-
85% of the cases, CH is due to thyroid dysgenesis (TD), which are developmental
abnormalities of the thyroid gland including thyroid ectopy, thyroid agenesis or athyreosis
(the complete absence of thyroid tissue), thyroid hypoplasia (the decrease of thyroid size),
and thyroid hemiagenesis (2). In contrast to thyroid dyshormonogenesis, the elucidation
of the underlying etiology of most cases of TD is less understood. Several specific
transcription factors, in view of their important role in thyroid organogenesis and thyroid-
specific gene expression, would be strong candidate genes for the etiology of TD; thus,
the thyroid transcription factor 1 (7/7F-1, also known as NKX2.1, or T/ebp), forkhead box
E1 (FOXEI], also known as 77F-2) and the paired homeodomain factor PAX-8 have been
described as causes of human TD (1). However, abnormalities in these genes have been
found in only a small proportion of patients with TD (1, 2).

NKX2.5 is a vertebrate member of the NK-2 class of homeobox genes, which
appears to function during the early period of organogenesis in the developing embryo.
Murine Nkx2.5 is expressed in early heart progenitor cells, as well as in thyroid, tongue,
stomach and spleen (3-5). The NKX2.5 transcription factor is known to be essential for
normal heart morphogenesis, myogenesis and function (6). Several loss of function
mutations in NKX2.5 (OMIM 600584) have been described in patients with Congenital
Heart Disease (CHD) (7-10).

CHD has a higher frequency in children with CH than in the general population (11,
12). As soon as NKX2.5 was considered a possible candidate gene involved in the
pathogenesis of human TD, a mutational screening was conducted in 241 patients with TD
in Italy, allowing identification of 3 mutations in 4 cases (5).

The function of NKX2.5 in thyroid morphogenesis and differentiation is unknown.

In mouse, Nkx2.5 expression has been recently demonstrated in precursors of thyroidal
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cells in the pharyngeal floor at embryonic day 8.5 (E8.5), a period coincident with the
appearance of Titf-1, Pax-8 and Foxel, but disappears around E12.5 (4). Therefore, once
Nkx2.5 mRNA is present in the thyroid primordium at an early stage of development, it
might be required in normal thyroid morphogenesis. Nkx2.5-/- embryos exhibited a
smaller outgrowing bud of endodermal cells, indicating that Nkx2.5 is required as
component of the genetic control of thyroid development (5).

To address the question if genetic abnormalities of NKX2.5 could play an
important role in patients presenting both CHD and TD, we performed a mutational
screening in a Brazilian cohort of 17 patients with both cardiac and thyroidal phenotype
and in 140 presenting isolated TD, and then, compared with 50 normal controls. Our
results indicate that no NKX2.5 mutations were found in with patients having both CHD
and TD. Furthermore, we observed that NKX2.5 mutations are closely associated with one
particular TD form, thyroid ectopy, a finding that could imply a possible role for NKX2.5 in

the induction of the primordial thyroid migration.
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Materials and Methods

Patients

From 1990 to 2004 we screened 2,546,112 newborns in the neonatal thyroid
screening program of the State of Parand, Brazil by dry blood spot TSH measurement
collected after 48 h of life from a heel prick (TSH cut-off 10 mU/L, Delphia Perkin-Elmer
immunofluorimetric assay) and found 644 with a confirmed diagnosis of CH, from which
566 are followed in our institution. Among them, 353 have been already examined at the
age of 2-3 years to confirm the diagnosis of permanent CH, following a protocol
consisting of thyroid function tests (serum TSH, normal reference values between 0.3 and
4 mU/L and total T4, normal reference values between 4,5 and 12 png/dL, by
chemiluminescence), thyroid 231 or 131l scanning, and thyroid ultra-sound 30 days after
the withdrawal of L-thyroxine (L-T4). Among them, 253 patients had the diagnosis of TD,
including ectopy (n=131), agenesys (n=83), hypoplasia (n=35), or hemiagenesys (n=4)
and 100 patients had the diagnosis of dyshormonogenesis.

From the 253 infants with TD, we performed cardiac evaluation in all, and found 17
with simultaneous TD and CHD. For the NKX2.5 genotypic analysis we first included these
17 infants with TD and CHD (7 with ectopy, 5 with hypoplasia, 2 with agenesys and 3 with
hemiagenesys) plus 140 infants with TD without CHD (60 with ectopy, 50 with agenesys
and 30 with hypoplasia). Fifty normal individuals from the same geographic area were
used as controls.

The cardiac phenotype was evaluated by history, review of medical records and
physical examination; if necessary, 12-lead electrocardiogram (EKG) and 2 dimension
transthoracic echocardiography were performed. Family history of CHD and thyroid
disease was investigated by chart report (i.e., clinical testing of parents was not performed
for the purposes of this study). Medical records of patients with an NKX2.5 mutation were
reviewed to determine whether any non-cardiac congenital malformations or other

recognized genetic syndromes were present. Clinical studies were performed without
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knowledge of genotype. Written informed consent was obtained from the parents of all
participants in accordance with protocols approved by the Institutional Review Board for
Human Research at the Federal University of Parand and at the Federal University of Sado

Paulo.

Genotype analysis

Deoxyribobucleic acid was extracted from whole blood using standard techniques.
The coding region of the NKX2.5 gene, including exon/intron boundaries, was amplified
from genomic DNA by polymerase chain reaction (PCR). Each of 2 exons were amplified by
a total of 4 PCRs with the following two pair of primers derived from the flanking introns:
1AF 5'-CGGCACCATGCAGGGAAG-3’, TAR 5-GGGTCCTTGGCTGGGTCGG-3’, 1BF 5’-
CCTAAACCTGGAACAGCAGC-3’ and 1BR 5’-TCCTGGCCCTGAGTTTCTTG-3’ for exon 1;
2AF 5’-GCGCTCCGTAGGTCAAGC-3’, 2AR 5’ -TAGGGATTGAGGCCCACG-3’, 2BF 5’-
CAGACTCTGGAGCTGGTGG-3’ and 2BR 5’-CCCGAGAGTCAGGGA-3’ for exon 2. 100 ng of
genomic DNA was amplified in a 25-pL volume containing: 40 ng of each oligonucleotide
primers; 200 pmol/L each of deoxyadenosine triphosphate, and deoxythymidine
triphosphate; 5 pL of Q solution (QIAGEN Inc.,Valencia, California, USA) and Taq
polymerase. All reactions started with 2 minutes at 95C followed by 35 cycles of 45
seconds at 95C, 30 seconds at 59C or 60C, and 45 seconds at 72C and finished with a
10-minute extension period at 72C. DMSO (0.2 mL/20-pL reaction) was added to
standard reagents for the first reaction of exon 2. Enhancer solution (PCR enhancer
system, Gibco BRL) was added to standard reagents at 1X concentration for the second
reaction of exon 2. PCR products were purified with Qiaquick PCR purification kit (QIAGEN)
and sequenced using the ABI PRISM Dye Terminator cycle sequencing Ready Reaction kit
(PE Applied Biosystems) according to the manufacturer’s instructions. Sequences were
analyzed with Sequence Navigator Software (PE Applied Biosystems). Bidirectional

sequencing was performed by an automated cycle sequencer (ABI3100 genetic analyzer).
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Sequence alterations were examined in context of the open reading frame to determine

whether the alteration would change the corresponding amino acid.

In silica multivariate analysis of protein polymorphism (MAPP) of NKX2.5

The functional impairment of the mutated NKX2.5 proteins were quantified using
MAPP test (13). This method uses two principles. First, the difference in physicochemical
properties between the “wild-type” amino acid and the missence variant are the root cause
of functional impairment, and that evolutionary variation among orthologs in the affected
position is the limit range of the physicochemical properties that are tolerated at that
position. MAPP test has been validated for several other proteins (B hemoglobin, p53, RET)
since it quantifies the physicochemical changes of a multiple sequence alignment of
protein orthologs. In addition, it calculates the deviation of candidate amino acid
replacements from this variation, in which a change getting high scores indicates worse
functional damage (14).

To estimate the impact of an amino acid substitution on NKX2.5 protein function
we have used 6 physicochemical property scales, namely hydropathy, polarity, charge,
volume, and free energy in alpha and beta-strand conformation (14). We chose a
threshold of P=0.017 to reject the null hypothesis and declare an amino acid incompatible,

that is, substitutions for which P < 0.07 were predicted to be deleterious.

Statistical Analysis

We used t test to estimate the differences in the frequency of CHD in our cohort
and the general population (15) and between each subgroup of TD and the
dishormonogenetic group (n=100). We built a two-way contingency table comparing the
group of positive heart disease with each type of TD, thus we tested for dependence
between each categorization and patients with dishormonogenesis. The association of

CHD in each subgroup and NKX2.5 mutation was analyzed by X2 (Fisher’s Exact Test).
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Results

Clinical observations

In our entire population of 253 infants with TD, ectopy is the most common form
(131 infants; 53%), followed by agenesis (83 infants; 32%), hypoplasia (35 infants; 14%)
and hemiagenesis (4 infants; 1%). Additionally, we found a high prevalence of CHD in
patients with TD (17/253; 6,7%).

Two-way contingency table reveals that patients with hypoplasia and hemiagenesis
tended to present CHD (P=0.05 and P=0.0002, respectively), while patients with ectopy

and agenesis do not present an association with CHD.

Novel mutations in the NKX2.5 gene

Three infants with thyroid ectopy presenting four novel NKXZ2.5 mutations were
found; in addition, we have also identified another patient with ectopy harboring a
mutation already described (5) (Table 1, Figure 1). Therefore, all mutations described in
NKX2.5 are in patients with ectopy, which reveals an association between ectopy and
NKX2.5 mutations (P=0.03). Furthermore, none affected individuals harboring NKX2.5
mutations presented CHD.

Patient 1 is a 8-yr-old boy with an ectopic thyroid gland and benign systolic
ejection murmur, but without alteration in the echocardiogram, who harbors an
heterozygous missense mutation in exon 1, C48A (Asp16Glu); TSH value in this patient at
screening was 133 mU/L and serum TSH and T4 at 23 days of life were, respectively, 33
mU/L and 6.6 upg/dL. Patient 2 is a 10-yr-old girl with ectopic thyroid gland who
presented 2 novel missense mutations: C239G (Ala80Gly) and C315G (Asp105Glu); at 36
days of life a confirmatory serum TSH value of 165 mU/L and a T4 of 5.0 ug/dL were
obtained; when she was 3 years-old, she underwent the protocol for confirmation of
permanent CH which showed a TSH value of 83 mU/L and a T4 value of 6.9 ug/dL. Patient

3 is a 11-yr-old girl with isolated ectopic thyroid gland who presented a mutation in exon
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2, C733A (Leu245lle); she presented at 25 days of life TSH and T4 values of, respectively,
28 mU/L and 2.2 ug/dL. Finally, another mutation already published was found in a
subject with ectopy (G355T, Alal19Ser), localized a few residues upstream to the
beginning of the homeodomain (5). Patient 4 is a 6-yr-old girl who presented screening
TSH and T4 values, at 3 days of life, of respectively, 79 mU/L and 3.2 ug/dL; later, on the
confirmation protocol, TSH and T4 values were, respectively, 68 mU/L and 1 ug/dL.

We do not find any NKX2.5 mutation in patients with both TD and CHD (Table 2).
Table 3 shows several polimorphysms found. A novel non-synonimous polymorphism was
found in the exon 1 of 2 patients with isolated TD. It was a G>A substitution in position
293 (Ser98Asn) in one girl with thyroid hypoplasia and additionally in the patient 4. Other
3 not previously described silent mutations were found: C87A (Ala29Ala) in 1 patient with
both ectopy and CHD and in 4 patients without CHD (1 with agenesis, 1 with ectopy and 1
with hypoplasia); C225A (Arg75Arg) in 2 patients with isolated ectopic gland; and G541A
(GIn181GIn) in 5 patients with isolated TD (2 with ectopy and 3 with hypoplasia). In
addition, 2 already known polymorphisms were also found, A63G polymorphism
(Glu21Glu), observed in 4/17 TD patients with CHD (24%) and in 22/140 TD patients
without CHD (17%); the second, G594A (GIn198GIn), was identified in 1 patient with

isolated thyroid ectopy.

Predicting mutational tolerance of NKX2.5 variants by MAPP

Variants Asp16Glu of patient 1, Asp105Glu of patient 2 (one of the mutated
alleles), Leu245lle of patient 3, and Alal19Ser of patient 4 presented high MAPP scores,
indicating greater physicochemical dissimilarity from the observed evolutionary variation
in the alignment and suggesting a greater functional impairment of their respective
proteins (Table 4, Figure 2). On the other hand, variant Ala80Gly, the other allele of
patient 2, presented a low MAPP score, indicating an amino acid predicted to not

substantially impair protein function at this position. We also performed MAPP scores of
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the NKX2.5 dysfunctional variants Arg25Cys and Arg161Pro, previously described (5), and

obtained elevated scores (Table 4).
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Discussion

In this study of 157 infants with TD diagnosed by the State of Parana Program for
CH Neonatal Screening, in Brazil, we confirmed the contribution of NKX2.5 gene to the
pathogenesis of TD, firstly provided by Dentice et al. (5). The mutational screening of the
entire NKX2.5 coding sequence yielded four novel missense mutations in patients with
thyroid ectopy. Interestingly, in the 4 subjects with NKX2.5 mutations previously
described, thyroid ectopy was present in 3 of them (5). Therefore, in the 8 subjects with
TD presenting NKX2.5 gene mutations described so far in the literature, thyroid ectopy is
the phenotype in 7 of them, a finding that could suggest a possible role for NKX2.5 in
thyroid migration.

Our results indicate that the mutation rate of NKX2.5 gene is very low in patients
with TD (3%), even in a phenotype-focused study from a different genetic background. In
fact, the recently published population-based study in a Czech cohort of 170 patients with
CH, including 15 with CHD, has not found mutations on NKX2.5 gene (16). Hypothetical
mechanisms such as epigenetic or somatic changes could cause the inactivation of this
gene (17). Alternatively, unknown genes might be involved in the pathogenesis of these
TD cases. There is growing evidence indicating somatic nature and mosaicism of NKX2.5
mutations in CHD (17, 18). Unknown genes, but functionally similar in the same
embryonic pathway, might be involved in the pathogenesis of TD associated or not with
CHD, as for example, the recent report indicating that deficiency of the T-box
transcription factor Thx1 results in hemiagenesis and hypoplasia of the thyroid gland due
to a failure of the embryonic thyroid to establish contact with vessels derived from the
cardiac outflow tract at a critical step necessary for the proper guidance of bilateral
growth and lobulation (21). Further studies should be undertaken to clarify the exact
molecular mechanisms by which these mutations lead to thyroid defects and to obtain in-

depth information on the role of mutations of other transcription factors in the network of
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NKX2.5 protein-protein interactions. Indeed, failure of cardiac transcription network as a
result of the genetic instability in thyroid cells is a plausible pathway to TD.

The four novel missense mutations are predicted to result in codon change in the
conserved amino-terminal TN domain (Asp16Glu) or throughout in the coding region
(Ala80Gly, Asp105Glu, Ala119Ser, and Leu245lle). Only one mutation (Asp16Glu) is in a
very highly conserved region. In humans, in addition to the mutations described in TD, 29
different heterozygous germline NKX2.5 mutations have been identified in patients
suffering from CHD (19-22). Those previously reported mutations associated with CHD
are more primarily localized within the homeodomain. By contrast, in this report, none of
the patients positive for mutation had a CHD phenotype, neither had a mutation within the
homeodomain. Although most published cases in CHD phenotype are in sequences
affecting the homeodomain, there is no clear genotype-phenotype correlation. Cardiac
malformations of these patients with NKX2.5 germline mutations were mainly of atrial
septal defect with or without AV block, although there were reports of patients with
tetralogy of Fallot, ventricular septal defect, double-outlet right ventricle, interrupted
aortic arch, truncus arteriosus, L-transposition of the great arteries, hypoplastic left heart
syndrome and coarctation of the aorta. So, the spectrum of NKX2.5 mutations is diverse in
terms of mutation type, position of the affected amino acid and its predicted impact of the
mutations on protein-protein interactions. In fact, experimental studies have shown that
other portions of NKX2.5, even far away from the homeodomain, are also functionally very
important (26).

MAPP scores have been shown to correlate with the degree of functional
impairment of a mutated protein and with the severity of human disease (14, 23); hence, it
would be possible to predict NKX2.5 protein dysfunction by comparing the MAPP score of
its amino acid substitutions. In our study, the mutation Asp16Glu, which is localized
within a functionally critical region of the NKX2.5, presents a high MAPP score, which
reflects extensive conservation of the corresponding sequence and physicochemical

dissimilarity between wild-type and mutant residues. Other variants, Asp105Glu and
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Ala119Ser, also demonstrated elevated MAPP scores. As expected, the variant Alal19Ser,
described in this report and by the previous study (5), as well as the variant Arg161Pro,
which exhibited documented functional impairment /n vitro, reached very high MAPP
scores (Table 4). The latter showed reduction of transactivation properties and dominant-
negative effect, which was associated with reduced DNA binding. Therefore, MAPP scores
quantified in our study were consistent with experimental data published so far.

Our results enforce that NKX2.5 appears to be a likely candidate gene for thyroid
ectopy. As in the heart, NKX2.5 could have an essential role during the early thyroid
morphogenesis, and be implicated as a partner of the genetic circuit controlling thyroidal
cell specification and migration. Importantly, NKX2.5 mutations are known to be central to
the genesis of CHD and, in this case, might be necessary but not sufficient for TD. Further
analysis of NKX2.5-mediated regulation of thyroid development is necessary to

understand the commited cell migration by which NKX2.5 mutations lead to TD.
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Table 1. NKX2.5 mutations identified among 157 patients with TD

Patient  Mutation Site Thyroid Cardiac Phenotype
Phenotype
1 C48A (Asp16Glu) TN domain Ectopy Benign systolic
murmur
2 C239G (Ala80Gly) coding Ectopy Normal
region
C315G coding
(Asp105Glu) region
3 C733A coding Ectopy Normal
(Leu245lle) region
4 G355T coding Ectopy Normal
(Alal19Ser) region
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Table 2. Phenotype and NKX2.5 Genotype in patients with both TD and CHD

Patient Gender Thyroid Phenotype Cardiac Phenotype NKX2.5 Genetic Abnormality
1 Female  Ectopy ASD Glu21Glu
2 Male Ectopy TV Insuficiency No

3 Female  Ectopy PDA No

4 Female  Ectopy Right bundle branch block  No

5 Female  Ectopy VSD No

6 Female  Ectopy ASD + VSD No

7 Female  Ectopy ASD Ala29Ala
8 Female Hypoplasia ASD No

9 Male Hypoplasia ASD No

10 Female Hypoplasia BAV No

11 Male Hypoplasia VSD Glu21Glu
12 Female  Hypoplasia PDA No

13 Male Agenesys PE Glu21Glu
14 Male Agenesys VSD No

15 Male Hemiagenesys AV Block Glu21Glu
16 Male Hemiagenesys BAV No

17 Male Hemiagenesys BAV No

ASD: secundum atrial septal defect; PDA: patent ductus arteriosus; VSD: ventricular septal
defect; PE: pulmonar stenosis; BAV: bicuspid aortic valve; TV: Tricuspid valve; AV:

atrioventricular
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Table 3. NKX2.5 polymorphisms identified among 157 patients with TD

Polymorphism Site Polymorphism Allele Allele Frequency
type Frequency in controls
in patients
A63G(Glu21Glu) TN domain Silent A/G 0,110 A/G 0,160
G/G 0,007 G/G 0,000
A/A 0.883 A/A 0,840
C87A(Ala29Ala)* TN domain Silent C/A 0,018 C/A 0,000
A/A 0,000 A/A 0,000
C/C 0,982 C/C 1,000
C225A(Arg75Arg) " Coding region  Silent C/A 0,010 C/A 0,000
A/A 0,000 A/A 0,000
C/C 0,990 C/C 1,000
G293A(Ser98Asn)= Coding region  Non silent G/A 0,007 G/A 0,060
A/A 0,000 A/A 0,000
G/G 0,993 G/G 0,940
G541A(GIn181GIn)* Homeodomain Silent G/A 0,021 G/A 0,000
A/A 0,000 A/A 0,000
G/G 0,979 G/G 1,000
G594A(GIn198GIn) Coding region  Silent G/A 0,003 G/A 0,000
A/A 0,000 A/A 0,000
G/G 0,997 G/G 1,000

*Not previously reported NKX2.5 polymorphisms (Genbank NT 023133)
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Table 4. MAPP score for each NKX2.5 mutations identified among patients with TD

Mutation Alignment MAPP Score P < 0.01 Prediction
Asp16Glux DDDDDD  23.98 YES BB
Arg25Cysd RRRRRR 29.01 YES BB
Ala80Gly= AAAAPP 5.26 NO BA
Asp105Glux DDDDDD 23.98 YES BB
Alal19Serx¢  AAAAAA 23.39 YES BB
Arg161Pro¢ RRRRRR 40.70 YES BB
Leu245llex LLLLLL 15.46 YES BB

*mutations described in this report; ¢: mutations described in reference 5; P: P-
value interpretations of the MAPP scores, predicting the impact of each amino
acid variant; BA: Good amino acid, predicted to not substantially impair protein
function at this position; BB: Bad amino acid, predicted to be deleterious at this

position
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Figure 2
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Legend to Figure 1. Electropherograms showing the 5 missense NKX2.5 mutations
in patients with thyroid ectopy, Asp16Glu, Ala80Gly, Asp105Glu, Alal19Ser and

Leu245Lle. The upper electropherogram shows the wildtype sequence

Legend to Figure 2. Human NKX2.5 sequence including 300 of the total 324
amino acids and multiple sequence alignments with 5 orthologs. The shaded
boxes indicate the conserved TN domain (residues 10 to 21), the homeodomain
(residues 138 to 197) and the NK2 domain (residues 212 to 234). Positions of
reported mutations are underlined and codon changes listed below. D: aspartic
acid; E: glutamic acid; G: glycine; P: proline; D: aspartic acid; S: serine; L: leucine;

I: isoleucine
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CONCLUSOES E SUGESTOES PARA AS PROXIMAS ETAPAS

1. A prevaléncia de HC na populacdo do Parana foi de 1:3953 recém-nascidos;

2. DT foi a causa mais frequente de HC, representando 72% dos casos;

3. Houve predominancia do sexo feminino apenas nos casos de ectopia (z= 5.12;
P<0.0001);

4. Houve prevaléncia elevada de malformacbes cardiacas (7.3%) na populacdo de HC
guando comparada a populacdo geral (0.05%);

5. Houve significativo aumento de risco para cardiopatia entre os pacientes portadores de
Hipoplasia e Hemiagenesia;

6. Existe um padrdao hormonal distinto entre os diversos subgrupos de DT (valores de
TSH), com decréscimo na severidade do hipotiroidismo, com a idade, observada nos casos
de Hipoplasia;

7. Entre os genes candidatos estudados (PAXS, TSH-R e NKXZ2.5) nos 35 pacientes com
hipoplasia tiroidiana encontramos mutacdo apenas no gene PAXS, R52P, no exon 3, a qual
fomos os primeiros a relatar. Nao encontramos mutacdo nos genes 7SH-R e NKX2.5 nos
pacientes com hipoplasia;

8. A prevaléncia de mutacdes do gene NKX2.5 na amostra de 157 casos da populacdo com
DT foi baixa (3%). As mutacdes ndo se associaram a presenca de cardiopatia congénita;

9. Encontramos 5 mutacdes (4 novas e 1 ja descrita) no gene NKX2.5 em pacientes com
DT. Todas as mutacdes no gene NKXZ2.5 descritas neste trabalho associaram-se ao
fenotipo de ectopia. Este achado pode indicar que o gene NKX2.5 como o primeiro gene

humano implicado na fisiopatologia da migracdo tiroidiana.

Estas conclusdes sao fortalecidas porque a analise clinica e epidemioldgica
realizou-se em parcela expressiva (78%) dos casos diagnosticados de HC no Estado do
Parana; além disso, é a maior casuistica de DT da literatura que foi avaliada clinicamente,

por cintilografia e/ou ultra-sonografia.
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Estas conclusdes permitem que possamos fazer sugestdes para préximas etapas

de trabalho:

1. Apesar de que os valores elevados de MAPP encontrados nas mutacdes tenham sido
consistentes com estudos funcionais realizados previamente, o estudo funcional das
novas mutacdes descritas, acompanhados da andlise complementar das vias de regulacdo
do gene NKX2.5, serdo necessdarios para melhor entendimento de seus mecanismos de
acao;

2. Grupos de pesquisa em desenvolvimento da tiréide deverdao estudar melhor o papel do
gene NKX2.5 no circuito genético de controle da morfogénese e organogénese tiroidiana;
3. Pediatras que acompanham as criancas com HC poderdo criar protocolo
individualizados de tratamento e seguimento para os diversos subgrupos de DT, uma vez
que estes subgrupos divergem em seus padrdes hormonais e, provavelmente, também na
evolucdo, progndstico e etiologia molecular;

4. o protocolo diagndstico etiologico utilizando rhTSH poderia ser realizado nos casos de
Hipoplasia e Agenesia com tiroglobulina detectdvel, para uma melhor caracterizacdo

clinica, prognostica e de direcionamento do estudo genético.
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