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Resumo

As trés desiodases de iodotironina catalizam a iniciagdo (D1, D2) e o
término (D3) dos efeitos dos hormodnios tireoideanos nos vertebrados.
Enquanto D1 e D3 sdo proteinas de meia-vida longa localizadas na
membrana plasmatica, a D2 ¢ uma proteina residente do reticulo
endoplasmatico com meia-vida de apenas 20 min. Nesta série de estudos,
foram investigados: (1) os efeitos causados pela combinagdo da disrup¢ao do
gene da D2 (Dio2”") com a deficiéncia familiar de D1 (camundongos C3H)
na homeostase do hormonio tiroideano e apesar da multipla deficiéncia de
D1 e D2, animais C3H-D2KO apresentam T3 sérico na faixa eutiroidea,
sugerindo mecanismos compensatorios, que promovem (i) aumento de
aproximadamente 2 vezes nos niveis de T4 sérico, comparando com
camundongos da linhagem C57/BL6 (C57) e, (i1) aumento da atividade de
D1 hepatica e renal, 8,4 ¢ 2,0 vezes, respectivamente, em comparagao com
animais C3H. E ainda, este mecanismo compensatorio ndo depende de
aumento da atividade da glandula tir6ide ou diminui¢do do “clearance” de
T3 mediado pela D3; (2) o papel da D2 no sistema de retroalimentagdo
negativa do TSH mediado pelo T4 na pituitaria, o qual se revelou

fundamental neste sistema e que, apesar de sofrer degradacdo induzida pelo



substrato como em qualquer outro tecido que expressa D2, a alta taxa de
sintese da enzima assegura atividade e, conseqlientemente, produgdo
constante de T3, mesmo na vigéncia de doses de T4 muito acima do
fisiologico; (3) a importancia da geracdo de T3 adaptativa mediada pela D2
para a resposta termogénica do BAT, a qual ndo esta limitada a mediar a
responsividade a catecolaminas, mas também promover lipogénese no
tecido, essencial para fornecer substrato para oxidagdo mitocondrial e,
conseqiientemente, desacoplamento e geracao de calor; (4) o papel da D2 na
conversao da célula pré-adiposa marrom em célula madura, que confirmou
in vitro a importancia da D2 para a capacidade termogénica deste tipo
celular e seu papel chave no recrutamento do programa de diferenciacao, o

qual, na auséncia de D2, apresenta um déficit de ~25%.
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Abstract

The three iodothyronine deiodinases catalyze the initiation (D1,D2)
and termination (D3) of thyroid hormone effects in vertebrates. While D1
and D3 are long-lived plasma membrane proteins, D2 is an endoplasmic
reticulum resident protein with a half-life of only 20 min. In these series of
studies, we investigated: (1) the effects in thyroid hormone homeostasis
caused by the combined targeted disruption of D2 gene (Dio2-/-) and inbred
D1 deficiency (C3H mice), and despite the multiple D1 and D2 deficiency,
C3H-D2KO animals present serum T3 in the euthyroid range, suggesting
compensatory mechanisms that promote (i) ~2 fold increase in serum T4,
when compared to C57/BL6 (C57) mice and (ii) increase in hepatic and
renal D1 activity of 8.4 and 2.0 fold, respectively, when comparing to C3H
animals. Furthermore, this compensatory mechanism does not depend on
increased thyroidal activity or decreased in D3-mediated T3 clearance.; (2)
D2 role in the T4-mediated TSH feedback in the pituitary, which place D2 in
a pivotal role in this system, and despite being target to the substrate induced
degradation as in any other D2-expressing tissue, the high rate of D2
synthesis assure activity, and consequently, constant T3 production, even at

high doses of T4, well above the physiological levels; (3) the importance of

Vil



adaptive D2-mediated T3 generation to the BAT thermogenic response,
which is not limited to mediate responsiveness to catecholamines, but also
promote lipogenesis in the tissue, essential to make available substrate for
mitochondrial oxidation and, consequently, uncoupling and heat generation;
(4) D2 role in brown pre-adipocyte to mature cell conversion, confirming in
vitro the importance of D2 to this cell type thermogenic capacity, and its key
role in the differentiation program recruitment, which in D2 absence,

presents a ~25% déficit.
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I — Introducao

O principal produto de secre¢ao da glandula tirdide € a tiroxina (T4), embora
5,3,3’-triiodotironina (T3) seja a forma biologicamente ativa. O T4 ¢é considerado um
pro-hormonio que precisa ser convertido em T3, através da retirada do iodo na posicao 5’
do anel fendlico ou desiodagdo do anel externo. Esta conversdo ¢ catalizada pelas
desiodases de iodotironinas do tipo 1 (D1) e 2 (D2) (1). Em humanos, estas enzimas sao
responsaveis por 80% da producdo diaria de T3, enquanto em roedores a desiodacdo

extra-tiroideana ¢ responsavel por cerca de 60% da produg¢ao didria de T3 (2).

O término da acdo do hormonio tiroideano também depende em grande parte de
desiodacdo, entretanto, neste processo, o iodo da posicdo 5 do anel tirosil ¢ removido,
sendo esta reacdo denominada desiodagcdo do anel interno. Desta forma, tanto o pro-
horménio (T4) quanto o hormoénio (T3) s@o inativados, resultando em 3,5°,3’-
trilodorironina (rT3) e 3,3’- diiodotironina (T2), respectivamente. Esta reacdo ¢
catalizada pelo terceiro membro da familia de desiodases, a desiodase do tipo 3 (D3) e

em menor propor¢ao pela D1 (1).

As trés desiodases apresentam grande similaridade estrutural (~50% de
identidade)(3). Todas sdo proteinas de membrana com peso molecular de 29-33 KDa(3).
Elas também apresentam alta homologia na regido do centro catalitico (4-6). Entretanto,

apesar da grande similaridade reforcada por modelos tridimensionais (3), as trés



desiodases possuem afinidade por substrato, cinética enzimatica, meia vida e

sensibilidade ao propiltiouracil (PTU) muito distintas e serdo discutidas a seguir.

Desiodase de iodotironina do tipo 1 (D1)

A D1 foi a primeira a ser reconhecida por ensaios bioquimicos de conversdo de
T4 a T3 e foi a primeira das enzimas a ser clonada (1). Compreensivelmente, o
conhecimento sobre as caracteristicas bioquimicas da D1 ¢ o mais extenso dentre as trés
desiodases (1). A caracteristica principal da desiodacdo catalizada pela D1 ¢ a
sensibilidade a inibicdo por PTU (7). Outra caracteristica importante ¢ a capacidade de

catalizar desiodacao do anel interno, na via da inativa¢ao do hormonio tiroideano (8).

A reacdo catalizada pela D1 segue cinética do tipo ping-pong com dois substratos,
o primeiro sendo a iodotironina e o segundo, um co-fator enddgeno tiol. A primeira
metade da reagdo constitui a desiodagdao da iodotironina, levando a formagdao de um
possivel intermedidrio selenoyl iodide. Este por sua vez ¢ reduzido pelo co-fator tiol
ainda ndo identificado, o qual regenera a enzima (5, 9-13). A DI apresenta Km T4 em

torno de 1 uM e Km rT3 em torno de 0.5 uM, e uma meia-vida de 8h (1, 3).

A D1 ¢€ expressa em varios tecidos em todos os vertebrados (14-16). Em ratos, a
D1 ¢ encontrada no figado, rins, sistema nervoso central (SNC), hipofise anterior, tirdide,

intestino e placenta (17). Em humanos, D1 esta ausente no SNC, mas foi confirmada em



figado, rins, tirdide e hipdfise anterior, além de seu mRNA ser detectavel por RT-PCR

em células mononucleares circulantes (18).

A D1 localiza-se na membrana plasmatica (19) com o centro catalitico no
citoplasma. Devido a localizagdo junto & membrana plasmatica, ¢ provavél que o T3
produzido pela D1 retorne rapidamente para o plasma, tendo pouco impacto na

concentrac¢do intracelular de T3 e um impacto maior para os niveis séricos de T3.

Desiodase de iodotironina do tipo 2 (D2)

A D2 foi a desiodase clonada mais recentemente, razao pela qual o conhecimento
de suas propriedades e fungdes tem se acumulado rapidamente (1). D2 cataliza
exclusivamente a desiodacdo do anel externo e, ao contrario da D1, ¢ muito menos
sensivel a inibicao por PTU (20-22). A reagdo catalizada pela D2 segue cinética do tipo
seqiiencial, de modo que iodotironina e o co-fator endogeno tiol sdo combinados com a
enzima para que a reagdo aconteca (23). A D2 tem afinidade por T4 e rT3 em torno de 1

nM, e meia-vida de aproximadamente 20 min (3).

Em ratos, a atividade de D2 ¢ encontrada na hipdfise anterior, cérebro e tecido
adiposo marrom (BAT) (20, 22-26). A atividade da D2 também ¢ encontrada em
gonadas, glandula pineal, timo, utero durante a gestacdo; em glindula mamaria e
esqueleto em camundongos e em artéria corondria e em musculo liso da aorta em

humanos (27-32). mRNA e atividade de D2 sdo encontrados na coclea de camundongos,



no oitavo dia pos-parto (33), sugerindo um papel da D2 no desenvolvimento coclear. De
fato, animais Dio2” sio quase surdos devido ao desenvolvimento incompleto da coclea
(34, 35). No cortex, mRNA da D2 ¢ expresso predominantemente em astrécitos do lobo
frontal de ratos recém-nascidos (36). A atividade da D2 também ¢ alta em tanicitos e
células ependimais ao longo do terceiro ventriculo (36-39). Uma via mono-sindptica
também foi identificada entre células do nucleo arqueado, que expressam D2, e entre
células neuroenddcrinas, que secretam TRH no ntcleo para-ventricular (40). Em
humanos, D2 ¢ expressa na tirdide, coracdo, cérebro, medula espinhal, musculo

esquelético e placenta (4, 41-45).

A D2 ¢ uma proteina residente do reticulo endoplasmatico (46) com o centro
catalitico também localizado no citosol. D2 ¢ alvo do sistema de ubiqiiitinagao, sendo
esta a principal via de degradacao da enzima, e sera discutido com mais detalhes adiante
(3). Devido a localizagdo junto ao reticulo endoplasmatico, ¢ provavél que o T3
produzido pela D2 seja preferencialmente translocado para o nucleo, o que explicaria o
grande impacto na concentragdo intranuclear de T3 promovida pela D2, embora o efluxo
de T3 para o plasma também ocorra, ndo descartando a D2 como fonte de T3 sérico (47-
49). D2 ¢ importante no cérebro, produzindo mais de 75% de todo o T3 nuclear no cortex
cerebral de ratos (50). A presenga de D2 no musculo esquelético em humanos prové uma

fonte significante para o T3 extra-tiroideano produzido diariamente (41).

O papel da D2 na termogénese facultativa do tecido adiposo marrom



A exposicao ao frio prontifica o hipotalamo a iniciar tremor muscular, o principal
mecanismo involuntdrio na termogénese facultativa induzida pelo frio em humanos
adultos e mamiferos de grande porte. Entretanto, o tremor muscular inevitavelmente
causa perda de calor por conveccao devido a oscilagdes corpdreas e €, conseqiientemente,
uma forma menos econdmica de geracdo de calor quando comparada com
desacoplamento mitocondrial, principalmente em pequenos mamiferos com alta razdo de
area de superficie por massa corporea (51). Por esta razdo, a termogénese facultativa que
ndo envolve tremor muscular ¢ a principal fonte de calor em humanos recém-nascidos e
pequenos mamiferos (51). Esta resposta também ¢ iniciada no hipotdlamo através da
ativicdo do sistema nervoso simpatico (SNS), aumentando a liberagdao de catecolaminas
pelo corpo, principalmente no tecido adiposo marrom (BAT), o 6rgdo chave dessa
modalidade de termogénese facultativa. O BAT ¢ intensamente inervado pelo SNS, e sua
capacidade termogénica ¢ grandemente atribuida a proteina desacopladora 1 (UCP-1),
uma proteina mitocondrial que promove o vazamento de protons do espaco
intermembrana da mitocondria, competindo com a menos abundante ATP sintase,
desacoplando desta forma a oxidagdo de substratos energéticos da fosforilacdo de ADP

(52-54).

A resposta normal da UCP-1 a exposi¢do ao frio ¢ abolida em ratos hipotirdideos
(55-57), requerendo saturacdo completa dos receptores de hormonio tiroideano no BAT
(56). A normalizacdo dos niveis de UCP-1 em animais hipotirdideos com T3 exogeno
requer doses que provocam hipertiroidismo sistémico (58). Em contrapartida, os niveis de

UCP-1 sdo normalizados com doses fisiologicas de T4, o que € explicado pela expressao



de D2 no BAT, a qual gera o T3 adicional necessério para a termogénese facultativa do

BAT (26).

Outra fun¢do da D2 no tecido ¢ proporcionar o aumento de 3 a 4 vezes na
atividade de enzimas lipogénicas, i.¢., enzima madlica e glicose-6-fosfato desidrogenase,
observado no tecido durante a exposi¢do ao frio. Este fendmeno também ¢ abolido em
ratos hipotiroideos (56, 59). Durante a exposi¢do ao frio, a lipogénese no BAT ¢ muito
ativa, sendo responsavel por mais de 50% da de novo sintese de acidos graxos no rato

(60).

A analise mais detalhada do modelo animal hipotirdideo revela a grande limitagao
deste modelo, a qual resulta do aumento intrinseco da atividade do SNS. A liberagdo de
norepinefrina (NE) na maioria dos tecidos ¢ acelerada pelo hipotiroidismo,
provavelmente para compensar o decréscimo generalizado a responsividade a NE (61). O
aumento da liberagdo de NE causa desensitizagdo adrenérgica, levando ao decréscimo da
responsividade a NE (62, 63). E muito dificil discriminar os efeitos causados pelo

hipotiroidismo dos eventos relacionados a desensitizacao.

Alternativamente, o camundongo com disrupgdo do gene da D2 (Dio2™") constitui
um sistema aperfeicoado para o estudo das interacdes hormoénio tiroideano-sistema
adrenérgico (64, 65). Estes animais sdo sistemicamente eutirdideos, apresentando T3

sérico normal e T4 levemente elevado. Desta forma, estes animais ndo desenvolvem



adaptagdes homeostaticas a temperatura ambiente. Entretanto, a auséncia da D2 prejudica

a termogénese do BAT por eliminar a conversdo adaptativa de T4 a T3 (64).

A termogénese facultativa do BAT estd prejudicada nos animais Dio2”", como
demonstrado in vivo e in vitro (64). Quando expostos ao frio, os animais Dio2™”
apresentam hipotermia moderada e sobrevivem por aumentar a termogénese por tremor
muscular. Estes efeitos podem ser revertidos pela administragdo de uma tUnica dose
saturante de T3 24, horas antes da exposi¢do ao frio, demonstrando que a fungdo critica
da D2 ¢ catalizar a produgdo de T3 nestas células (64). Desta forma, ao contrario do
modelo animal hipotirdideo, o animal Dio2” possibilita a melhor compreensio dos

mecanismos pelos quais a D2 ¢ um componente critico da resposta termogénica do BAT

(51).

Degradagao da D2 pelo sistema proteassomal

A D2 ¢ considerada a desiodase critica na homeostase do T3 gerado por
desiodacdo devido a sua plasticidade fisiologica. Por exemplo, a responsividade da D2 a
AMP ciclico constitui a base para sua rdpida estimulagao adrenérgica no BAT, no
musculo esquelético humano e na tirdide, associando a expressdo de D2 ao sistema
nervoso simpatico e, expandindo o espectro de estimulos ambientais e endogenos que

podem, potencialmente, influenciar a producdo adaptativa de T3 (para revisao (1)).



Um grande niimero de mecanismos transcripcionais e pds-traducionais evoluiram para
assegurar expressao limitada e controle rigido dos niveis de D2, os quais sdo inerentes a
suas fungdes homeostaticas (3). Em vertebrados superiores, a extensao do mRNA da D2
¢ maior do que 6 Kb em comprimento, apresentando longas regides 5’e¢ 3’ ndo
codificadoras (66). “Splicing” alternativo ¢ um dos mecanismos que controlam os niveis
de D2, gerando mRNAs similares em tamanho aos principais 6 ¢ 7 Kb, mas que nao
codificam a enzima ativa (66). Instabilidade da sequéncia AUUUA localizada na por¢ao
3’ ndo codificadora diminue a meia-vida do mRNA da D2 e a dele¢do desta regido
promove um aumento de, aproximadamente, 3,8 vezes da meia-vida do mRNA da D2

(66).

A razdo atividade/mRNA da D2 ¢ variavel, indicando regula¢do pos-traducional
substancial (67). De fato, a curta meia-vida (~20 min) é o que caracteriza o seu
comportamento homeostatico (68), e mais, esta meia-vida pode ser ainda menor devido a
exposicdo a concentragdes fisiologicas de seu substrato, o T4, e, em condigdes
experimentais, rT3 e T3 (68-74). Isto constitui uma alca de retroalimentacdo rapida e
potente, controlando de forma eficiente a produgdo de T3 e niveis intracelulares de T3 de
acordo com a disponibilidade de T4. O potencial das iodotironinas para promover
degradacdo da D2 reflete a afinidade da enzima pelo substrato, indicando que o complexo

enzima-substrato € necessario para a perda de atividade da D2 (3).

A D2 apoés catalizar a conversdo de T4 a T3, torna-se alvo do sitema de

ubiqiiitinag¢do, o qual marca a enzima através da conjugacao desta com ubiqiiitinas. Apds



ubiqiiitinagdo, A D2 ¢ extraida do reticulo endoplasmatico e encaminhada para
degradagdo no citosol (75, 76). A maquinaria de ubiqiiitinagdo ¢ constituida de dois
complexos inespecificos (E1 e E2) e um terceiro complexo que garante especificidade
(E3) (77, 78). Estudo recente identificou a SOCS-box containing WD-40 protein (WSB-
1) como o componente do complexo E3 que promove a ubiqiiitinagdo da D2 de forma

especifica (79).

A D2 ubigqiiitinada pode ser resgatada por proteinas desubiqiiitinadoras (VDU 1 e
2). Este mecanismo ¢ bastante eficiente na amplificacdo da atividade da D2 e ¢ bem
ilustrado pela répida estimulacdo da VDU 1 em BAT, nas primeiras horas de exposi¢ao
ao frio, promovendo um salto na atividade da D2 que precede o aumento do proprio

mRNA da D2 no tecido (80).

Desta forma, devido a ineficiéncia intrinseca na sintese de selenoproteinas, a
desubiqitinagdo da D2 constitui vantagem bioquimica e fisiologica que possibilita rapido

controle da ativagao do hormonio tiroideano (3).

Desiodase de iodotironina do tipo 3 (D3)

A D3 ¢ considerada a via principal de inativacdo de T3 e T4 porque a D1 tem
capacidade limitada de promover desiodag@o do anel interno. A D3 por sua vez, promove
exclusivamente a desiodacao do anel interno, convertendo T4 a rT3 ¢ T3 a 3,3’-T2,

ambos biologicamente inativos (81). Esta enzima contribui para a homeostase do



hormonio tiroideano, protegendo tecidos da exposi¢@o ao excesso de hormonio tiroideano

3).

A reagdo catalizada pela D3, a exemplo da D2, também segue cinética do tipo
seqiiencial e ¢ insensivel a inibicdo por PTU (5, 82). A D3 isolada de microssomos do
cortex cerebral de ratos apresenta afinidade por T3 em torno de 1 nM e uma afinidade
menor por T4, em torno de 37 nM. A afinidade da D3 humana por T3 estd em torno de 12

nM.(82) A D3 apresenta meia-vida de 12h (3).

Apesar da desiodagdo do anel interno, de forma generalizada, e da atividade de
D3, em particular, terem sido descritas em varios tecidos, em um grande numero de
espécies animais, a maioria dos estudos realizados utilizam-se de ratos como modelo
animal. No rato adulto, a D3 é encontrada predominantemente no SNC, pele e placenta,
enquanto que no rato recém-nascido a D3 € encontrada no musculo esquelético, figado e
intestino (32, 83-87). A atividade da D3 também ¢ detectada em figado de fetos humanos,
mas desaparece ao final da gestagdo (88). Com o uso da técnica de hibridacdo in situ, o
mRNA da D3 foi identificado por todo o cérebro no SNC de ratos adultos, com alta
expressdo nos neurdnios piramidais do hipocampo, células granulosas do nicleo dentado
e camadas II-IV do cértex cerebral (89). E importante ressaltar que estas areas do cérebro
apresentam as concentracdes mais altas de receptores de hormonio tiroideanos dentro do
SNC e sdo fundamentais para o aprendizado, memoria e fun¢des cognitivas superiores
(90-92). D3 também ¢ encontrada na retina de fetos de ratos e, em menor quantidade, nos

olhos de ratos adultos (93). D3 ¢ encontrada em abundéncia na pele de ratos adultos (32,

10



94). D3 ¢ também altamente expressa na placenta de ratos, de porquinhos-da-india e de
humanos (85, 95-98). O sitio de implantagdo do embriao ¢ a regido da placenta que
apresenta a maior atividade de D3, aproximadamente o dobro de qualquer outra area (99).
Na célula, a D3 localiza-se na membrana plasmatica (19), mas a localizacao do centro
catalitico ainda ¢ controversa (19, 100). Devido a localizagdo junto a membrana
plasmatica, esta enzima tem acesso facilitado ao hormdnio tiroideano plasmatico,
explicando sua capacidade de inativar o T4 e T3 circulante em pacientes com
hemangiomas e o bloqueio de hormodnio tiroideano materno ao feto em desenvolvimento

(101-103).
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IT - Objetivos

1 — Avaliar a homeostase do hormonio tiroideano em camundongos com disrupgao do

gene da desiodase do tipo 2, em deficiéncia familiar da desiodase do tipo 1;

2 — Investigar o papel da desiodase do tipo 2 no sistema de retroalimentagdo negativa no

eixo hipofisario-tiroide;

3 — Investigar os mecanismos que explicam termogénese facultativa ineficiente do tecido

adiposo marrom em animais com disrupg¢ao do gene da desiodase do tipo 2;

4 — Investigar o papel da desiodase do tipo 2 no desenvolvimento e fun¢io termogénica

da célula adiposa marrom.
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Resumo

Em ordem para que a 3,5,3’-triiodotironina (T3) possa mediar seus efeitos biologicos, o
pro-hormonio tiroxina (T4) deve ser ativado pela remog¢do de um iodo do anel externo
pelas desiodases do tipo 1 ou 2 (D1 e D2). Para melhor definir os papéis da D1 e da D2
na homeostase do hormonio tiroideano, nos introduzimos a disrup¢ao do gene Dio2 em
linhagem C3H/Hel] (C3H) com baixa expressdo de D1, gerando o camundongo C3H
D2KO. Notavelmente, estes animais mantém niveis séricos de T3 eutiroideos, com
crescimento normal e sem decréscimo na expressdo de genes hepaticos responsivos ao
T3. Contudo, o T4 esta aumentado 1,2 vezes em relacdo aos ja elevedos niveis de C3H,
sendo 2,2 vezes acima dos niveis de camundongos C57BL/6J (C57), os quais apresentam
expressam de D1 e D2 selvagem. O TSH do C3H-D2KO esta aumentado 1,4 vezes em

'] ndo indica diferenca na atividade

relacdo ao C3H, e ainda assim a captacdao de
tiroideana entre estes animais. As atividades da D1 hepatica e renal estavam bem abaixo
do que em camundongos selvagens C57 (0,1 vezes para ambas), mas estavam
aumentadas 8 e 2 vezes, respectivamente, em relacdo ao C3H. Além disso, atividade da
D1 tiroideana e desiodase do tipo 3 (D3) do cortex cerebral estavam inalteradas entre
camundongos C3H-D2KO e C3H. Em conclusdo, camundongos C3H-D2KO apresentam
notavel aumento dos niveis de T4 sérico, e isto, em conjunto com baixa atividade residual
de D1, poderiam desempenhar papel importante na manutencdo de suas concentragdes
eutiroideas de T3 sérico. Entretanto, atividade tiroideana aumentada e/ou producdo de T3

mediada por D1, ou um decréscimo da inativagdo de T3 mediado pela D3, ndo parecem

participar da manutengao da homeostase do hormdnio tiroideano nestes animais.
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Abstract:

In order for 3,5,3'-triiodothyronine (T3) to mediate its biological effects, the pro-
hormone thyroxine (T4) must be activated by removal of an outer-ring iodine by the type
1 or 2 deiodinases (D1 and D2). To further define the roles of D1 and D2 in thyroid
hormone homeostasis, we backcrossed the targeted disruption of the Dio2 gene into
C3H/HeJ (C3H) mice with genetically low D1 expression, creating the C3H-D2KO
mouse. Remarkably, these mice maintain euthyroid serum T3 levels, with normal growth
and no decrease in expression of hepatic T3-responsive genes. However, T4 is increased
1.2-fold relative to the already elevated C3H levels, being 2.2-fold that C57BL/6J (C57)
mice with wild type D1 and D2 expression. C3H-D2KO TSH is increased 1.4-fold

relative to C3H, yet thyroidal 125

I uptake indicates no difference in thyroidal activity
between these mice. C3H-D2KO hepatic and renal D1 activities were well below those
observed in wild type C57 mice (~0.1-fold for both), but were increased 8-fold and 2-fold
respectively relative to C3H mice. Additionally, thyroidal D1, and cerebral cortical type
3 deiodinase activity (D3) were unchanged between C3H-D2KO and C3H mice. In
conclusion, C3H-D2KO mice have notably elevated serum T4 levels, and this, in
conjunction with residual low D1 activity, could play an important role in the
maintenance of their euthyroid serum T3 concentrations. However, increased thyroidal
activity and/or thyroidal D1-mediated T3 production, or a decrease in D3-mediated T3

clearance, do not appear to play a role in the maintenance of thyroid hormone

homeostasis in these mice.
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Introduction:

Thyroxine (T4) is the major product secreted by the thyroid gland, yet 3,5,3'-
triitodothyronine (T3) is the ligand for thyroid hormone receptor (TR) (1). Thus, T4 must
be converted to T3 by the type 1 or 2 iodothyronine deiodinases (D1 or D2) to mediate its
biological effects (reviewed in (2)). In humans, approximately 80% of daily T3
production is derived from extrathyroidal D1- and D2-mediated T4 to T3 conversion,
while in rodents, 60% of their daily T3 production is via this pathway (reviewed in (2)).

Three rodent models exist where the effects of deiodinase deficiency on
extrathyroidal T4 to T3 conversion may be studied. These include the C3H/HeJ (C3H),
Diol™” (D1KO) and Dio2™" (D2KO) mice. In C3H mice, a decreased expression of the
Diol gene results in both liver and kidney D1 activities being reduced to ~10-20% that of
most wild type mice, e.g. C57/BL6 (C57)(3-6). These mice have no obvious phenotypic
abnormalities despite their relative deficiency of D1, with serum T3 and TRH-stimulated
TSH levels being normal, however, T4 is increased by ~60 % (3). Pituitary D2 activity is
also decreased by ~50% in these mice, presumably due to high T4 levels increasing T4-
mediated proteosomal degradation of this enzyme (3, 7, 8).

DI1KO mice with a targeted disruption of the Diol gene are very similar to C3H,
with normal serum T3 and TSH, while T4 is elevated (9). These mice have no obvious
abnormalities, however a detailed analysis of these animals has revealed they are slightly
heavier than wild type siblings, and have greater fecal iodothyronine excretion (9).

Mice with a targeted disruption of the Dio2 gene are also apparently euthyroid, with
normal serum T3 and hepatic D1 activity, although elevation in serum T4 and TSH

indicates a central insensitivity to T4 (10). D2KO mice exhibit isolated hypothyroidism
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in tissues that depend on D2-catalyzed T4 to T3 conversion to regulate thyroid status, i.e.
brain, and brown adipose tissue. Thus, these animals have elevated TSH, are deaf, and
are unable to sustain their body temperature during cold exposure as a result of impaired
energy expenditure (10-12).

Still, it is remarkable that there are no further abnormalities in any of these mice.
This leads one to wonder, is the T3 generating capacity of the remaining D1 and/or D2 in
these animals able to compensate such that more severe defects are not manifested?
Further, what would happen if both D1 and D2 activity were impaired? To address this
question, we backcrossed the targeted disruption of the Dio2 gene into a C3H background
to generate the C3H-D2KO mice. Our results indicate that remarkably, despite very low
D1 activity and no D2 expression, C3H-D2KO mice maintain euthyroid plasma T3

levels, and no apparent additional phenotypic abnormalities exist in these animals.
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Materials and Methods:
Animal Treatment Protocols

Animals were maintained and experiments were performed according to protocols
approved by the Animal Care and use Committee of Harvard Medical School in
compliance with NIH standards. C57BL/6J (C57) or C3H/HeJ (C3H) mice were obtained
from Jackson Labs (Bar Harbor, ME). Mice were fed normal chow and housed under a
12-hour light 12-hour dark cycle at 22 °C. For all experiments shown male mice of

approximately 8-weeks of age were used unless otherwise indicated.

Generation of Diol “"“"-Dio2”, C3H-D2KO and C57-D2KO mice

Male mice homozygous for a targeted disruption of the Dio2 gene (Dio2™) (10)
were mated with C3H females, and the resulting Dio1V"CH_Dio2*" heterozygotes were
interbred to generate Diol™ "V -Dio2*"*, Dio1“*V“H-Dio2*™ Dio1Y"V'-Dio2”, and
Dio1“YSH_Dio2” mice. To generate C3H-backcrossed animals, male Dio2” mice were
mated with C3H females to create F1, with the resulting male Dio2™ heterozygotes being
crossed with a C3H female 3 more times to generate the F4. F4 Dio2™ heterozygous
females were then mated with C3H males to ensure the Y chromosome was also C3H-
derived in the F5 offspring. Heterozygous F5 males and females were then interbred to
generate animals predicted to be 97 % C3H (13) and these animals are referred to as
C3H-D2KO mice. A similar strategy was used to generate animals where the targeted

disruption of the Dio2 allele was backcrossed into a C57 background, and these animals

are referred to as D2KO mice in this manuscript.
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Genotyping
Animals were tailed at 3 weeks of age, and genomic DNA was extracted using
DNAzol (Invitrogen, Carlsbad CA) following the manufacturer's instructions. Mice were

genotyped by PCR using the following strategies:

Diol: 50 ng of genomic DNA was amplified using Platinum GenoTYPE Tsp DNA
polymerase (Invitrogen, Carlsbad CA) following the manufacturer's specifications with
the following modifications: reactions contained 32 pM dATP, dCTP, dTTP and 40 uM
7-deaza-dGTP (Roche, Indianapolis, IN), and 0.2 pl o->*P dCTP (6000Ci/mmol, New
England Nuclear, Boston MA), 1x PCR Enhancer solution (Invitrogen, Carlsbad CA), 2.5
mM MgSO,, 2.5% DMSO, and 0.4 pM sense and anti-sense primers (sense: 5’-
GCAGCGTCCATTCTCATTTAC-3’, anti-sense 5’-TCTTAACGGACTGCCCAGG-3).
PCR products were resolved on a 10% TBE buffered acrylamide gel (BioRad), which

was then dried and exposed to film.

Dio2: 50 ng of genomic DNA was amplified using the Red Tag DNA polymerase
(Sigma, St. Louis MO) following the manufacture's protocol using a mix containing the
following primers: WT sense primer (5’-GTTTAGTCATGGAAGCAGCACTATG-3’),
D2KO sense primer (5’-CGTGGGATCATTGTTTTTCTCTTG-3’) and common anti-
sense primer (5’-CATGGCGTTAGCCAAAACTCATC-3’) (14). Fragments were

resolved by 1.5% agarose gel electrophoresis.

13, T4, and TSH measurements and T3-charcoal uptake
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Serum T3 values were either measured as described previously (15, 16) using a
standard curve prepared by diluting a known amount of T3 into charcoal-stripped mouse
serum (Sigma, St. Louis, MO) and primary anti-T3 antibody at a 1/100,000 final
concentration or by using the same standard curve with COAT-A-COUNT total T3 kit
(DPC, Los Angeles, CA). Serum T4 values, and 1251 T3 charcoal uptake to assess serum
T3 binding proteins were measured as described previously (16). TSH was determined

125

using the rat TSH ~I Biotrak Assay System from Amersham Biosciences (Piscataway,

NJ) with slight modifications (17), with samples all falling within the linear range of a

curve generated by the serial dilution of hypothyroid mouse serum.

DI, D2, and D3 assays

Deiodinase assays were performed as described previously (18). Briefly, tissues
were sonicated in buffer containing 0.1 M KPOy4, 1 mM EDTA, 0.25 M sucrose and 10
mM DTT. Protein concentrations were determined by Biorad Protein Assay reagent
(Biorad, Hercules CA), and the following conditions were used: for D1 assays 5-15 pg of
liver, 15-50 pg of kidney, 3-6 ug of thyroid and 20-150 pg of pituitary were assayed with
a final concentration of 10 mM DTT and 500 nM '*1 T3, for D2 assays 20-125 pg of
cerebral cortex or 50 pg of pituitary was assayed with a final concentration of 20 mM
DTT, 5.0 nM '*1 T4, and 1 mM PTU, and for D3 assays 20-125 g of cerebral cortex

protein was assayed with 10 mM DTT, 10 nM '*I T3, and 1 mM PTU.

Thyroidal radioiodine uptake

22



Mice were injected with 15,000 cpm/ g body weight Na'*I (New England

Nuclear, Boston MA) intraperitoneally. 2 hours after injection (at a time where uptake
was determined to be maximal and in a stationary phase, data not shown) mice were
sacrificed and serum and thyroid were collected and counted. Data are expressed as

thyroidal cpm/ cpm 1 ml serum.

Real-time PCR
Real-time PCR was performed as described previously using the QuantiTect

SYBR Green PCR kit on an I-Cycler (Biorad, Hercules CA) (16).

Statistical analysis

When two groups were compared, statistical significance was determined using a two-
tailed student's t-test, while when multiple groups were compared one-way Analysis of
Variance (ANOVA) with a Newman-Keuls post-test was used (Prism 4, GraphPad

Software, San Diego CA).
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Results:

Two strategies were used to create mice with the C3H Diol allele and a targeted
disruption of the Dio2 gene

A mouse with low levels of D1, and without D2, was generated by crossing the D1
deficient C3H/HeJ (C3H) mouse with mice that have a targeted disruption of the Dio2
gene, to generate Dio1 VSR pio2*" heterozygous animals. These heterozygotes were
interbred, and mice homozygous for both the C3H Dio! allele and the targeted disruption
of the Dio2 gene were identified. In order to distinguish the Diol allele, we used PCR
primers flanking a previously described ~150 bp insertion located in the second intron of
the C3H Diol gene (4) (Fig. 1A). For D2 genotyping, we used 5' sense primers either
directed against sequences in the wild type Dio2 gene or the inserted neomycin gene, and
a common Dio2 anti-sense primer. This resulted in a 396 bp PCR product for the wild
type Dio2 allele, while the amplicon for the neomycin-containing disrupted Dio2 gene is
450 bp (Fig. 1B).

Mice homozygous for both the C3H Dio! allele and a disruption of the Dio2 gene
(Dio1YSH_Dip2™ were born at the expected Mendelian frequency. Strikingly, serum

T3 levels were not different in any of the mice generated from this cross, including the

. C3H/C3H twt
Diol | AR

-Dio2”" mice (Table 1). Serum T4 levels were increased 73% in Dio
Dio2™" mice lacking the Dio2 gene (p<0.05), and 62% in Dio1“**<H_Dio2** mice

containing the C3H allele of the Diol gene (p < 0.05) relative to wild type siblings, in
accordance with previous results (3, 6, 10). However, in Dio1CYSH_pigot- mice, T4
levels were even further elevated, being double that of wild type littermates (p<0.01).

TSH was not different between wild type littermates and mice containing the C3H allele
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of the Diol gene (Table 1). Serum TSH of mice lacking a functional Dio2 gene was
elevated by 34%, although this was not significantly different from wild type littermates,

199G Dio2™ mice were ~50% higher that of

however, serum TSH levels of the Dio
wild type siblings (p< 0.01).
Measurement of hepatic D1 activity confirmed no difference between wild type
littermates and mice with a targeted disruption of the Dio2 gene as described previously
(data not shown) (10). D1 activity was greatly decreased in Dio1“VSR_pio2** mice in
agreement with earlier results being less than 1 % that of wild type siblings (3, 6). D1
was also decreased in Dio1 ™" "_Djo2" mice to 7 % that of wild type siblings. While
the D1 activity in Dio1“"“".Dio2** and Dio1 " “H-Dio2” mice was not significantly

C3H/C3H yv: A~ - . .
1 -Dio2" mice did raise

different, the trend for slightly increased D1 activity in Dio
concerns that the low expression of the Diol gene in C3H mice might be influenced by
other trans-factors not directly linked to the polymorphisms found in the C3H Diol gene
alone (6).

Due to this concern, and to the limitations imposed by the small number of animals
homozygous for both markers generated in each cross (1/16), we decided to employ a
second strategy for creating mice with low D1 expression lacking the Dio2 gene. Thus,
mice with a targeted disruption of the Dio2 gene were backcrossed with C3H mice for 5
generations, generating animals with a genetic background predicted to be 97 % C3H-
derived, and these animals are referred to as C3H-D2KO mice (13). A similar strategy
was used to generate animals where the targeted disruption of the Dio2 allele was

backcrossed into a C57 background with wild type expression of the Diol allele, and

these animals will be referred to as D2KO mice (6).
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C3H-D2KO mice have normal serum T3 values, while T4 is elevated

C3H and C3H-D2KO mice have litters that are comparable in size (5.6 = 0.9 vs.
4.6 £ 0.7 pups/litter, mean + SEM, p>0.05), suggesting that no defects in embryonic
development or fertility are associated with this genotype. C3H-D2KO male mice were
slightly heavier and longer than C3H mice, weighing 14% more at 56 days of age
(p<0.01), and being 9.1 versus 8.6 cm in length (p<0.01).

Remarkably, as with the first strategy, measurement of serum T3 showed no
difference between male C57, D2KO, C3H and C3H-D2KO, indicating that despite a
deficiency of both D1 and D2, C3H-D2KO mice maintain normal serum T3 levels
(p>0.05) (Fig. 2A). Additionally, charcoal T3 uptake assays were not significantly
different between any of the groups, suggesting that the free fraction of serum T3 is not
different between any of these animals (data not shown). T4 was increased 50% in the
D2KO mice relative to that of C57 (p<0.05), while that of the C3H-D2KO mice was
slightly increased by 16% (p<0.01) when compared to the already elevated C3H T4
values (Fig. 2B). Strikingly, when C3H-D2KO serum T4 is compared to that of C57, T4
is doubled in the C3H-D2KO mice. These results are mirrored when one compares the
T3/T4 ratio on a mouse by mouse basis, with the ratios being 0.14 + 0.1, 0.10 £ 0.1, 0.09
+ 0.1 and 0.08 £ 0.01 for C57, D2KO, C3H and C3H-D2KO mice respectively,
indicating a progressive increase in T4 levels, while T3 remains unchanged.

Serum TSH levels were not different between C3H and C57 mice (Fig. 2C). In
agreement with previous results, serum TSH in D2KO mice was elevated, being over

twice that of C57 controls (p<0.05) (Fig. 2C) (10). TSH levels of C3H-D2KO mice were
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increased to a lesser extent than that of the D2KO mice, being increased by 40% relative
to C3H (p<0.01).

To determine if the observed increases in TSH correlated with increased thyroidal
activity, thyroidal 125 uptake was performed (Fig. 2D). No significant difference was
observed between C57 and D2KO or C3H and C3H-D2KO animals, although there

125

appeared to be more I uptake in mice with a C3H versus a C57 background.

Measurement of deiodinase activity in C57, D2KO, C3H, and C3H-D2KO mice

C3H and C3H-D2KO hepatic D1 activities were both reduced when compared to
C57, being 1% and 11% that of C57 respectively (Table 2). Unexpectedly, hepatic D1
activity was significantly increased (8.4-fold) in C3H-D2KO mice relative to C3H (p<
0.01). Since D1 is a very sensitive marker of peripheral thyroid status (16) levels of other
hepatic thyroid hormone responsive genes were also assessed. However, measurement of
mRNA expression of both spot 14 and a-glycerol phosphate dehydrogenase (o-GPD) by
real-time PCR (16) showed no change between C3H and C3H-D2KO mice (1.75 £ 0.67
vs. 1.64 £ 0.82 for spot 14 and 0.60 £+ 0.33 vs. 0.47 £ 0.12 for a-GPD, mean target gene
expression/f} actin expression + SEM, n=5 animals/group).

Measurement of renal D1 showed a decrease in C3H and C3H-D2KO activity
compared to C57 levels, and yet again, C3H-D2KO activity was increased relative to
C3H, being doubled (p<0.01). While renal D1 activity was also decreased in D2KO mice
when compared to C57, this difference was not found to be significant (p>0.05).

Thyroidal D1 activity was not significantly different between C57 and D2KO or C3H and

27



C3H-D2KO mice. Notably, mice with a C3H background had approximately one-half
the thyroidal D1 activity of mice with a C57 background.

In accordance with previous results, D2 activity in cerebral cortex and pituitary
was decreased in C3H when compared to C57 (Table 2) (6). Cerebral cortical D3 was
not different between C57 and D2KO mice, unlike previous reports where it is elevated
(Table 2) (10). However, D3 activity was the same between C3H and C57 mice, in

agreement with previous results (3).
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Discussion:

Mice with isolated D1 (C3H or D1KO) or D2 deficiency (D2KO) maintain normal
levels of serum T3 with few phenotypic consequences (3, 6, 10, 19). It seemed possible,
however, that this adaptive capacity of the T3-generating system would be seriously
jeopardized in mice resulting from the cross of the C3H and D2KO animals, and thus, the
C3H-D2KO mouse was developed via two strategies. However, these mice still maintain
euthyroid serum T3 values, exhibit normal growth and reproduction, and have no change
in hepatic expression of the T3-responsive marker genes spot 14 and a-GPD.

How do C3H-D2KO mice maintain normal serum T3 levels? One possibility might
be increased thyroidal production of T3. However, our data indicate that C3H-D2KO
have no change in '*I uptake relative to C3H mice, suggesting no increase in thyroid
activity in these animals (Fig. 2D). Additionally, the TSH-inducible thyroidal D1 activity
of C3H-D2KO is unchanged relative to C3H, making it unlikely that C3H-D2KO mice
have more T4 to T3 conversion within this tissue, and hence more T3 production (Table
2).

T3 can be inactivated by inner-ring deiodination via D3 or D1, and thus a decrease in
T3 clearance rates could also play a role in maintaining euthyroid serum T3 levels in the
C3H-D2KO mice (2). However, cerebral cortical D3 levels of C3H-D2KO animals are
not different from that of C3H or C57 mice (Table 2), suggesting that there is no change
in D3-mediated T3 clearance in these animals. Further, D1KO mice have no change in
their clearance rates of physiological amounts of T3, thus it is not likely that mice with

low levels of D1 such as C3H would have a change in their T3 clearance rates (9).
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One thing that is striking about the C3H-D2KO mice is their additional 20% increase
in plasma T4 above the already elevated levels found in C3H mice (Fig. 2 B). Thus, their
T4 levels are 2.2-fold that of C57 animals with wild type D1 and D2 activity, changing
their T3/T4 ratios from 0.14 to 0.8. This increase in T4, in conjunction with their
increased, albeit still low, hepatic and renal D1, might provide enough T4 to T3
conversion to allow the maintenance of euthyroid serum T3 levels (Table 2). The
comparison of C3H-D2KO mouse with mice that have been recently generated that
completely lack both the Diol and Dio2 genes will provide interesting insights into the
role of the residual small amount of D1 in the C3H-D2KO in the maintenance of thyroid
hormone homeostasis (19).

What is the basis of this substantial increase in T4 in the C3H-D2KO animals? Their
elevated TSH relative to C3H suggests that their thyroidal activity should be increased,

with more production of T4 (Fig. 2C). Yet, thyroidal 123

I uptake is not increased in C3H-
D2KO mice relative to C3H (Fig. 2D), indicating that TSH bioactivity may be decreased.
However, thyroidal 1257 uptake also indicates that C3H have a greater capacity to
concentrate iodide than C57 and suggests that their thyroids may be more active for
reasons that are currently unknown (Fig. 2D). Additionally, the T4 clearance rate in
D2KO mice is decreased, and thus this could also compound the accumulation of T4 (10)
The mechanism by which D1 increased in the C3H-D2KO animals in liver and

kidney has also yet to be defined (Table 2). While the Diol gene is a known to be a very

T3-responsive gene, expression of the T3-responsive hepatic genes spot 14 and o-

glycerol phosphate dehydrogenase were not increased in C3H-D2KO mice suggesting
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that either their livers are not thyrotoxic, or else that these other genes are simply not
sensitive enough markers to detect a slight alteration in thyroid status (16).

While the tissue-specific thyroid status of the C3H-D2KO mice remains to be
investigated in detail, overall our results indicate that few phenotypic consequences not
already associated with the D2KO mouse result from a combined deficiency in Diol and
loss of Dio2 gene expression. Our results with the C3H-D2KO mouse further underscore
the powerful network of mechanisms that exist to maintain thyroid hormone at

appropriate levels.
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TABLE 1. Serum T3, T4, and TSH values of mice generated by crossing Dio1 WT/C3H

and Dio2 *- mice.

Geneotype (n) T3, ng/ml T4, ug/dl TSH, ng/ml
Dio1 WTWT Dijo2 +/+(8) 0.76 £ 0.07 1.61£0.17 5.47 +0.28
Dio1 WTWT Dijo2 *+(7) 0.77 £0.06 2.79+0.322 7.32+0.83
Dio1 C3HIC3H Djp2 +/+(8) 0.69 +0.06 2.61+£0.282 517+0.45
Dio1 C3H/C3H Djo2 -(17) 0.72£0.05 3.20 £0.20°  8.34 £ 0.54°

Values indicated are the mean £ SEM. Mice were sacrificed at 8 weeks of age with

n= indicating the number of mice in each group. Mice are both male and female due

to the low number progeny produced of the homozygous genotypes. 2P < 0.05 or

bP < 0.01 when compared to wild type siblings by ANOVA.
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TABLE 2. Deiodinase activities in C57, D2KO, C3H, and C3H-D2KO mice.

C57 D2KO C3H C3H-D2KO
D1 activity, pmol/min/mg
Liver 2526 + 451 3340 + 1505 34 +12 287 + 672
Kidney 782 + 254 304 +15 48 +8 98 + 132
Pituitary 378 552 6.7 6.7
Thyroid 189 + 21 204 + 40 97 + 16 120 + 14
D2 activity, fmol/hr/imqg
Cerebral cortex 34+ 7 * 1142 *
Pituitary 158 * 33 *
D3 activity, fmol/min/mg
Cerebral cortex 144+28 15.0+2.8 11.2+28 8.0+1.2

Deiodinase activities were measured as described previously (18) using rT3 as a substrate for
D1, T4 for D2, and T3 for D3. Values indicated are the mean + SEM for 6-11 male mice 8
weeks of age in each group, except for pituitary where tissues from 5-9 animals were pooled,

and thyroid, where activity from 4-5 animals/group were measured. 2P < 0.01 when compared

to C3H by Student’s t-test. *=not detectable.
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Figure Legends:

FIG. 1. Genotyping of mice for the C3H allele of the Diol/ gene and the targeted
disruption of the Dio2 gene. Mice were genotyped using primers that flank a ~150 bp
insertion in exon 2 of the C3H Diol gene (A) or primers that either amplify a 396 bp
fragment from the wild type Dio2 gene or a 450 bp fragment from the neomycin-

disrupted Dio2 gene (B).

FIG. 2. Serum T3, T4 and TSH concentrations, and 1251 thyroidal uptake. The mean
serum concentrations + standard error for T3 (A), T4 (B), and TSH (C) for the indicated
strain of mice is shown. For T4 and TSH measurements n=6, 11, 9 and 9 mice, while for
T3 n= 6, 3, 9 and 9 mice respectively. (D) Thyroidal uptake of 125 (cpm) normalized by
the '*°I content (cpm) of Iml of serum for 3-5 mice in each group is shown. *= p< 0.05
when compared to C57 by student's t-test. += p< 0.01 when compared to C3H by

Student's t-test.
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Resumo

T4, o principal produto da secre¢do tiroideana, ¢ um sinal critico no plasma e media o
mecanismo de retroalimentacdo negativa do TSH. Como um pré-hormdnio, T4 deve ser
convertido a T3 para adquirir atividade biologica; desta forma, ¢ esperado que a
desiodase do tipo 2 (D2) desempenhe um papel critico neste mecanismo de
retroalimentagao.

Entretanto, os detalhes dos mecanismos desta via ainda ndo foram elucidados porque,
contra-intuitivamente, a atividade da D2 ¢ perdida rapidamente na presenga do T4 por um
mecanismo de ubiquitinagdo-proteassomal. Neste estudo, n6s demonstramos que a D2 e o
TSH sdo co-expressos nos tirotrofos da pituitaria de ratos e que hipotiroidismo promove
o aumento da expressdo de D2 nestas células. Estudos usando duas linhagens celulares
derivadas de tirotrofos de camundongos, TtT-97 e TaT1, demonstram alta expressdo de
D2 no tirotrofo e confirma sensibilidade desta enzima a degradacdo proteassomal
induzida pelo T4. Apesar disso, a expressdao do gene da D2 em células TaT1 ¢ maior do
que a capacidade de ubigqiiitinar a D2, induzida pelo T4. Como resultado, a atividade de
D2 e produgdo de T3 nestas células ¢ sustentada, mesmo a concentracdes livre de T4
muito acima da faixa fisiologica. Neste sistema, a concentracao livre de T4 e a producao
de T3 mediada pela D2 correlacionam-se negativamente com a expressdao do gene do
TSH. Estes resultados esclarecem o paradoxo aparente entre a regulagao homeostatica da
D2 e seu papel mediando o mecanismo critico pelo qual o T4 promove a retroalimentacao

negativa do TSH.
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T,, the main product of thyroid secretion, is a critical signal
in plasma that mediates the TSH-negative feedback mecha-
nism. As a prohormone, T, must be converted to T; to acquire
biological activity; thus, type 2 iodothyronine deiodinase (D2)
is expected to play a critical role in this feedback mechanism.
However, the mechanistic details of this pathway are still
missing because, counterintuitively, D2 activity is rapidly lost
in the presence of T, by a ubiquitin-proteasomal mechanism.
In the present study, we demonstrate that D2 and TSH are
coexpressed in rat pituitary thyrotrophs and that hypothy-
roidism increases D2 expression in these cells. Studies using
two murine-derived thyrotroph cells, TtT-97 and TaT1, dem-
onstrate high expression of D2 in thyrotrophs and confirm its

sensitivity to negative regulation by T,-induced proteasomal
degradation of this enzyme. Despite this, expression of the
Dio2 gene in TaT1 cells is higher than their T,-induced D2
ubiquitinating capacity. As a result, D2 activity and net T4
production in these cells are sustained, even at free T, con-
centrations that are severalfold above the physiological
range. In this system, free T, concentrations and net D2-me-
diated T; production correlated negatively with TSHpB gene
expression. These results resolve the apparent paradox be-
tween the homeostatic regulation of D2 and its role in medi-
ating the critical mechanism by which T, triggers the TSH-
negative feedback. (Endocrinology 147: 1735-1743, 2006)

SH STIMULATES virtually every aspect of thyroid hor-
mone biosynthesis and secretion. In the absence of
TSH, thyroidal activity falls to very low levels, eventually
resulting in secondary hypothyroidism. TSH is regulated by
a negative-feedback mechanism triggered by thyroid hor-
mone at the pituitary and hypothalamic levels, the latter
involving suppression of TRH by paraventricular neurons.
As a result of this well-orchestrated mechanism, measure-
ment of serum TSH is the single most sensitive laboratory test
for diagnosis of primary hyper- and hypothyroidism (re-
viewed in Ref. 1).

The free T, concentration in serum is a key player medi-
ating the TSH feedback mechanism (2). This assumption is
derived from data obtained during iodine deficiency or mild
primary hypothyroidism (3). In both conditions, a declining

First Published Online January 5, 2006

Abbreviations: aFGF, Acidic fibroblast growth factor; bFGF, basic
fibroblast growth factor; D2, type 2 iodothyronine deiodinase; D3, type
3 deiodinase; DTT, dithiothreitol; EGF, epidermal growth factor; FBS,
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serum T, concentration, in the presence of normal serum T,
promotes dramatic increases in TSH secretion. The effects of
T, on TSH secretion are possible only because of the presence
of type 2 iodothyronine deiodinase (D2) in the pituitary,
which rapidly converts T, to the biologically active T;. Al-
though serum Tj; can also reach pituitary thyroid hormone
receptors (TRs) and by itself plays a significant role in re-
pressing TSHB gene transcription (4), most TR-bound T,
present in the pituitary gland originates from the local con-
version of T, to T, (5-8). In fact, both serum T, and TSH levels
were found to be significantly elevated in mice with targeted
disruption of the Dio2 gene, confirming that in the absence
of D2, the thyrotrophic cell is relatively resistant to the feed-
back effect of plasma T, (9). Furthermore, whereas serum
TSH levels in wild-type mice are suppressed by administra-
tion of either T, or T;, only T; was effective in the mouse with
targeted disruption of the Dio2 gene (9).

Nonetheless, the intrinsic homeostatic nature of D2 weak-
ens the argument for its proposed major role in the TSH
feedback mechanism (10). It is well known that low-serum T,
increases D2 activity and that high T, concentrations do the
opposite (11). This has been understood as an adaptive mech-
anism in brain and other D2-expressing tissues to minimize
changes in the intracellular concentration of T; during iodine
deficiency and hypothyroidism (12). However, such homeo-
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static behavior at the thyrotroph, if operational, would im-
pair the efficient transduction of changes in serum T,, leaving
TSH levels unchanged. This rationale raises questions about
the role played by D2 in the TSH feedback mechanism. In
fact, T,-to-T; production has never been demonstrated in
pure thyrotrophic cell lines, and data obtained from studies
of human TSH-producing tumors are controversial, with one
study (13) suggesting that the inactivating type 3 deiodinase
(D3) is the predominant deiodinase in TSH-secreting tumor
cells and another study (14) finding both type 1 iodothyro-
nine deiodinase and D2.

The present study was undertaken to test the paradigm
that D2 is a major player in the TSH feedback mechanism in
light of the substantial progress that has been made in our
understanding of posttranslational regulation of D2 (15).
Here we show that D2 is highly expressed in rat thyrotrophs
and is up-regulated during hypothyroidism. This is the result
of posttranslational mechanisms, as demonstrated in two
mouse thyrotroph-derived cells, TtT-97, a transplantable thy-
rotrophic tumor, and TaT1, an immortalized simian virus-40
T-antigen-expressing pituitary cell line. However, using the
TaT1 mouse tumor cell line, we find that the absolute rate of
T-induced loss of D2 activity in these cells is offset by the
combined effect of D2 reactivation and a high rate of D2
synthesis. As a result, an increase in T, rapidly translates into
an increase in thyrotrophic D2-mediated T, production and
suppression of TSHp gene expression, thus explaining the
T,-mediated TSH feedback mechanism.

Materials and Methods
Chemicals and drugs

Recombinant TGFB1 and IL-1B were purchased from R&D Systems
(Minneapolis, MN); 12-O-tetradecanoylphorbol 13-acetate (TPA), from
Alexis Biochemicals (Lausane, Switzerland); epidermal growth factor
(EGF), acidic fibroblast growth factor (aFGF), and basic fibroblast
growth factor (bFGF), from Chemicon International (Temecula, CA); T,,
T, rT5, methimazole, sodium perchlorate, and sodium selenite (Se) from
Sigma-Aldrich (St. Louis, MO); 6-n-propyl-2-thiouracil (PTU) from
United States Biochemical Corp. (Cleveland, OH); and MG132 and di-
thiothreitol (DTT) from Calbiochem (San Diego, CA). A stock solution
of TGFB was prepared in 4 mm HCl with 0.1% BSA; IL-18 in 1 X PBS
with 0.1% BSA; EGF in distilled water; aFGF in 5 mM sodium phosphate
(pH 7.2); bFGF in 5 mm Tris (pH 7.6); TPA and MG132 in dimethyl
sulfoxide; T,, T5, and rT5 in 0.04 N NaOH; and sodium selenite in 70%
ethanol. Working solutions of T,, T;, and rT; were prepared in 70%
ethanol; methimazole and sodium perchlorate were in drinking water.

Animals

Adult, male Sprague Dawley rats weighing between 150 and 200 g
were acclimated to a 12-h light, 12-h dark cycle (lights between 0600 and
1800 h) and controlled temperature (22 = 1 C). The studies were ap-
proved by the Institutional Animal Care and Use Committee at Tufts-
New England Medical Center and Tufts University School of Medicine.
Rat chow and tap water were provided ad libifum. Animals were made
hypothyroid by the addition of 0.05% methimazole and 0.5% sodium
perchlorate to their drinking water for 3 wk. Nontreated euthyroid
animals of the same age were used as controls.

Studies on LAF1 mice bearing TtT-97 thyrotropic tumors were con-
ducted with the highest standards of humane animal care in accordance
with the National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals. The animal protocols were approved by the
Committee on Animal Care and Use of the University of Colorado
Health Sciences Center (Denver/Aurora, CO). LAF1 mice were radio-
thyroidectomized 2 months before being injected with a mince of

Christoffolete et al. ® D2 and TSH Feedback Mechanism

TtT-97 thyrotrophic tumor, and the resulting tumors were allowed to
propagate in vivo for 5 months (16). One tumor-bearing mouse re-
ceived T, (Sigma, St. Louis, MO), 5 mg/liter, in 0.75% ethanol in the
drinking water for 3 wk, whereas a control hypothyroid mouse re-
ceived the ethanol vehicle. The T, treatment resulted in a serum level
of 573 nmol/liter in the treated mouse, as compared with a level of
3 nmol/liter in the hypothyroid control. Tumors were excised and
homogenized in 10 volumes of 4 M guanidinium thiocyanate solution
supplemented with 5% 2-mercaptoethanol.

Animal and tissue preparation for in situ
hybridization histochemistry

Thyroid hormone production was inhibited by treating adult, male
Sprague Dawley rats with 0.02% methimazole in the drinking water for
3 wk. Control rats received regular drinking water. At the end of the
treatments, the animals were anesthetized with sodium pentobarbital
(50 mg/kgbody weight ip); blood was taken from the inferior vena cava,
and the animals were immediately perfused transcardially with 20 ml
of 0.01 M PBS (pH 7.4), containing 15,000 U/ liter heparin sulfate followed
by 150 ml of 4% paraformaldehyde in PBS. The pituitary glands were
removed, postfixed by immersion in the same fixative for 2 h at room
temperature and then cryoprotected in 20% sucrose in PBS at 4 C over-
night. The pituitaries were then placed in a cryo mold, covered with OCT
(Tissue-Tek, Torrance, CA), and snap frozen on dry ice. Serial 14-pum-
thick coronal sections were cut on a cryostat (Leica CM3050 S, Leica
Microsystems GmbH, Nussloch, Germany) and adhered to SuperFrost/
Plus glass slides (Fisher Scientific, Pittsburgh, PA). The tissue sections
were desiccated overnight at 42 C and stored at —80 C until prepared
for in situ hybridization histochemistry.

Cell culture

TaT1 cells, kindly provided by Dr. Pamela L. Mellon (University of
California, San Diego, San Diego, CA), were grown till confluence in
DMEM supplemented with L-glutamine (2 mm), antibiotics, and 10%
fetal bovine serum (FBS) (growth medium) as detailed described pre-
viously (17). GH4C1, MSTO-211, and HEK cells were cultivated as
described previously (18, 19). Experiments were carried out in experi-
mental medium: DMEM with 0.1% BSA (T, experiments) or 0.5% BSA
(T3 experiments). The free T, fraction in 0.1% BSA is 2.7% of total T,, and
the free T fraction is 3% of total T; in 0.5% BSA (20).

RNA isolation, Northern blot, and real-time PCR (RT-PCR)

For all samples used in RT-PCR, the total RNA was isolated with
Trizol reagent (Invitrogen, Carlsbad, CA) according to manufacturer’s
protocol. For the Northern blot analysis of Dio2 mRNA in mouse TtT-97
thyrotrophic tumors, total RNA was isolated by sedimentation through
a 5.7 M cesium chloride cushion and polyA + RNA purified on oligo-(dT)
cellulose as described (21). Five micrograms of polyA+ mRNA were
separated by electrophoresis through a 0.8% agarose/6% formaldehyde
denaturing gel and transferred to a nylon membrane (Schleicher and
Schuell, Keene, NH). The mRNA separated on the filters was hybridized
at 42 C with a cDNA probe for rat D2 (22) and subsequently probed with
a nearly full-length cDNA for mouse TSH or B-actin (21).

RT-PCR was performed as described elsewhere using cyclophilin A
as a housekeeping internal control (23, 24). For the reverse transcriptase
reaction, 2-4 pg total RNA were used in the SuperScript first-strand
synthesis system for RT-PCR (Invitrogen) on a Robocycler thermocycler
(Stratagene, La Jolla, CA). RT-PCR was performed using IQ SYBR Green
PCR kit (Bio-Rad, Hercules, CA). The cycle conditions were 5 min at 94
C (Hot Start); 30 sec at 94 C, 30 sec at 58 C, and 45 sec at 72 C for 40 cycles
followed by the melting curve protocol to verify the specificity of am-
plicon generation. Standard curves consisting of four points serial di-
lution (factor of 5) of mixed experimental and control groups cDNA were
performed in each assay and used as calibrators. Comparable efficiency
was observed presenting r* greater than 0.99. The following primers
were used: TSHp (sense, 5'-CTCGGGTTGTTCAAAGCATGAGTG-3,
antisense, 5'-TGGTGTTGATGGTCAGGCAGTAG-3'); and cyclophilin
A (sense, 5'-GCCGATGACGAGCCCTTG-3’, antisense 5'-TGCCGC-
CAGTGCCATTATG-3).
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Fic. 1. Transverse sections through the pars distalis of the pituitary gland in euthyroid (A) and hypothyroid (B) rats, double labeled for TSH
immunoreactivity (brown cytoplasmic stain) and D2 mRNA (silver grains). Insets show high-magnification fields and bar represents 50 um. The
percentage of TSH cells containing D2 mRNA (arrows) and the number of silver grains per cell are substantially increased in the hypothyroid
animals. Closed arrowheads denote TSH-immunoreactive cells that do not contain silver grains. Open arrowheads denote pars distalis cells
that do not show TSH immunolabeling. Original magnification, X120 and X630 in inset.

Double-labeling in situ hybridization and
immunocytochemistry

Methods for double-labeling in situ hybridization and immunocyto-
chemistry have been described in detail (25-28). Pituitary sections were
hybridized with an 800-bp single-stranded [**SJUTP-labeled cRNA
probe complementary to the entire coding region of the rat D2 gene (29).
Briefly, the hybridizations were performed under plastic coverslips in a
buffer containing 50% formamide, 2X standard sodium citrate (S5C),
10% dextran sulfate, 0.5% sodium dodecyl sulfate, 250 ug/ml denatured
salmon sperm DNA, and 6 X 10° cpm of radiolabeled probe for 16 h at
56 C. The slides were washed in 1X SSC for 15 min and then treated with
RNase (25 png/ml) for 1 h at 37 C. After additional washes in 0.1X SSC
(2 X 30 min) at 65 C, the slides were washed in PBS and treated in 0.5%
Triton X-100 and 0.5% H,O, for 15 min and with 1% BSA in PBS. Then
the sections were incubated with a rabbit antiserum to rat TSH (NIH,
National Pituitary Hormone Program, Torrance, CA) diluted at 1:900 in
PBS containing 1% BSA in a humidified chamber for 2 d at 4 C. After
several rinses in PBS, the sections were incubated in biotinylated donkey
antirabbit IgG (1:200; Jackson ImmunoResearch, West Grove, PA) for 2 h,
followed by ABC Elite (1:100; Vector Laboratories, Burlingame, CA) in
PBS for 2 h at room temperature. The immunoreaction product was
developed with 0.025% 3,3 diamino benzidine/0.0036% H,O, in 0.05 M
Tris buffer (pH 7.6). Slides were dehydrated in a graded series of ethanol
containing 0.3 M ammonium acetate and were dipped into NTB2 au-
toradiography emulsion (Eastman Kodak, Rochester, NY). The autora-
diograms were developed after 3 d of exposure at 4 C.

Quantitative analysis

Bright-field and dark-field microscopy were used to determine the
percentage of immunostained thyrotrophs containing D2 mRNA and
the mean number of silver grains denoting D2 mRNA per thyrotroph.
Sections were visualized at X200 magnification, pictures taken at X120
and X630 magnification. All cells immunolabeled for TSH lying within
almm X 1 mm area were counted from three different regions of the
pituitary with the use of an ocular reticule. Cells that contained 2 or more
times the number of silver grains per unit area were considered positive.
A total of five to seven sections through the pituitary and an average of
70-80 cells were counted in each animal.

The number of silver grains per TSH cell were counted at X400
magnification under dark-field microscopy and adjusted for back-
ground grain counts. An average of approximately 30 TSH cells were
counted from each pituitary section for a total of three sections per
animal.

T ,to-T5 conversion in cultured cells

The production of '*°I from outer ring-labeled T4 (NEN Life Science
Products, Boston, MA), specific activity of 5692 uCi/ug, in intact cells
can be analyzed by measuring the level of '*°I in the medium as de-
scribed and validated elsewhere (30, 31) with the following modifica-
tions: at the end of experiment, 300 ul of medium were removed, 200 ul
of horse serum was added, and protein was precipitated by the addition
of 100 ul 50% trichloroacetic acid followed by centrifugation at 12,000 X
g for 3 min; 360 ul of the supernatant containing '*’I " generated were
counted in a y-counter (Cobra II; Packard, Meriden CT) and expressed
as the fraction of the total T, counts minus the nonspecific deiodination
in HEK cell lysate (<5% of the total '**I" T, counts) and corrected for
the volume counted (60%) and the 50% reduction in the specific activity
relative to T,. The remaining medium was discarded, the cell pellet
was sonicated in 0.1 M potassium phosphate-1 mm EDTA (pH 6.9) (PE
buffer), and total protein was assayed for activity normalization. Net
T; production is calculated by multiplying the fractional conversion
by the free T, concentration in the media and expressed as fmol/h/mg
protein.

Outer ring (5') deiodinase activity assay in cell sonicates

At the end of each experiment, cells were harvested in PBS and
centrifuged at 10,000 g for 3 min; the pellet was sonicated briefly in PE
buffer containing 10 mm DTT and 0.25 m sucrose. Protein determinations
were by the Bradford method using BSA as standard. The assay was
performed in the presence of 0.1-2 nm ['**I]5'-T,, 20 mm DTT, in the
presence and absence of 1 mm PTU, during different incubation periods,
depending on cell type. Specific T,-to-T; conversion was calculated by
subtracting nonspecific deiodination using either a saturating concen-
tration of T, (100 nm) or the same amount of protein obtained from a
HEK cell lysate. Deiodinase activity was expressed as femtomoles T, per
minute per milligram protein. The assays consumed less than 70% of the
substrate.

Inner ring (5) deiodinase activity assay in cell sonicates

D3 activity was assayed bg incubating 100-150 ug cellular protein,
about 200,000 cpm of 3,512 1]3'-triiodothyronine (NEN Life Science
Products), specific activity of 3390 uCi/ ug, 1 mm (PTU), 10 mm DTT, and
0.1 nm unlabeled T; for variable times. Reactions were stopped by the
addition of methanol, and the products of deiodination were resolved
and quantified by reverse-phase HPLC as described earlier (32). D3
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>

Fic. 2. A, Semiquantitative morpho-
metric analysis of the percentage of D2-
containing thyrotrophs in the pituitary
of the euthyroid and hypothyroid rat.
The pooled mean of the percentage of
D2-containing thyrotrophs of the euthy-
roid rats differ significantly (*, P < 0.05)
from that of hypothyroid rats. B, Histo-
gram showing the distribution of silver
grains denoting the accumulation of D2
mRNA in thyrotrophs of euthyroid and
hypothyroid animals. The means of the
numbers of D2 mRNA grains per cell for
each of the euthyroid rats differs signif-
icantly from that of hypothyroid rats
(P < 0.05). 0

% of D2 mRNA containing TSH cells
r-S
)
1

Euthyroid Hypothyroid

velocities are expressed as fmol of T; inner-ring deiodinated per milli-
gram of sonicate protein per minute (fmol/min/mg protein).

Statistical analysis

All data were analyzed using PRISM software (GraphPad Software,
Inc., San Diego, CA) and are expressed as mean = sem. ANOVA fol-
lowed by Newman-Keuls multiple comparison test were used for sta-
tistical analysis in all experiments, except for in situ hybridization and
immunocytochemistry studies, in which the mean percentage and sEs of
positive and negative TSH cells and the means and medians of the total
number of silver grains per TSH cell were calculated for each animal and
for each group and compared using the Student’s f test. P < 0.05 was
considered statistically significant.

A

Fic. 3. A, Double-reciprocal plot of D2 ac-
tivity in TtT-97 and TaT1 cells. TtT-97
cells were grown in a LAF1 host and then
harvested and processed for protein activ-
ity. TaT1 cells were grown in growth me-
dium, harvested, and processed for D2 ac-
tivity. B, D3 activity in TaT1 cells. Cells
were kept in growth medium supple-
mented with 10~7 M Se. After reaching con-
fluence, cells were incubated with vehicle,
TGFB1 (5 ng/ml), TPA (107 m), TGFB1 +
TPA, or a cocktail containing aFGF (50
ng/ml), bFGF (20 ng/ml), EGF (25 ng/ml),
TGFB1 (5 ng/ml), TPA (10~ 7 M), and IL-13
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Results

In situ hybridization of D2 mRNA and TSH
immunocytochemistry

Thyrotrophs were distributed throughout the pars distalis
of the pituitary gland of both euthyroid and hypothyroid rats
(Fig. 1). TSH cells in euthyroid animals were small and an-
gulated and contained a small nucleus. In contrast, TSH cells
in hypothyroid rats were larger, less angulated, and had a
larger nucleus. Accumulation of silver grains over TSH cells,
denoting the presence of D2 mRNA, was seen in both eu-
thyroid and hypothyroid animals. However, the percentage
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and B-actin mRNA. TtT-97 cells were
grown in an LAF1 host treated with T, or
vehicle in the drinking water for 21 d. At
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of TSH cells containing D2 mRNA was significantly greater
in the hypothyroid animals (Fig. 2A). In addition, the number
of silver grains accumulating over TSH-immunoreactive
cells was significantly greater in the hypothyroid animals,
with grain density ranging from 1 to 70 above background
in the hypothyroid animals and from 1 to 25 in euthyroid
animals. (Fig. 2B). Silver grains also accumulated over an-
terior pituitary cells that were not immunoreactive for TSH.

D2 is highly expressed in two TSH-producing murine tumor
cell lines

Because of the low abundance and intrinsic difficulties in
isolating primary thyrotrophs, TSH-producing thyrotrophic
tumor cells (TtT-97) and an immortalized cell line (TaT1)
constitute the only experimental models available for the
study of D2 regulation in thyrotrophs. TtT-97 cells have the
highest endogenous D2 activity reported to date, 4.4 pmol/
min‘mg protein, and an apparent Michaelis constant (T,) of
1.5nM, whereas TaT1 cells have a lower endogenous activity,
150 fmol/min'mg protein and an apparent michaelis con-
stant (T,) of 2.4 nm (Fig. 3A), but still higher than most
D2-expressing cells (19). No type 1iodothyronine deiodinase
activity was detected in TtT-97 or TaTl cells (data not
shown). However, by supplementing growth medium with
1077 ™ selenium and using extrasensitive D3 activity assay
conditions (low substrate concentration and extended incu-
bation times), we detected some D3 activity in the TaT1 cell
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line (Fig. 3B). Although significantly stimulated by TPA or
the combination of TPA and TGFp or a cocktail containing
aFGF, bFGF, EGF, TGFpB1, TPA, and IL-18 (P < 0.05), D3
activity remained at very low levels (Fig. 3B).

Posttranscriptional mechanisms are the primary
determinant of D2 activity in thyrotrophic cell lines

Treatment of animals that were bearing TtT-97 tumors with
T, for 21 d resulted in a dramatic decrease in levels of TSHf
mRNA and about a 50% loss of D2 activity but no change in
levels of D2 mRNA (Fig. 3C). Despite this loss in D2, the re-
maining D2-mediated outer ring deiodinase capacity is still by
far higher than in any other tissue. In similar studies, treatment
of TaT1 cells with T, resulted in 65-80% loss of D2 activity but
only a 20-35% decrease in D2 mRNA levels (Fig. 4A). Poor Dio2
gene responsiveness to thyroid hormone was further confirmed
by treating TaT1 cells with T;. Whereas incubation with T
barely changed D2 mRNA levels, TSHB mRNA levels de-
creased by more than 50% (Fig. 4B). This confirms that post-
transcriptional mechanisms are the major determinants of D2
activity in these two thyrotrophic cell models.

To determine the apparent D2 activity half-life in TaT1
cells, we used 100 um cycloheximide and observed a loss of
approximately 50% D2 activity in the first 60 min (Fig. 4C).
Next, we used different concentrations of the proteasome
inhibitor MG132 to test how efficiently these cells degrade
D2. GH4C1 cells, originally used to describe the effects of

- fold U:j
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Fic. 4. A, TaT1 cells were kept in growth medium until confluence and then placed in hypothyroid medium for 24 h; medium was then replaced
by 0.1% BSA-containing vehicle or 20 or 100 pMm of free T, (FT,), and cells were incubated for 16 h and processed for protein and RNA (¥, P <
0.01 vs. vehicle). B, TaT1 cells were kept in growth medium until confluence and placed in hypothyroid medium for 24 h; medium was then
replaced by 0.5% BSA-containing vehicle or increasing concentrations of free Ty (FT}), incubated for 16 h, and processed for RNA analysis (¥,
P < 0.05 vs. vehicle). C, TaT1 cells were kept in growth medium until confluence, placed in hypothyroid medium for 24 h, and medium replaced
by 0.1% BSA-containing cycloheximide (100 uM) for 30, 60, 90, or 120 min and processed for D2 activity (¥, P < 0.05 vs. vehicle). D, TaT1 and
GH4C1 cells were kept in growth medium until confluence and then incubated with increasing concentration of MG132 for 5 h then processed

for D2 activity (n = 4-7) (*, P < 0.05 vs. 0 uM of MG132).
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MG132 on D2 activity (18), were used as reference. Whereas
a 5-h incubation of GH4C1 cells with MG132 resulted in an
approximately 2-fold increase in D2 activity, in similarly
treated TaT1 cells D2 activity increased by almost 4-fold (Fig.
4D). These results indicate that TaT1 cells actively process D2
in a fashion similar to that used by many other D2-expressing
cells characterized to date (33). Thus, the remainder of the
experiments was performed in TaT1 cells.

To understand the relationship between T, concentration
and D2 activity in thyrotrophs, we exposed TaT-1 cells over-
night to variable free T, concentrations and compared the re-
sults with those of two other D2-expressing cell lines, ie a rat
pituitary tumor cell line (GH4C1) and a human mesothelioma
cell line (MSTO-211H). Before the experiment, all cells were
preincubated for 24 h in medium containing charcoal-stripped
FBS. The next day, cells were exposed for 12 h to medium
containing 0.1% BSA and known amounts of T, to generate a
defined range of free T, concentrations of 0—400 pM (the phys-
iological free T, concentration in serum is ~20 pM). This re-
sulted in a sharp drop in D2 activity in all three cell lines, with
most of the loss occurring over the 0-50 pm T, range (Fig. 5A).
It is notable that the fall in D2 activity varied according to the
initial D2 level. In GH4C1 cells, which had the lowest starting
point, D2 activity dropped to undetectable levels at 40 pm T,
whereas the decrease was less pronounced in MSTO-211H and
TaT1 cells. In MSTO-211H cells, D2 activity continued to fall as
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3
w
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Fic. 5. Response of D2 activity to T, in TaT1,
GH4C1, and MSTO-211 cells. A, GH4C1 and
MSTO-211 cells were kept in growth medium
supplemented with 10~7 M Se, whereas TaT1
were grown in growth medium. Cells were
made hypothyroid by 24 h of incubation in
DMEM + 10% charcoal-stripped FBS. Me-
dium was replaced by DMEM + 0.1% BSA-
containing vehicle or doses of free T, (FT4),

D2 activity
fmol/min emg protein

—&—TaT1
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the free T, concentration increased, eventually disappearing at
approximately 350 pm T,. Remarkably, D2 activity in TaT1 cells
stabilized at approximately 50 pm T,, despite increasing free T,
concentrations to 400 pm (Fig. 5A).

D2 ubiquitination seems to be in order in these cells be-
cause of the partial T,-induced loss of D2 activity and pres-
ence of the mRNA of key proteins involved in D2 inactivation
via ubiquitination such as WD40 containing SOCS box pro-
tein (WSB)-1 and Von Hippel-Lindau interacting deubiquiti-
nating protein (VDU)-1/2 in these cells (data not shown).
Thus, to explore further the mechanisms underlying the
maintenance of D2 activity in T,-treated TaT1 cells, we re-
peated the T -induced loss of D2 activity experiment expos-
ing cells to zero or 100 pm T, for 16 h, except that 2 h before
harvesting, we treated cells with cycloheximide to stop pro-
tein synthesis. Such treatment resulted in a sharp drop in D2
activity, at a fractional rate that was independent of the T,
content in the medium (Fig. 5, B and C). This indicates that
the D2 turnover in TaT1 cells remains high, despite a rela-
tively constant level of D2 activity.

D2-mediated T4 production suppresses TSHP gene
expression in TaT1 cells

Next we wished to test the hypothesis that maintenance of
D2 activity in the presence of increasing free T, concentra-

—o— MSTO-211 —0— GH4C1

ranging from 0 to 8 pM hypothyroid (hypo),

8-25 pM euthyroid (Eu), and 25-400 pMm (hy-
perthyroid -hyper) for 20 h. Cells were then
processed for D2 activity (*, P < 0.001 vs. 0 pMm
of FT4). B, TaT1 cells were kept in growth
medium until confluence and placed in hypo-
thyroid medium for 24 h; medium was then
replaced by 0.1% BSA-containing vehicle (cir-
cle) or 100 pM of free T, (square) for 16 h. After
that, vehicle (open symbols) or 100 um cyclo-
heximide (solid symbols) was added to me-
dium, and cells were harvested at 0, 0.5, 1, or
2 h (¥, P < 0.05 vs. time 0 h). C, The data
presented in B were normalized by the time
point 0 h and plotted as fold difference (n =
2-6).
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tions, as evidenced in Fig. 5A, would increase net T; pro-
duction and suppress TSH expression. To test this, we mon-
itored TaT1 whole-cell deiodination measuring the 12-h
integrated T; production (from added T,) and also processed
cells for measurement of TSHB mRNA levels. T; production
was calculated by multiplying the T,-to-T; conversion rate
(**I-T5/'*I-T,) by the gravimetric amounts of added T, as
described in detail elsewhere (34). As predicted, incubation
of TaT1 cells with increasing concentrations of T, resulted in
a progressive decrease in the fractional conversion of T, to Ty
(Fig. 6A, inset) but, because of the increasing free T, concen-
tration in the media, this results in a reciprocal increase in
D2-mediated T; production (Fig. 6A) and suppression of
TSHp gene expression (Fig. 6B). This decrease in the frac-
tional conversion (Fig. 6A, inset) also indicates that increasing
T, amounts are entering the cells, and thus, D2 stabilization
is not likely to be due to decreased T, transport.

To verify that suppression of the TSHB gene is mediated
by D2-mediated T,-to-T; conversion, we treated TaT1 cells
with 50 nm 1T;, a relatively high concentration of r'T; that not
only will induce D2 inactivation but also will compete with
T, for binding to the residual active D2 molecules. Treatment
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Fic. 6. T, production and TSHfB gene regu- o E
lation. TaT1 and Msto-211 cells were grown in s 2
growth medium and rendered hypothyroid in ™ g
DMEM + 10% charcoal-stripped FBS for 24 h; =2
—

medium was then replaced by DMEM + 0.1%
BSA. (For MSTO-211 cells 1077 M Se was
added to medium.) A, Cells were incubated for H
18-20 h with vehicle or doses of free T, (FT4),
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with rT; stopped T,-to-T; conversion and prevented D2-
mediated suppression of TSHP (Fig. 7A) but did not interfere
with TSHP suppression mediated by exogenously added T,
(Fig. 7B).

Discussion

Thyrotrophs lend themselves to understanding how in-
tracellular thyroid hormone activation controls occupation of
nuclear T; receptor and thyroid hormone action. Such cells
are equipped with a highly Ts-responsive gene, ie TSHf3,
express very high levels of D2 (Fig. 3A), the key deiodinase
thatactivates thyroid hormone and mediates the signal trans-
duction between serum T, and binding of T; to TR. In fact,
this mechanism is possible only because of the typical ho-
meostatic behavior of D2 (inactivation by catalysis) is offset
in the thyrotrophs by the high rate at which this enzyme is
synthesized in these cells. This allows for sustained T; pro-
duction, even in the presence of elevated T, concentrations,
restraining and eventually turning off the expression of the
TSHP gene, the basis for the TSH feedback mechanism.

The presence of D2 in the pituitary gland is generally
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tion of T production (see Materials and Meth-
ods). The inset shows the fractional conversion
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tration of FT, in the media. B, Cells were in-
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of free T, ranging from 0 to 8 pMm hypothyroid
(hypo), 8 to 25 pM euthyroid (Eu), and 25 to 400
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Fig. 7. TaT1 cells were kept in growth medium until confluence,
rendered hypothyroid for 24 h in DMEM + 10% charcoal-stripped
FBS, and then incubated in DMEM + 0.1% BSA and treated with
vehicle (open circle) or 50 nM of rT; (solid circle), receiving doses of free
T, (FT4), ranging from 0 to 8 pM hypothyroid (hypo), 8 to 25 pMm
euthyroid (Eu), and 25 to 100 pm hyperthyroid (hyper) state for 16 h
(A) or in DMEM + 0.5% BSA treated with vehicle (open circle) or 50
nM of rT (solid circle), receiving doses of free Ty (FT3), ranging from
0 to 3.5 pM hypothyroid (hypo), 3.5 to 7.7 pM euthyroid (Eu), and 7.7
to 100 pM hyperthyroid (hyper) state for 16 h (B). Cells were harvested
and processed for RNA analysis (n = 4—6). *, P < 0.01 vs. 0 pm of FT4
(A) and *, P < 0.01 vs. 0 pMm of FT3 (B).

accepted, but its presence in thyrotrophs is not well estab-
lished. Based on the intrinsic role of serum T, in the TSH
feedback mechanism (2), D2 is expected to be present in
thyrotrophs. However, this has been difficult to prove be-
cause of the lack of abundance of TSH-producing cells in the
pituitary gland (35). One alternative strategy has been to
screen pituitary tumors for the presence of D2. At least two
reports (14, 36) indicate that D2 is present in TSH-secreting
adenomas, but another (13) has found D3 as the predominant
deiodinase in TSH-producing tumors. In the present inves-
tigation, the presence of D2 in thyrotrophs was clearly dem-
onstrated in rat pituitary sections by in situ hybridization
histochemistry (Figs. 1 and 2) and in two rodent thyrotrophic
cell models (Fig. 3A). In the rat pituitary sections, the fact that
only approximately 30% of the thyrotrophs are positive for
D2 under euthyroid conditions (Fig. 2A) probably reflects the
low abundance of D2 mRNA, which is below the detection
level of this technique. This is supported by the increase in
the presence of D2 mRNA to almost 80% of the thyrotrophs
during hypothyroidism (Fig. 2B). However, it is not possible

Christoffolete et al. ® D2 and TSH Feedback Mechanism

to exclude at this time the existence of a thyrotrophic sub-
population that does not express D2 in which TSH secretion
would be controlled primarily by serum Ts;.

TaT1 cells express WSB-1, the D2-specific ubiquitin ligase
adaptor, and VDU-1 and VDU-2, two deubiquitinases in-
volved in rescuing and reactivation of inactive ubiquitinated
D2 (data not shown). The presence of these proteins involved
in D2 ubiquitination and degradation explains the relatively
short half-life of D2 in these cells (Fig. 4C) as well as its
sensitivity to T, (Fig. 4, A and B) and MG132 (Fig. 4D).
However, when a range of concentrations of T, is used, it is
notable that at T, concentrations greater than 50 pm the loss
of D2 activity is impaired in TaT1 cells as compared with that
of two other D2-expressing cells under identical treatment
conditions (Fig. 5A). This could indicate that the ubiquiti-
nating/proteolytic machinery is exhausted at high T, con-
centrations or that it has reached its maximal capacity. The
experiment with cycloheximide strongly favors the second
possibility because D2 activity was rapidly lost after D2
synthesis was stopped (Fig. 5, B and C). This indicates that
the ubiquitinating / proteolytic machinery is not exhausted at
high T, concentrations. Rather, it supports the idea that the
rate of D2 synthesis in these cells equals the maximal rate of
T,induced D2 ubiquitination. This is likely to explain the
persistence of D2 activity in the presence of high T, concen-
trations. A high rate of reactivation of inactive ubiquitinated
D2 via VDU-1/2-mediated deubiquitination could also con-
tribute to this phenomenon, given the high expression of
VDU-1 in the pituitary gland, although levels in TaT1 cells
are not particularly high (data not shown).

The expression of D2 in thyrotrophs is at the core of the
T,-mediated TSH feedback mechanism. D2-mediated net T,
production is low at lower T, concentrations and high at high
T, concentrations (Fig. 6A), demonstrating that fluctuations
in D2 activity caused by ubiquitination do not compensate
for changes in T,,. This, however, is not the case in GH4C1 and
MSTO-211 cells, which express D2 at lower levels (Fig. 5A).
In these cell lines, D2 activity decreases with the increase in
T, concentration so that T; production eventually halts at a
minimal level. Such a scenario would not be desirable in
thyrotrophs because a major decline in D2 activity resulting
from an increase in serum T, would disrupt the transduction
mechanism by which T, controls TSH gene expression. As
a result, the feedback mechanism would lose its exquisite
sensitivity to minor elevations in serum T4 concentrations
that can normally result in profound TSH suppression.
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Resumo

O gene Dio2 codifica a desiodase do tipo 2 (D2) que ativa a tiroxina (T4) a 3,3°,5-
triiodotironina (T3), e cuja disrup¢do (Dio2") resulta em hipotiroidismo especifico do
tecido adiposo marrom (BAT). No presente estudo, exposi¢do ao frio aumenta a
estimulagdo simpatica no BAT em ~10 vezes (normal ~4 vezes), como resultado, lipolise,
bem como os niveis de mRNA da proteina desacopladora 1, guanosina monofosfato
redutase e receptor ativado de proliferagao de peroxissomo y- co-ativador 1, aumentam
bem acima dos niveis detectados em animais selvagens expostos ao frio. A hiper-resposta
adrenérgica sustentada no BAT Dio2” suprime a estimulagdo de 3 a 4 vezes da
lipogénese do BAT, normalmente observada apos 24-48 horas no frio. Supressdo
farmacolodgica da lipogénese com Bf’-metil-substituido a-m-acido dicaborxilico de C14-
C18 em animais selvagens também prejudicou a termogénese facultativa no BAT. Estes
dados constituem a primeira evidéncia de que a responsividade adrenérgica diminuida
ndo limita a termogénese facultativa induzida pelo frio. Ao invés disso, a estimulacdo
hiperadrenergética compensatdria previne a estimulacdo normal da lipogénese no BAT
durante a exposi¢do ao frio, exaurindo rapidamente a disponibilidade de acidos graxos. A
ultima ¢ a determinante preponderante da termogénese facultativa prejudicada e

hipotermia de camundongos Dio2-- expostos ao frio.
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Mice with Targeted Disruption of the Dio2 Gene Have
Cold-Induced Overexpression of the Uncoupling Protein
1 Gene but Fail to Increase Brown Adipose Tissue
Lipogenesis and Adaptive Thermogenesis

Marcelo A. Christoffolete,! Camila C.G. Linardi,? Lucia de Jesus,' Katia Naomi Ebina,®> Suzy D.

Carvalho,? Miriam O. Ribeiro,* Rogerio Rabelo,> Cyntia Curcio,' Luciane Martins,> Edna T. Kimura,

and Antonio C. Bianco!

The Dio2 gene encodes the type 2 deiodinase (D2) that
activates thyroxine (T4) to 3,3',5-triiodothyronine
(T3), the disruption of which (Dio2~/~) results in brown
adipose tissue (BAT)-specific hypothyroidism in an oth-
erwise euthyroid animal. In the present studies, cold
exposure increased Dio2™/~ BAT sympathetic stimula-
tion ~10-fold (normal ~4-fold); as a result, lipolysis, as
well as the mRNA levels of uncoupling protein 1,
guanosine monophosphate reductase, and peroxisome
proliferator-activated receptor <y coactivator 1, in-
creased well above the levels detected in the cold-
exposed wild-type animals. The sustained Dio2~~ BAT
adrenergic hyperresponse suppressed the three- to
fourfold stimulation of BAT lipogenesis normally seen
after 24-48 h in the cold. Pharmacological suppression
of lipogenesis with Bp’-methyl-substituted «-w-dicar-
boxylic acids of C14-C18 in wild-type animals also
impaired adaptive thermogenesis in the BAT. These
data constitute the first evidence that reduced adrener-
gic responsiveness does not limit cold-induced adaptive
thermogenesis. Instead, the resulting compensatory hy-
peradrenergic stimulation prevents the otherwise nor-
mal stimulation in BAT lipogenesis during cold
exposure, rapidly exhausting the availability of fatty
acids. The latter is the preponderant determinant of the
impaired adaptive thermogenesis and hypothermia in
cold-exposed Dio2™'~ mice. Diabetes 53:577-584, 2004
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dequate quantities of thyroid hormone are re-

quired for the maintenance of basal energy

expenditure (1,2) and are also critical for ad-

justments in energy homeostasis during acute
exposure to cold, without which survival is not possible
(3). These adjustments in nonshivering adaptive thermo-
genesis are initiated by an increase in the activity of the
sympathetic nervous system (SNS). In human newborns
and other small mammals, brown adipose tissue (BAT) is
the main site of the sympathetic-mediated adaptive ther-
mogenesis. During cold exposure, there is an acute ~50-
fold increase in type 2 iodothyronine deiodinase (D2)
activity in BAT that accelerates thyroxine (T4) to 3,3',5-
triiodothyronine (T3) conversion (4). This increases thy-
roid hormone receptor (TR) saturation and leads to
intracellular thyrotoxicosis specifically in this tissue (5),
which in turn increases adrenergic responsiveness (6—8)
in a feed-forward mechanism that allows BAT to produce
heat in a sustainable manner.

The current paradigm of thyroid-adrenergic synergism is
based on the principle that hypothyroidism causes a
generalized decrease in adrenergic responsiveness and,
therefore, frustrates the homeostatic role of the SNS,
including the stimulation of BAT (9,10). However, these
studies are largely based on the hypothyroid animal as a
model, which has serious limitations for this purpose. The
reduced obligatory energy expenditure caused by systemic
hypothyroidism leads to a generalized and gradual in-
crease in sympathetic activity that, in the BAT, activates
adaptive energy expenditure to sustain normal core tem-
perature, even at room temperature (11). However,
chronic norepinephrine (NE) stimulation typically sets off
a series of desensitization mechanisms designed to limit
adrenergic responsiveness, decreasing the capacity for
further increase in the adrenergic signal transduction as
required during an acute exposure to cold. Thus, it is
difficult to differentiate the primary effects of hypothyroid-
ism in BAT from those caused by the compensatory
increase in sympathetic activity.

Conversely, the recently created mouse with targeted
disruption of the D2 gene (Dio2 /") constitutes an im-
proved system to study thyroid-adrenergic interactions.
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These animals are systemically euthyroid, as their serum
T3 is normal and serum T4 is only slightly elevated. Thus,
they do not develop homeostatic adaptations at room
temperature (12,13). However, the absence of D2 impairs
BAT thermogenesis by precluding the adaptive increase in
T4 to T3 conversion. As a result, cold-exposed Dio2 /~
mice activate shivering, a less efficient thermogenic path-
way that ensures survival but does not prevent mild
hypothermia (13).

It is not entirely clear why the D2-mediated high T3
receptor saturation is critical for BAT thermogenesis. On
the basis of studies performed in hypothyroid rat and
mouse models, the Dio2™/~ mouse would have been
expected to have impaired uncoupling protein 1 (UCP-1)
expression (14-16) and decreased adrenergic responsive-
ness (7,8). However, our previous studies indicate that the
nonstimulated Dio2 ’~ BAT has normal amounts of mito-
chondria and normal UCP-1 concentration (13). At the
same time, Dio2~/~ brown adipocytes do have decreased
cAMP generation capacity in response to different adren-
ergic stimulants (13), indicating that the latter is the
mechanism of impaired thermogenesis. Unexpectedly, the
present studies reveal that cold-exposed Dio2 /" mice
have a compensatory approximately ninefold increase in
BAT SNS stimulation that bypasses the relative adrenergic
insensitivity. At the same time, we now report that the
compensatory supernormal sympathetic stimulation
causes intense lipolysis and suppresses the otherwise
normal lipogenic surge observed during cold exposure,
thus rapidly depleting the brown adipocytes of its source
of fatty acids, resulting in impaired adaptive thermogene-
sis.

RESEARCH DESIGN AND METHODS

Chemicals and drugs. Unless otherwise specified, all drugs and reagents
were purchased from Sigma Chemical Co. (St. Louis, MO). The BB’-methyl-
substituted a-w-dicarboxylic acids of C14—C18 chain length (MEDICA-16), a
dead-end inhibitor of acetyl CoA carboxylase (ACC) and a competitive
inhibitor of citrate lyase (17), was a gift from Dr. Jacob Bar-Tana (Department
of Nutrition and Metabolism, Hebrew University Medical School, Jerusalem,
Israel).

Animals and treatments. All studies were performed under a protocol
approved by the Standing Committee on Animal Research. Some experiments
were performed on male Wistar rats that weighed 200-260 g, obtained from
our breeding colony as described (18). Surgical thyroidectomy was performed
under light ether anesthesia and was followed by administration of 0.05%
methimazole in the drinking water. Other studies were performed in C57BL/6J
or B6129SF2/J mice that weighed 20-30 g and were either purchased from The
Jackson Laboratories (Bar Harbor, MA) or bred in our laboratory as described
(13). Dio2 genotyping was by PCR using a wild-type (WT) sense primer
(5-GTTTAGTCATGGAAGCAGCACTATG-3"), a Dio2™/~ sense primer (5'-
CGTGGGATCATTGTTTTTCTCTTG-3"), and a common antisense primer (5'-
CATGGCGTTAGCCAAAACTCATC-3"), which generates an ~400-bp and an
~450-bp fragment corresponding to WT and Dio2~/~, respectively.
Interscapular BAT pad thermal response and NE turnover. The inter-
scapular (IBAT) thermal response to NE was performed as described (16,19)
in mice anesthetized with urethane (1.2 g/kg i.p.). Raw data were plotted over
time and expressed in terms of maximum AIBAT temperature (°C). NE
turnover was measured in mice acclimated at room temperature or during
cold exposure by blocking NE synthesis with 300 mg/kg a-methyl parathy-
rosine (a-MT) as previously described (20). Mice were killed at 0, 1, 2,3, or4 h
after the a-MT injection, and the IBAT was processed for NE measurement by
radioimmunoassay (Alpco Diagnostics, Windham, NH).

IBAT processing for histologic studies. Animals were killed by perfusion
with ice-cold 0.9% NaCl over a period of 15 min, under chloral hydrate
anesthesia (33%; 0.1 ml/100 g body wt i.p.), followed by perfusion with 4%
paraformaldehyde in 0.05 mol/l phosphate buffer (pH 7.4). The IBAT was
rapidly removed and processed for light microscopy or electron microscopy
as described (21). Sections were analyzed under a Nikon Eclipse E600 light
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microscope or at 80 KV with JEOL 100CXII or JEOL 1010 transmission
electron microscopes.

Biochemical determinations and IBAT enzymatic activities. The IBAT
was processed by homogenization and isolation of the cytosolic fraction as
described (18). Malic enzyme and glucose 6-P-dehydrogenase were assayed
using 50-100 pg of cytosolic protein (18,22,23). ACC was assayed as described
(24,25), and the results are expressed as units per minute per milligram of
protein; 1 unit of ACC activity is equal to 1 mmol of [**C]malonyl CoA formed
in 1 min at 37°C. Hormone-sensitive lipase (HSL) activity was measured as
described (26,27), and the results are expressed as nanomoles of free fatty
acid released per minute per milligram of protein. For measuring in vivo BAT
lipogenesis, °H,O (5 mCi; New England Nuclear, Boston, MA) dissolved in 0.5
ml of saline was injected intravenously (jugular vein) into fed mice, which
were killed 1 h later. The IBAT was weighed and processed for lipid extraction
as described (25). Rates of lipid synthesis were calculated assuming that the
specific activity of intracellular water was identical to that of plasma water;
each glycerol and each fatty acid incorporated into triglycerides (TG) con-
tained 3.3 and 13.3 atoms of tritium, respectively. TG content was measured
by enzyme-linked immunosorbent assay (L-Type TG H; Wako Chemicals USA,
Richmond, VA) after extraction with chloroform/methanol (2:1).

IBAT mRNA analysis. Total RNA was isolated by the acid guanidinium
thiocyanate-phenol-chloroform method (28) or using TRIzol (Invitrogen,
Carlsbad, CA). Northern blots were performed using current standard tech-
niques (29) and specific mouse UCP-1 or peroxisome proliferator-activated
receptor y coactivator l-a (PGC-la) cDNA probes provided by Dr. Brad
Lowell (Division of Endocrinology, Beth Israel Deaconess Medical Center) or
rat guanine monophosphate reductase (GMPr) (30) cDNA probe. RT-PCR was
performed as previously described (31,32). PCR cDNA was synthesized using
2.5 pg of total RNA, the SuperScript First-Strand Synthesis System for RT-PCR
(Invitrogen), and the Robocycler thermocycler (Stratagene, La Jolla, CA). The
cDNA product was used in an RT-PCR reaction using the QuantiTect SYBR
Green PCR kit (Qiagen, Valencia, CA). The cycle conditions were 15 min at
94°C (Hot Start), 30-50 s at 94°C, 30-50 s at 55—60°C, and 45-60 s at 72°C for
40 cycles. A final extension at 72°C for 5 min was performed as well as the
melting curve protocol to verify the specificity of the amplicon generation.
Standard curves consisting of five points of serial dilution (factor of 5) of
mixed experimental and control groups cDNA were performed in each assay
and used as calibrators. 3-actin was used to correct for the loaded amount of
cDNA. 7* was >0.99 for all standard curves, and the amplification efficiency
varied between 80 and 100%.

Statistical analysis. One-way ANOVA was used to compare more than two
groups, followed by the Student-Newman-Keuls test to detect differences
between groups. The Student’s ¢ test was used to compare the differences
between two groups. P < 0.05 was used to reject the null hypothesis.

RESULTS

Exaggerated sympathetic responsiveness in cold-ex-
posed hypothyroid and Dio2 ™/~ animals. Brown adipo-
cytes are typically multilocular, with the bulk of the cell
being occupied by numerous round-shaped TG inclusions
of various sizes permeated by a profusion of mitochondria
separated by a cytoplasmic matrix (Fig. 1) (33,34). Acute
cold exposure causes a reduction in the size and number
of lipid inclusions (Fig. 1). By 6 h, the round inclusions
have developed indentations, and by 12 h, virtually all lipid
inclusions have disappeared and the mitochondria have
become larger and less dense. By 24 h of cold exposure,
however, the cytoplasm is once more filled with small lipid
inclusions that permeate the space between the mitochon-
dria (Fig. 1). As these lipid inclusions fuse (48 h), their
sizes increase, and by 7 days of cold exposure, they almost
have returned to that observed at thermoneutrality.

The typical multilocular aspect is preserved in the
hypothyroid brown adipocytes (Fig. 1). Remarkably, after
only 6 h of cold exposure, the size and number of the lipid
inclusions are decreased, and the nuclei can now be seen
at the center of the brown adipocytes (Fig. 1). It is notable
that this lipolytic response is greater than in control cells.
However, hypothyroid animals die of hypothermia if
exposed for >6 h to cold, precluding longer studies of
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FIG. 1. Cold-induced ultrastructural changes in IBAT of euthyroid and
hypothyroid rats. Electron microscopy of brown adipocytes during 0-7
days of cold exposure. Ambient temperature and times in the cold are
indicated in the upper left corner of each slide. Pictures are represen-
tative of 12-20 images obtained per animal in groups of three to four
animals. This experiment was performed two to three times. Magnifi-
cation x2,000.

the role of thyroid hormone in sustaining BAT adaptive
thermogenesis.

To bypass this limitation, we turned to the Dio2 /™
mouse model (12,13). Whereas the BAT of WT mice
undergoes a similar pattern of ultrastructural changes
during cold exposure, the BAT of Dio2 /™ mice presents a
much more intense lipolytic phase in the first 6-12 h of
cold exposure, similar to the hypothyroid BAT (Fig. 2,
Table 1). This hyperresponse is characterized by higher
HSL activity, lower TG content (Table 1), and marked
reduction in the number and size of the lipid inclusions
(Fig. 2). Remarkably, even after 72 h of cold exposure,
there was no reorganization of the lipid inclusions in the
Dio2 '~ brown adipocytes (Fig. 2).

Because sympathetic responsiveness in isolated
Dio2’~ brown adipocytes is decreased two- to threefold
(13), we hypothesized that this super-normal lipolysis
might be due to a compensatory increase in the SNS
stimulation. In WT animals, basal NE disappearance was
~b5%/h (Fig. 3A). During cold exposure, NE turnover rate
peaked at 12 h (~25%/h) and decreased progressively to
~18% by 48 h. Although the BAT of Dio2 /" mice had a
similar basal NE turnover, measurements performed dur-
ing cold exposure revealed that NE turnover increased to
45-50%/h by 6-8 h and remained at approximately these
high levels throughout the time at 4°C (Fig. 3A). Hypothy-
roid mice not only had an increased basal BAT NE
turnover but also developed a hyperresponse when ex-
posed to cold (Fig. 3A).

Next, we looked for other well-known cAMP-responsive
markers in brown adipocytes as additional surrogates of
adrenergic signal transduction, namely the gene expres-
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FIG. 2. Cold-induced ultrastructural changes in IBAT of WT and
Dio2~/~ mice. Electron microscopy of brown adipocytes during 0-72 h
of cold exposure. Ambient temperature and times in the cold are
indicated in the upper left corner of each slide. Mouse strains are
indicated. Pictures are representative of 18-32 images obtained per
animal in groups of four animals. This experiment was performed two
times. Magnification x2,000.

sion of UCP-1 (35), GMPr (30), and PGC-1a (36). In WT
animals, the UCP-1 mRNA levels increased 2- to 2.5-fold by
6 h of cold exposure and remained at these levels until
24 h. Although basal UCP-1 mRNA levels were not differ-
ent in the Dio2 ™/~ mice (Fig. 3B, Table 2), these animals
had a super UCP-1 response to cold exposure. UCP-1
mRNA levels were up to ~4-fold higher already at 6 h of
cold exposure and kept increasing to ~5.2-fold by 24 h
(Fig. 3B, Table 2). This translated into significantly more
mitochondrial UCP-1 after the 24 h of cold exposure (up
1.4 + 0.23-fold in WT vs. 2.2 + 0.37-fold in Dio2 /" mice;
P < 0.05). Likewise, basal levels of GMPr mRNA were not

TABLE 1
HSL activity and TG content in BAT of cold-exposed mice

HSL (nmol FFA -
s -1

Hours min TG (mg/IBAT
Mouse at 4°C mg protein— 1) X 1071
WT
0 5.0 0.9 2505
6 94+ 1.2 3.0 0.3
24 7.8 + 1.1 1.0 = 0.2%
Dio2™/~
0 4.8+ 0.6 35=*1.0
6 13.9 = 2.0* 1.3 = 0.4%F
24 15.2 = 2.6%* 0.5 = 0.2%F
Hypothyroid
0 6.3 = 1.3 2.0 = 0.8
6 124 = 1.9t 0.3 = 0.3*f

Data are means * SD of four to five animals. *P < 0.001 vs. the same
time in WT animals; TP < 0.01 vs. the same time in WT animals by
ANOVA. Hypothyroid mice are WT. This experiment was performed
twice.
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FIG. 3. IBAT NE turnover mRNA levels of cAMP-responsive genes of
WT and Dio2 ™/~ mice during cold exposure. A: Animals received o-MT
and were killed at the indicated times. Values are the mean = SD of
four to five animals. B: Northern blot analysis of UCP-1 mRNA levels.
The signal was quantified using a phosphoimager (Molecular Dynam-
ics). The average of the relative intensity of each pair is, in the WT
animals, 1 (room temperature), 2.2 (3 hat 4°C), 2.5 (6 hat 4°C), 2.6 (12
h at 4°C), and 2.3 (24 h at 4°C), and in the Dio2™/~ animals, 1.1 (room
temperature), 2.3 (3 h at 4°C), 4.0 (6 h at 4°C), 4.0 (12 h at 4°C), and
5.2 (24 h at 4°C). The ethidium bromide-stained image of the 18S RNA
is shown for each gel. Mouse strains and times in the cold are indicated.
The experiments were performed two to three times.
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different between WT and Dio2 /" mice (Table 2). How-
ever, the cold stimulation of GMPr mRNA levels was also
significantly higher in Dio2”’/~ mice (Table 2). When
analyzed at 6 and 24 h in the cold, WT animals presented
an ~13-fold and ~16-fold increase in GMPr mRNA, respec-
tively, whereas the stimulation in Dio2 ™/~ mice reached
~18-fold by 6 h and remained at this level for up to 24 h of
cold exposure. Similar results were obtained in the anal-
ysis of the PGC-1a mRNA levels (36) (Table 2), confirming

the increased NE stimulation of the BAT of cold-exposed
Dio2 /" mice.

BAT lipogenesis during cold exposure. The reorgani-
zation of the lipid inclusions in the normal brown adipo-
cytes that follows the initial 12 h of cold exposure
indicates a shift from a predominant lipolytic phase to a
situation in which lipogenesis and esterification of fatty
acids progressively increase and predominate. It is inter-
esting that this takes place despite continued increased
B-oxidation and energy expenditure (37). Because cold
exposure and T3 stimulate BAT lipogenesis (18,38), we
tested whether changes in BAT lipogenesis paralleled the
ultrastructural modifications in brown adipocytes. BAT
lipogenesis in WT and Dio2 /™ mice, measured as the rate
of incorporation of *H,0 into lipids, decreased during the
first 12 h of acute cold exposure, reaching values as low as
~50% of controls after 6-12 h at 4°C (Fig. 4A). This was
accompanied by a reduction in the activity of the two key
NADPH-generating enzymes, malic enzyme (Fig. 4B) and
glucose 6-P-dehydrogenase (data not shown), and activity
and mRNA levels of ACC, the rate-limiting enzyme of the
lipogenic pathway (Fig. 4C and D). It is interesting that the
inhibition in lipogenesis was transient. The incorporation
of 3H20 into lipids and the activity and mRNA of those key
enzymes increased from a nadir at 6-12 h to values three-
to fourfold higher than in controls after 72 h of continued
cold exposure (Fig. 4A-C).

Remarkably, Dio2 '~ BAT lipogenesis, as studied by all
four parameters discussed above, was inhibited in the first
hours of cold exposure and remained low throughout the
72 h of cold exposure (Fig. 4). A similar decrease in BAT
ACC mRNA levels was also observed in the hypothyroid
mice after 6 h of cold exposure (Table 2).

To assess the roles that T3 and NE play in regulating
ACC and Spot-14 mRNA levels, we treated WT mice with
T3 and/or NE as follows: a single T3 injection (15 ng i.p.)
at —24 h; five NE injections (3 ng/10 g body wt i.p.) at —7
h, =6 h, —5h, —3 h, and —1 h; control animals received an
injection of saline; all animals were killed at 0 h. T3
treatment doubled ACC and Spot-14 mRNA levels,
whereas NE significantly decreased this by ~30% (Table
3). Most important, when both treatments were combined,
NE antagonized the effects of T3, blunting the T3-induced
increase in ACC and Spot-14 mRNA levels (Table 3). Note
that D2 mRNA levels, a gene that is positively regulated by
NE, changes in the opposite direction (Table 3). Thus,

TABLE 2
mRNA levels of positively or negatively adrenergic-regulated genes in BAT of cold-exposed mice
Mouse Hours at 4°C ACC UCP-1 GMPr PGC-1a
WT 0 1.0 = 0.1 1.0 = 0.1 1.0 = 0.3 1.0 = 0.1
6 0.5 0.2 2.4 = 0.2 13.2 =22 1.2+0.1
24 1.1 +0.2 2.4 + 0.1 1656 = 1.5 3.9 = 0.6
Dio27/~ 0 1.0 = 0.3 0.8 0.1 1.2 +0.3 0.9 = 0.2
6 0.3 0.2 3.8 = 0.4* 17.9 = 1.8* 3.4 = 0.5*
24 0.5 = 0.2*% 5.2 * 0.6 182 =29 2.9+ 0.3
Hypothyroid 0 1.0 = 0.3 0.6 = 0.2* ND ND
6 0.3 = 0.1* 1.2 = 0.3* ND ND

Data are means *= SD of four animals. ACC mRNA levels were determined by RT-PCR. UCP-1, GMPr, and PGC-la mRNA levels were
determined by Northern blot, and the bands of interest were cut from the RNA-containing filter and counted in a liquid scintillation counter.
The signal in each lane was corrected for RNA loading by the intensity of the 28S ribosomal RNA band. *P < 0.05 vs. the same time in WT
animals by ANOVA. Hypothyroid mice are WT. This experiment was performed twice.
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FIG. 4. Lipogenesis and lipogenic enzymes in the BAT of
F cold-exposed WT and Dio2 ™'~ mice. A: Rates of BAT lipogen-
esis, as measured by incorporation of >H,0 into lipids. This
experiment was performed twice. B: Activity of malic en-
zyme. C: Activity of ACC. D: ACC mRNA was measured by
real-time PCR and expressed as changes in the ratio ACC/
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sustained NE stimulation prevents the otherwise potent T3
induction of ACC and Spot-14 mRNA in BAT.

De novo fatty acid synthesis is critical for thermal
homeostasis. To test whether cold-induced lipogenesis is
vital for sustained adaptive thermogenesis, WT mice were
fed 0.25% (wt/wt) MEDICA-16 (or standard diet) for 5 days
and then exposed to 4°C for 48 h. This regimen was
previously shown to inhibit lipogenesis in liver and adi-
pose tissue (17) and blocked >90% incorporation of 3HZO
into IBAT lipids in our animals. Whereas standard diet—fed
animals sustained their core temperature well throughout
the experimental period in the cold, MEDICA-16—fed mice
did so only during the first 24 h (Fig. 5A). By 48 h, a time
at which lipogenesis is highly stimulated in cold-exposed
animals (Fig. 4), MEDICA-16—fed mice presented hypo-
thermia, with a core temperature ~1°C lower than WT
animals (Fig. bA). The perirenal white adipose tissue depot
was dissected and weighed, and no differences were found
between standard diet—- and MEDICA-16—fed groups (data

TABLE 3
ACC, Spot-14, and D2 mRNA levels in BAT of WT mice treated
with T3 and/or NE

Enzyme mRNA Saline T3 NE T3+NE
ACC 1.0+03 18x03% 07=x=01* 12=x0.3
Spot-14 1.0+04 23x03%* 07=x=01* 13=*0.1
D2 1.0=x03 01=*x0.1* 33*x04* 1.0=x04

Data are means = SD of four animals. mRNA levels were determined
by RT-PCR and corrected by B-actin mRNA. *P < 0.05 vs. saline-
treated animals by ANOVA. This experiment was performed twice.

DIABETES, VOL. 53, MARCH 2004
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B-actin; values are the mean = SD of three to four animals
assayed twice in triplicate; *P < 0.05 vs. WT animals at the
same time point by ANOVA. The experiments were per-
formed three to four times.

not shown), indicating that the length of the treatment was
not sufficient to significantly decrease adiposity. Also,
calorie intake was not affected by MEDICA-16 treatment
(data not shown).

For testing the role of lipogenesis in BAT thermogene-
sis, this was assessed directly in MEDICA-16—fed normal
mice by measuring changes in the IBAT temperature
during infusion of NE in anesthetized mice, as described
(19). Because the unstimulated BAT contains a substantial
TG depot, all animals were first exposed to cold during
12 h to deplete the brown adipocytes of multilocular fat
depots (Fig. 1). They were then moved to room tempera-
ture for 24 h to allow restoration of intracellular fat by de
novo synthesis of fatty acids, a mechanism that is >90%
suppressed in MEDICA-16—fed mice. The IBAT tempera-
ture of mice that were fed standard diet increased ~5°C,
indicating a normal BAT thermal response (Fig. 5B).
However, despite normal mitochondrial UCP-1 levels, the
IBAT thermal response of mice that were fed MEDICA-16
was lower at every time point, remaining ~50% below the
response observed in the control animals (Fig. 5B).

DISCUSSION

The present investigation provides three new findings that
shift the current paradigm about thyroid-adrenergic syn-
ergism and adaptive thermogenesis. First, brown adipo-
cytes of Dio2 ™/~ mice respond to sympathetic stimulation
with respect to lipolysis and the activation of three cAMP-
responsive genes (Figs. 1-3, Tables 1 and 2). Second, the
D2-mediated adaptive increase in T3 production is not
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A

FIG. 5. Core temperature and IBAT thermal response to NE in
MEDICA-16-fed WT mice. MEDICA-16 was added to the diet
(0.25%), and after 5 days, animals were moved to 4°C;

control animals were fed regular diet. A: Colonic tempera-
tures were measured at the indicated times. B: IBAT tem-
peratures were measured in anesthetized animals during
infusion with NE; before NE infusion, all animals were
cold-exposed for 12 h and moved to room temperature for
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animals; *P < 0.01. Below is the Western analysis (per-
formed as in ref. 13) of mitochondrial UCP-1 in the BAT of
representative animals studied in B. —, a negative control.

critical for NE-induced increase UCP-1 gene expression
(Fig. 3, Table 2). Third, the compensatory increase in
adrenergic stimulation of Dio2’~ brown adipocytes
causes intense lipolysis and prevents the normal increase
in BAT lipogenesis observed during cold exposure, rapidly
exhausting the availability of fatty acids (Fig. 4). Data
obtained in animals that were fed an inhibitor of two key
lipogenic enzymes (MEDICA-16) indicate that the de novo
synthesis of fatty acids is a critical determinant of BAT
thermogenesis (Fig. 5). Its suppression by increased NE
stimulation (Fig. 3) explains the impaired adaptive ther-
mogenesis and hypothermia in cold-exposed hypothyroid
or Dio2™/~ mice (13).

There is no question that hypothyroidism decreases
sympathetic responsiveness in a number of tissues and
cells, including heart and white and brown adipocytes, all
of which produce less cAMP when incubated with a
variety of adrenergic stimulators (7,8). Hypothyroid brown
adipocytes, for example, produce ~10-fold less cAMP in
response to NE or forskolin, supporting the connection
between adrenergic insensitivity and cold-induced hypo-
thermia (39). However, using electron microscopy and
measuring the TG content and the activity of HSL, UCP-1,
and other cAMP-dependent genes, we found that the poor
adrenergic responsiveness is easily bypassed and even
overcompensated by an increase in sympathetic activity in
hypothyroid or Dio2/~ brown adipocytes (Figs. 1-3,
Tables 1 and 2). Remarkably, despite reduced in vitro
responsiveness to adrenergic stimulators (13), UCP-1
mRNA levels are three- to fourfold higher in the BAT of
cold-exposed Dio2™/~ animals than in the BAT of cold-
exposed WT animals (Fig. 3). This is unexpected, particu-
larly in light of previous observations that the normal
increase in UCP-1 gene transcription and mRNA levels
observed during acute cold exposure is blunted in hypo-
thyroid rats (14,15) and mice (16) or by treatment with the
D2 inhibitor iopanoic acid (40), and is restored by T3 in a
dose-dependent manner until full occupation of TR is
attained (14,41). These data indicate that the basal TR
saturation of ~50% provided by serum T3 is sufficient to
confer even super-normal adrenergic responsiveness to
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The experiments were performed twice.

the UCP-1 gene. This minimizes the role of adaptive D2
activation in the control of UCP-1 activation in euthyroid
mice. In addition, these data constitute the first evidence
that decreased sympathetic responsiveness does not cause
impaired adaptive thermogenesis in hypothyroid or
Dio2 /" animals, indicating that other, as-yet-unrecognized
T3-dependent mechanisms must play a pivotal role. This
may also apply to other systems, e.g., heart and white
adipose tissue, where there is thyroid-adrenergic synergism.

BAT lipogenesis is upregulated during cold acclimatiza-
tion (38). The present studies show that this is preceded by
an acute lipolytic phase during which lipogenesis is mark-
edly inhibited (Fig. 4). The electron microscopy studies as
well as the activity of key rate-limiting enzymes indicate
that, in normal animals, lipolysis peaks at 12 h of cold
exposure, a time at which lipogenesis is minimal and
intracellular lipid droplets are not detectable. These events
are rapidly followed by the surge in the activity of key
lipogenic enzymes and the overall rate of lipogenesis,
reaching levels three- to fourfold above normal between 72
and 96 h of continued cold exposure (Fig. 4). This is also
illustrated by the reorganization of the lipid inclusions in
the cytoplasm of the brown adipocytes (Fig. 1).

Two important physiological events explain the shift in
predominance from lipolysis to lipogenesis, namely 1) a
reduction (although not to normal) in the BAT sympathetic
stimulation (Fig. 3) and 2) an increase in the BAT T3 as a
result of D2-mediated local conversion of T4 to T3 (5).

That Dio2 /~ brown adipocytes of cold-exposed animals
enter and remain in the acute lipolytic phase without ever
presenting the lipogenic surge (Figs. 2 and 4) indicates that
an optimal balance between lipolysis and lipogenesis can
be achieved successfully only as a result of the adaptive
D2-catalyzed T3 production in these cells. Both the fall in
sympathetic activity (Fig. 3) and the stimulation of lipo-
genesis (Fig. 4) are absent in the Dio2™/~ BAT and there-
fore depend on the D2-mediated development of tissue-
specific thyrotoxicosis during cold exposure. As a result,
the brown adipocytes of these animals remain locked in
the initial high NE-turnover phase in which lipolysis pre-
dominates and lipogenesis is suppressed, exhausting the
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supply of fatty acids and limiting both the usefulness of
B-oxidation as an energy source and the uncoupling pro-
cess. In fact, the data indicate that sustained NE stimula-
tion suppresses ACC and Spot-14 expression even in
animals that had received a bolus injection of T3 to
saturate TR.

Support for this hypothesis was obtained in experiments
in which MEDICA-16 was used to block lipogenesis. On
the basis of the profile of lipogenesis stimulation during
cold exposure in normal animals, we anticipated that a
blockade in this pathway would impair adaptive thermo-
genesis between 24 and 48 h. In fact, MEDICA-16—fed mice
developed hypothermia after being in the cold for 48 h
(Fig. 5A). Although MEDICA-16 blocks lipogenesis system-
ically, our direct measurements of IBAT temperature
during NE infusion indicate that the blockade of fatty acid
synthesis impairs BAT thermogenesis (Fig. 5B).

In conclusion, our data indicate that the decreased
adrenergic responsiveness of Dio2 '~ brown adipocytes
(13) is successfully bypassed and even overcompensated
by an increase in the SNS tonus, leading to an exaggerated
and sustained lipolytic response, overexpression of cAMP-
dependent genes, and suppression of genes encoding key
lipogenic enzymes. Exhaustion of fatty acids in brown
adipocytes rather than decreased sympathetic responsive-
ness is the cause of impaired adaptive thermogenesis and
hypothermia in cold-exposed hypothyroid and Dio2 /~
animals.
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Resumo

O hormoénio tiroideano ¢ um componente critico da termogénese adaptativa em
adipocitos marrons. Nestas células, a sinalizagdo do hormonio tiroideano ¢ amplificada
pela desiodase de iodotironina do tipo 2 (D2), uma enzima que ativa intracelularmente o
T4, de baixa atividade, em sua forma completamente ativa, T3. Neste estudo nds usamos
o modelo de conversdo adiposa de pré-adipdcitos marrons para demonstrar que
adipocitos marrons Dio2” em diferenciagio ndo ativam de maneira apropriada a
expressdo de genes que controlam o programa de diferenciagdo, PPARy ¢ C/EBPa.
Como resultado, encontramos menos cé¢lulas adipdcitas marrons maduras Dio2”, elas
acumulam menos gordura e apresentam capacidade oxidativa deficiente, indicando que o

gene Dio2 ¢ um determinante chave da diferenciacao de pré-adipdcitos marrons.
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Abstract

Thyroid hormone is a critical component of the adaptive thermogenesis in brown adi-
pocytes. In these cells, thyroid hormone signaling is amplified by the type 2 iodothyron-
ine deiodinase (D2), an enzyme that intracellularly activates the minimally active T4 to
its fully active form, T3. Here we used the model of adipose conversion of pre-brown
adipocytes to show that differentiating Dio2”- brown adipocytes fail to properly activate
the expression of genes that control the adipogenic differentiation program, PPARy and
C/EBPo.. As a result, mature Dio2"- brown adipocytes are fewer, accumulate less fat and
have impaired oxidative capacity, indicating that Dio2 is a key determinant of brown
pre-adipocyte differentiation.
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Introduction

Brown adipose tissue is a major site of adaptive thermogenesis in human newborns and
other small mammals. Thermogenesis in this tissue is largely mediated by the uncou-
pling protein 1 (UCP1), which dissipates the mitochondrial proton-gradient without
synthesis of ATP. While this process can be modulated by a number of metabolic sig-
nals, it is well accepted that the sympathetic nervous system is the master regulator of
thermogenesis in the brown adipose tissue, with cAMP functioning as the key molecule
that initiates lypolysis and mitochondrial uncoupling (Cannon and Nedergaard, 2004;
Lowell and Spiegelman, 2000).

Thyroid hormone is one of the few truly potent stimulators of the metabolic rate and
part of its effects on adaptive thermogenesis is mediated by synergism with the sympa-
thetic nervous system in brown adipose tissue (Silva, 2006). Hypothyroid rodents ex-
hibit severe cold intolerance as their brown adipose tissues fail to respond adequately to
norepinephrine stimulation (Ribeiro et al., 2000; Ring, 1942). In fact, a major role for thy-
roid hormone in brown adipose tissue thermogenesis is explained by the fact that
brown adipocytes can activate thyroid hormone by intracellularly converting T4 to Ts
via the cAMP-inducible type 2 deiodinase (D2) (Bianco and Silva, 1987; Silva and Lar-
sen, 1983). This mechanism, which is also present in the brain, allows for the amplifica-
tion of the intensity of thyroid hormone signaling on a tissue specific basis. As expected,
targeted disruption of the Dio2 gene (Dio2") substantially impairs cAMP signaling and
thermogenesis in brown adipocytes (de Jesus et al., 2001). As a result, maintenance of
thermal homeostasis in cold-exposed Dio2”- mice requires the activation of compensa-
tory mechanisms, such as ~10-fold increase in sympathetic activity as well as shivering,
preventing these animals from undergoing more serious hypothermia (Christoffolete et
al., 2004).

The brown adipocyte phenotype resulting from Dio2 inactivation confirms the obliga-
tory requirement of a higher Ts receptor saturation than that provided by Ts in serum,
via the D2-mediated intracellular activation of Ts. The severity of such phenotype, how-
ever, suggests that it could have evolved during differentiation of Dio2”- brown pre-
adipocytes. Here we used the model of adipose conversion of pre-brown adipocytes to
show that differentiating Dio2”- brown adipocytes fail to properly activate the expres-
sion of genes that control the adipogenic differentiation program, PPARy and C/EBPa.
As a result, mature Dio2”- brown adipocytes are fewer, accumulate less fat and have im-
paired oxidative capacity, indicating that Dio2 is a key determinant of brown pre-
adipocyte differentiation.
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Results
Dio2”- brown adipocytes have impaired differentiation and oxidative capacity

Six days after plating in growth media (day 0) the differentiating brown adipocytes are
confluent and the majority displays a fibroblast like morphology (pre-adipocyte) (Fig.
1A-a,b). Cells start to differentiate during the following days (Fig. 1A-c-f) and, ap-
proximately 10 days later, about half have become rounded and accumulate fat, as evi-
denced by Oil Red O staining (Fig. 1A-g-h), having acquired the typical multilocular
brown adipocyte morphology (mature cells). These cells are also positive for perilipin
(Fig. 1A-i-j) and the thyroid hormone inactivating deiodinase, D3, which is found in
BODIPY, a neutral lipid fluorescent dye, positive cells (Fig. 1A-k-1). Mature Dio2"
brown adipocytes are ~24 % fewer (Fig. 1B), ~17 % smaller (Fig. 1C) and accumulate ~25
% less Oil Red O per cell plate (Fig. 1D). In cell sonicates, perilipin was found to be re-
duced by ~40% in Dio2”- brown adipocytes (Fig. 1E). Dio2” brown adipocytes contain
~40% less mitochondria, as assessed by the Cox1-2/Cox4 DNA ratio (Fig. 1F). Further-
more, when stimulated by forskolin, Dio2”- brown adipocytes fail to increase oxygen
(O2) consumption, which is in contrast to the ~40% increase observed in wild type
brown adipocytes (Fig. 1G).

At the end of the 10-day differentiation period, cells were sorted by flow cytometry us-
ing BODIPY (Fig. 2A). In each preparation two cell populations were obtained based on
the fluorescence intensity: a non-brown adipocyte population in which BODIPY stain-
ing was about 30 FL units, close to that obtained in HEK-293 and COS-7 cells (~20 FL
units), and a mature brown adipocyte population containing fat droplets in which fluo-
rescence mean was 85-88 FL units (Fig. 2A-insets). Confirming the microscopy studies
(Fig. 1), there were about 27% less mature Dio27 brown adipocytes than in wild type
preparations (Fig. 2A). As expected, the expression of typical brown adipocyte genes by
quantitative real time PCR (RT-qPCR) was enriched 2-7 fold as compared to pre-sorted
cells, and did not reveal major differences between the two populations of brown adi-
pocytes that had reached maturity (Fig. 2B). However, cell sorting based on fat content
excludes brown adipocytes that might have limited capacity to synthesize and/or accu-
mulate lipids, or other associated defects.

Gene expression profile in differentiating Dio2”- brown adipocytes
The underlying mechanisms explaining the observed Dio2”- brown adipocyte pheno-
type were investigated by studying the expression of key adipogenic genes at different

times during differentiation by RT-qPCR (Fig. 3). These genes follow a general profile
that is characterized by progressively higher levels of expression during the 10-day dif-
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ferentiation period. During the first 4 days of differentiation only minor differences
were observed between wild type and Dio2” brown adipocytes, namely a ~4-10-fold de-
crease in cytochrome oxidase 8b (COX8b) mRNA, a nuclear encoded gene expressed in
heart, skeletal muscle and brown fat (Kadenbach et al., 1990) that is positively regulated
by Ts (Meehan and Kennedy, 1997) and 15-50% in COX4, cytosolic phosphoenolpyru-
vate dehydrogenase (PEPCKcyt) and Perilipin mRNA levels during days 2-4, and a
~1.5-3.4-fold increase in adiponectin, uncoupling protein 2 (UCP2), fatty acid binding
protein 4 (ap2/FABP4), acetyl CoA-oxidase (ACO), CAAT/Enhancer Binding Protein o
(C/EBPa), peroxisome proliferator-activated receptor y2 (PPARy2) and carnitine-
palmytoyl acyltransfarese 1 (CPT-I) mRNA at day 2 (Fig. 3). At days 2-4, the levels of all
the other mRNAs analyzed were undistinguishable between wild type and Dio2"
brown adipocytes. Starting from day 6, the expression of several important genes
lagged behind in the Dio2”- brown adipocytes, including (i) the key regulators of adipo-
genesis, PPARy2, C/EBPa, PPARy coactivator 1a (PGCla) and their down-stream tar-
gets: ap2/FABP4, perilipin, adiponectin, (ii) thermogenic capacity, PPARa, UCP1,
UCP3, ACO, COX4, COX8b, succinate dehydrogenase, subunits b and d (SDHb and
SDHd), and (iii) lipogenesis, sterol regulatory element binding protein 1c (SREBP1c),
fatty acid synthase (FAS), acetyl CoA carboxylase 1 (ACC1) and PEPCKcyt (Fig. 3).

Gene expression profile in differentiated Dio2”- brown adipocytes

Microarray technology was used to expand the gene expression profile of wild type and
Dio2”- brown adipocytes at the 10" day of differentiation. The hybridization signal of
3,593 probes was found to be significantly different (p<0.05) between wild type and
Dio2”- RNA samples. The analysis also included gene changes that were bellow the
typical 0.5 and 2-fold magnitude because they could be grouped in sets of relevant and
synergistic genes and their changes were found to be intrinsically coherent, consistent
with major alterations in the flux through specific pathways (Subramanian et al., 2005).
The use of the gene map annotator and pathway profiler (Genmapp) identified 24 bio-
logical pathways that were significantly down regulated in Dio2” brown adipocytes (Z
scores between 13.1 - 4.6; adjusted p<0.05). These pathways were mostly involved in
energy homeostasis, and could be grouped under mitochondrial-, electron transport
chain- and tri-carboxylic acid (TCA) cycle-related genes (see Supplementary Informa-
tion, Table 1).

Energy Homeostasis
TCA cycle and OXPHOS pathway: Most genes encoding proteins in these pathways were

down-regulated in differentiated Dio2”- brown adipocytes. The expression of at least
one representative gene in each TCA cycle step was down-regulated in the Dio2"
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brown adipocytes (Table 1). Starting from the pyruvate conversion to acetyl-CoA, py-
ruvate dehydrogenase (lipoamide) subunit b (Pdhb) was ~30 % decreased. In the con-
version of acetyl-CoA to citrate step, citrate synthase (CS) was ~25 % down-regulated.
Aconitases 1 and 2 (Acol and Aco2), in the citrate to isocitrate inter-conversion step,
were also ~25 % down-regulated. In the inter-conversion of isocitrate-a-ketoglutarate
step, a ~15-25 % decrease in the mRNA levels of isocitrate dehydrogenase 2 (Idh2) and
isocitrate dehydrogenase 3, subunits o, § and y (Idh3a,  and y) was observed. Dihy-
drolipoamide S-succinyltransferase (DIt) and oxoglutarate dehydrogenase (Ogdh), in
the a-ketoglutarate-succinyl-CoA inter-conversion step, were ~20-30 % down-regulated.
The mRNA levels of the subunit a of Succinate-CoA ligase (Suclg 1), in the synthesis of
succinate from succinyl-CoA step were ~20 % decreased. In the fumarate-malate inter-
conversion step, fumarate hydratase (Fh1) expression was ~25 % down-regulated. In the
final step of the cycle, malate dehydrogenase 1 and 2 (Mdh1 and 2) expression, enzymes
that catalyse the malate-oxaloacetate inter-conversion, were ~20% down-regulated (Ta-
ble 1).

There was a 10-30 % decrease in the expression of (i) 15 genes in complex I, (ii) two sub-
units of succinate dehydrogenase, part of complex II, (iii) four components of ubiquinol-
cytochrome c reductase, part of complex III and (iv) ten subunits of cytochrome c oxi-
dase and its assembly factor surfeit gene 1 (Surfl) (Williams et al., 2004), that are present
in the complex IV (Table 1). The strongest down-regulated gene in this category is
Cox8b, which is ~65 % decreased in Dio2”- brown adipocytes.. In complex V, ten sub-
units of ATP synthase complexes FO/ F1 were also 10-30 % down-regulated (Table 1).
Combined, these alterations are compatible with a major deficiency in the oxidative ca-
pacity in Dio2” brown adipocytes.

Lipid metabolism: Twenty-six genes in this category were down-regulated, of which 2 are
involved in lipid transport and binding, 8 in lipogenesis, 4 in lipolysis and 12 in f3-
oxidation (Table 2). The ~80 % decrease in FABP3 gene expression (Table 2) combined
with the 40 % down-regulation in ap2/FAPB4 (Fig. 2) may be particularly significant in
these cells as these proteins have been proposed to affect metabolic resources and in-
flammatory response (Makowski and Hotamisligil, 2004). Furthermore, the 10-35 % de-
crease in genes encoding lipogenic proteins (Table 2) correlates well with the decreased
levels of SREBP-1c mRNA (Fig. 2). These changes in lipogenic gene expression support
the decreased lipid accumulation in Dio2” brown adipocytes (Fig. 1). At the same time,
genes encoding lipoytic proteins were down-regulated by 20-85 % (Table 2), in agree-
ment with the ~55 % down-regulation of PPARa mRNA levels (Fig. 2). The expression
of B-oxidation related genes, another process down-stream of PPARa, was also down-
regulated by 12-35 % (Table 2). These two process are important to ensure substrate
availability during the thermogenic response, and combined to the ~55 % decrease in
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UCP1 mRNA levels (Fig. 2) explain the blunted thermogenic response exhibited by
Dio2"- brown adipocytes (Fig. 1G).

Carbohydrate metabolism: In this category, genes related to the early steps of glycolysis
were up-regulated by as much as 10-30 %, such as phosphoglycerate kinase 1 (Pgk1)
and a phosphofructokinase (Pfkp) (Table 3). This is accompanied by a 30-60 % increase
in the gene expression of enzymes involved in the early steps of glycogen breakdown,
such as glycogen phosphorylase (Pygl) and phosphorylase kinase alpha 1 (Phkal) (Ta-
ble 3). At the same time, genes encoding enzymes involved in glycogen synthesis, such
as glycogenin 1 (Gygl), glycogen synthase 3 (Gys3) and glucan branching enzyme 1
(Gbel), were ~20 % down-regulated (Table 3). The expression of the lactate dehydro-
genase 2 (Ladh2) gene, as well as that of the regulatory subunit 3c of protein phos-
phatase 1 (Ppp1r3c/PTG), which favors glycogen storage (Greenberg et al., 2003), were
55-60 % down-regulated in Dio2"- brown adipocytes, respectively (Table 3). mRNA lev-
els of glycerol-3-phosphate transporter 2 (Slc37a2), a glycerol-3-phosphate permease
that is associated with increased rate of glycolysis (Bartoloni and Antonarakis, 2004),
were ~2-fold up-regulated in Dio2”- brown adipocytes (Table 3). The expression of
monocarboxylic acid transporter (Slc16a3/MCT4), which is also associated with in-
creased glycolysis rates, was ~6-fold up-regulated (Table 3). Slc16a3/MCT4 is strongly
expressed in glycolytic tissues, regulating the transport across the plasma membrane of
lactic acid produced in anaerobic conditions, also promoting glycolysis (Halestrap and
Meredith, 2004). In Dio2”- brown adipocytes, the gene expression of another member of
the glycolytic pathway, aldolase 3, isoform C (Aldoc), which catalyzes the synthesis of
glycerol 3 phosphate and dihydroxiacetone phosphate from fructose 1,6-biphosphate,
was ~3.1 fold up-regulated. This pattern of expression suggests increased rate of glyco-
lysis in Dio2"- brown adipocytes.

Cell fate

Although not identified in the Genmapp analysis, examination of the microarray data
reveals a pattern of gene expression compatible with changes in proliferation and dif-
ferentiation in Dio2”- brown adipocytes (Table 4). There was a 2-4 fold up-regulation in
the gene expression of tumor necrosis factor receptor 1b (Tnfrslb) and tumor growth
tactor B1 (TGFP1), which repress differentiation in white and brown adipocytes (Porras
et al., 1997; Porras et al., 2002; Teruel et al., 1996; Torti et al., 1989; Valladares et al.,
2000). mRNA levels of Schlafen (Slfn2), a protein that when overexpressed prevents
thymocytes from completing maturation (Schwarz et al., 1998), is up 4-fold in Dio2"
brown adipocytes (Table 4). On the other hand, preadipocyte factor 1 (Pref-1) gene ex-
pression was repressed (~70 %) in Dio2"- brown adipocytes. This gene is highly ex-
pressed in pre-adipocytes and functions as a negative modulator of adipogenesis (Harp,
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2004). Its expression decreases during differentiation, being undetectable in mature
cells.

While the data obtained so far indicate a tendency towards impaired differentiation in
the Dio2”- brown adipocytes, a clear up-regulation (2-4.3 fold) of genes that promote
proliferation is also observed (Table 4). In the general pro-proliferation category there is
retroviral integration site (Ris2/Cdt1), cyclinB2 (Ccnb2), cyclin-dependent kinase 6
(Cdk6), heterogeneous nuclear ribonucleoprotein Al (Hnrpal), deoxycytidine kinase
(Dck), RAS related protein 1b and 2b (Rap1b and Rap2b), regenerating islet-derived 1
(Regl) and proliferating cell nuclear antigen (Pcna). Additional genes specifically linked
to adipocyte proliferation were also up-regulated in Dio2” brown adipocytes, such as
RABS8B, a member of the RAS oncogene family (Rab8b), and insulin-like growth factor 1
(IGF-1). This increase in IGF-1 expression is likely to be potentiated by the ~50 % de-
crease in IGF binding proteins 3/5 (IGFBP 3/5), which is likely to increase of IGF-1 free
fraction (Table 4).

Responsiveness of Dio2”- brown adipocytes during days 8-10 of differentiation
Adrenergic stimulation

On the 8" day of differentiation brown adipocytes were exposed to the phosphodi-
asterase inhibitor IBMX for 48 h in order to increase endogenous cAMP signaling. This
strategy avoided the reduced uptake of cAMP analogues in brown adipocytes and also
bypassed the impaired forskolin-induced cAMP accumulation reported in Dio2"- brown
adipocytes (de Jesus et al., 2001). The analysis of key metabolic genes by RT-qPCR re-
vealed that in response to adrenergic stimulation there was a 1.6-3.0-fold increase in
ACC1, PGCla and CPT-I mRNA levels, and a ~110-fold induction in the UCP1 gene
expression in wild type brown adipocytes (Fig. 4A), whereas other genes were either
unaffected or down-regulated. In general, the positively regulated genes were either
unaffected or even down-regulated in stimulated Dio2”- brown adipocytes such as
ACC1, PGCla and CPT-I, while the response of UCP1 was limited to ~30-fold (Fig. 4A).
Both SREBP-1c and C/EBPa, which were unaffected by adrenergic stimulation in wild
type cells, were 50-70 % down-regulated in Dio2”- brown adipocytes. PPARy2 was ~70%
down-regulated in adrenergic stimulated Dio2” brown adipocytes, while its expression
was ~40% suppressed in wild type brown adipocytes. Furthermore, FAS expression was
~70 % down-regulated in wild type brown adipocytes versus a 45 % down-regulation in
Dio2"- brown adipocytes. In contrast, ACO was ~8-fold induced only in the Dio2” brown
adipocytes while COX-8b and ap2/FABP4, which had been suppressed in wild type
cells, remained unaffected in Dio2”- brown adipocytes (Fig. 4A).
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Stimulation with T3 and/or PPARs ligands

While all genes included in this profile are down-regulated in the Dio2”- brown adipo-
cytes, with the exception of CPT-, treatment with Ts had a positive regulation in the
expression of some of these genes, such as ap2/FABP4, SREBP-1c, C/EBPa, PPARY2,
PGCla, COX-8b and UCP2, although, only PPARY2 expression was not statistically dif-
ferent from wild type levels. At the same time, treatment with Ts induced UCP1 expres-
sion ~2-fold above the levels in untreated wild type cells (Fig. 4B). Treatment of Dio2"
brown adipocytes with the PPARa selective agonist WY 14,643 resulted in a general in-
crease in the mRNA of genes included in this profile without fully normalizing their
expression or substantially affecting their responsiveness to Ts, with the exception of
ap2/FABP4, adiponectin, ACC1, FAS, PPARa, C/EBPa, PGCla, ACO and COX8b,
which with WY 14,643 + Ts treatment had their basal expression comparable to the un-
treated wild type levels. In contrast, PPARy2 expression was fully normalized by WY
14,643 alone and the gene became unresponsive to Ts (Fig. 4C). Treatment of Dio2"
brown adipocytes with the PPARy selective agonist rosiglitazone resulted in specific but
marked changes in gene expression (Fig. 4D). For example, while basal expression of
perilipin, adiponectin and COX-8b was normalized, ap2/FABP4, PPARa and ACO ex-
pression achieved levels 1.8-3.0-fold above wild type basal levels; basal levels of UCP1
were increased ~30-fold. In general, responsiveness to Ts was abolished except for the
~90-fold stimulation of UCP1 mRNA levels (Fig. 4D).

Rescuing gene expression in differentiating Dio2”- brown adipocytes
Induction with adipogenic cocktail

Next, we wished to test whether the alterations observed in the gene expression profile
of Dio2”- brown adipocytes could be restored by exposure to the potent adipogenic
cocktail (IBMX, indomethacin and dexamethasone) during days 2-4 of differentiation. In
general, induction with the cocktail substantially up-regulated gene expression in wild
type brown adipocytes, except for UCP1, which was unexpectedly suppressed (Fig. 5A).
In some cases the induction eliminated the differences between wild type and Dio2”
brown adipocytes, such as for ap2/FABP4, ACC1, COX4 and C/EBPo, while in the re-
maining genes the differences were maintained. PPARS was the only gene with a
greater induction in the Dio2”- brown adipocytes (Fig. 5A).

Induction with T3

The attempt to rescue the gene expression profile of Dio2”- brown adipocytes with thy-
roid hormone consisted of treatment with thyroid hormone receptor-saturating concen-
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tration of Ts during days 0-10 of differentiation. Most genes responded with substantial
expression up-regulation that reached or surpassed wild type levels, except for perili-
pin, ap2/FABP4, FAS, PPARS, COX-8b, UCP3 and UCP2 (Fig. 5B).
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Discussion

Thyroid hormone is an adipogenic factor necessary for the conversion of pre-adipocyte
to mature adipocyte (Dani et al., 1990; Darimont et al., 1993; Gharbi-Chihi et al., 1991;
Gharbi-Chihi et al., 1993). Culturing Ob17 pre-adipocytes in thyroid hormone-stripped
serum disrupts the expression profile of key adipogenic genes, flattening the normal in-
duction of PPARy, C/EBPS and C/EBPa seen during differentiation, while mildly up-
regulating the induction of PPARS (Dace et al., 1999). In the present study we found
that the additional T3 provided by the perinuclear activating D2 deiodinase is also criti-
cally important for brown adipocyte differentiation. In its absence, brown adipocytes
are in average fewer (Fig. 1B), smaller (Fig. 1C) and hypometabolic (Fig. 1F-G), even in
the presence of physiological amounts of thyroid hormone contained in the media. Us-
ing flow cytometry to sort the fully differentiated Dio2” brown adipocytes based on the
tat content of individual cells, we confirmed that these cells were ~30% fewer (Fig. 2A)
but had a gene expression profile that was almost normal. This indicates that D2 is
mainly required for the conversion of pre-brown adipocyte to mature brown adipocyte,
while not being so critical for the unstimulated gene expression in the cells that reach
tull differentiation. Further studies are necessary to clarify whether D2-generated T3 is
critical for clonal expansion or terminal differentiation of pre-brown adipocytes.

In this brown pre-adipocyte conversion model, the critical relevance of D2 is probably
heightened by the co-expression of the T3 inactivating deiodinase, D3, in these cells
(Fig. 1A). Because D3 is located in the plasma membrane, expressing a perinuclear T3-
generating enzyme (D2) is likely to avoid hypothyroidism at critical moments during
the differentiation process. This is because D3 has high affinity for T3 but has ten fold
less affinity for T4, which allows access to the cytosol and intracellular activation to T3
via D2. In fact, the orchestrated expression of D3 and D2 in these cells during differen-
tiation makes this system an ideal one to study the role of these enzymes in thyroid
hormone signaling. At the moment no immortalized brown adipocyte cell line main-
tained such elaborate system to control thyroid hormone action, directing us to the
study of primary cultures of brown adipocytes precursors. One potential problem with
such a system is the contamination with non-adipocyte precursor cells, which is diffi-
cult to avoid or quantify (Fig. 2). However, because D2 expression is restricted to brown
adipocytes, its knock out is not expected to affect other local cell types. In addition, the
defects in gene expression observed in mixed populations of Dio2”- brown adipocytes
were not present until the forth or sixth day of differentiation (Fig. 3), indicating that
cellular composition was not different between wild type and Dio2”- brown adipocytes
at the beginning of the differentiation period.
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The examination of the expression levels of adipogenic related genes in mixed cultures
of mature Dio2”- brown adipocytes revealed progressive impairment in the expression
of master genes that control the adipogenic differentiation program, e.g. PPARy2,
C/EBPa, PPARa, PGCla, as well as many of their down stream targets, e.g. ap2/FABP4,
perilipin, adiponectin, UCP1, UCP3, ACO, COX4, COX8b, SDH, SREBP1c, FAS, ACC1
and PEPCKcyt (Fig. 3). This list of downstream genes was expanded in subsequent mi-
croarray studies with the identification of thousands of genes with defective expression
in the Dio2", involved in TCA and OXPHOS pathway, glucose homeostasis and lipo-
genesis (Tables 1-4). While this profile partially resembles that found in Ob17 pre-
adipocytes cultured in thyroid hormone-stripped serum, it does not indicate that the
master genes and/or their downstream targets are necessarily responsive to T3 as this
expression pattern could be due to a global impairment in the differentiation process.
Nevertheless, given that the brown pre-adipocyte conversion model evolves in the
presence of 10% FBS, which ensures cell exposure to normal concentrations of thyroid
hormones, it is clear that the additional amplification of the thyroid hormone signaling
via the D2 pathway is a critical step for the conversion of brown pre-adipocytes to
brown adipocytes.

Forskolin-stimulated oxygen consumption is impaired in cultures of mixed mature
Dio2”- brown adipocytes (Fig. 1G), indicating that adrenergic-induced adaptive ther-
mogenesis is impaired in these cells. To characterize the underlying mechanisms of this
defect and bypass any defect in the cAMP generation that could have resulted from D2
KO, we analyzed the expression of key genes in response to IBMX, which amplifies the
unstimulated cAMP signaling. While the response of about 60% of the genes was nor-
mal or even slightly increased in the Dio2” brown adipocytes, 40% of the genes failed to
respond adequately to IBMX exposure (Fig. 4A), revealing that the adrenergic inducibil-
ity of a selective group of genes is impaired in these cells. Except for two, all the other
genes failed to respond to T3 exposure, remaining well below normal levels of expres-
sion (Fig. 4B). This indicates that although the defect in brown pre-adipocyte differen-
tiation is caused by insufficient T3, after the cells have fully differentiated the defective
gene expression profile is not correctable by T3 alone. In fact, response to T3 was ampli-
tied and the expression of some genes normalized if the mature Dio2”- brown adipo-
cytes were also exposed to the PPARa selective agonist, WY 14,643 (Fig. 4C), or even in-
creased above normal if these mature cells were exposed to the PPARy selective agonist,
rosiglitazone (Fig. 4D).

In an attempt to rescue the Dio2” brown adipocytes phenotype, Dio2” brown pre-
adipocytes were treated during differentiation with the adipogenic cocktail or T3, and
analyzed after they reached the status of mature cells. Remarkably, while the adipo-
genic cocktail increased 2-4-fold the expression of a number of key genes, the differ-
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ences between the wild type and Dio2” brown adipocytes remained for most genes (Fig.
5A). Even treatment with T3 during the differentiation period did not fully restore the
gene expression profile of Dio2”- brown adipocytes, although it improved substantially.
Taken together, these data strongly indicate that exposure to D2-generated T3 must oc-
cur at a specific timing during brown pre-adipocyte differentiation without which se-
vere deficiencies in basal and/or stimulated gene expression will result.

The present studies indicate that thyroid hormone signaling as amplified by D2 is criti-
cal for brown pre-adipocyte differentiation. Dio2”- brown adipocytes fail to properly ac-
tivate the expression of genes that control the adipogenic differentiation program, as
well as key downstream genes involved in energy homeostasis. As a result, mature
Dio2"- brown adipocytes are fewer, accumulate less fat and have impaired oxidative ca-
pacity, identifying Dio2 as a key determinant of the brown pre-adipocyte differentiation
program.
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Experimental Procedures
Chemicals and Drugs

Rosiglitazone was from GlaxoSmithKline (Research Triangle Park, NC). Ascorbic acid,
HEPES, tetracycline, streptomycin, ampycilin, indomethacin, dexametasone, isobutyl-
methylxanthine (IBMX), WY 14,643, thyroxine (T4), 3, 5, 3’ triiodothyronine (T3), 3, 5’, 3’
triiodothyronine (rT3) and sodium selenite (Se) were purchased from Sigma-Aldrich (St.
Louis, MO). Insulin was purchased from Novo Nordisk (Bagsvaerd, Denmark).
Fungizone, D-MEM, Oil Red O, chicken serum and ANTI-FADEGold with DAPI were
from Invitrogen (Carlsbad, CA).

Animals

All studies were performed under a protocol approved by the Standing Committee on
Animal Research. The original Dio2"- mice were backcrossed with C57BL/6] wild type
animals for five generations, yielding a 96.9% C57BL/6] background, being referred as
Dio2". C57BL/6] wild type mice (WT) were purchased from The Jackson Laboratories
(Bar Harbor, MA).

Brown pre-adipocytes isolation and cell culture

Fifteen to 20 animals were killed per experiment and interscapular brown fat quickly
dissected and processed as previously described (Martinez-deMena et al., 2002). Cells
were grown in D-MEM + 10% FBS, supplemented with 10mM HEPES, 10’M sodium se-
lenite, 3nM insulin, 15 uM ascorbic acid, 25mg/L tetracycline, 25mg/L streptomycin,
25mg/L ampicylin and 1mg/L fungizone. The precursor cells were initially plated in 25

cm? flasks, after 3 days transferred to a 75 cm? flasks then, 2 days later, plated in 60mm

dishes or 35 mm dishes, for RNA or ORO/protein studies, at 15-20,000 cells/cm?2. Cells
were let differentiate for additional 10 days. In order to boost differentiation, a potent
adipogenic cocktail (Klein et al., 2000) consisting of indomethacin (125 uM), IBMX (0.5
mM) and dexamethasone (0.5 uM ), was used in indicated experiments.

OIL Red O staining and analysis
Cells were allowed to differentiate for 10 days. OIL Red O Staining was performed as

described (Koopman et al., 2001). Pictures were taken in a CKX41 Culture microscope
(Olympus, Melvile, NY) and analyzed in Adobe Photoshop Elements 2.0 (Adobe, San
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Jose, CA). Oil Red O in the plates was eluted in DMSO and absorbance performed in
smartspec (BioRad, Richmond CA) spectrophotometer at 535nM wavelength.

RT - qPCR

Total RNA was extracted using the Trizol or Trizol-LS (sorted cells) method. For the re-
verse transcriptase reaction 1.5-3 pg of total RNA was used in the SuperScrit™ First-
Strand Synthesis System for RT-PCR (Invitrogen) on Robocycler thermocycler
(Stratagene, La Rolla CA). For mitochondrial DNA content, DNA was recovered from
the interfase during the Trizol RNA isolation and processed as described in the manu-
facture’s protocol. 18ng of total DNA was used for amplification. Real time PCR was
performed using IQ™ SYBR® Green PCR kit (BioRad), using specific primers, based on
the literature (Kalaany et al., 2005) or designed using Beacon Designer 3.0 (Premiere
Biosoft Intl., Palo Alto, CA), available upon request, having cyclophilin B as the house-
keep gene. The cycle conditions were: 5 min at 94°C (Hot Start); 30s at 94°C, 30s at 58°C
and 45s at 72°C for 50 cycles followed by the melting curve protocol to verify the speci-
ficity of amplicon generation. Gene expression was determined by ACT method.

Deiodinase assays

Measurement of D2 and D3 activities were performed as described elsewhere
(Christoffolete et al., 2006).

Microarray analysis

Total RNA (8 pg), extracted using the Trizol protocol followed by digestion with
DNAsel (Invitrogen) and re-extracted with Trizol, was submitted to microarray analysis
at the Dana-Farber Cancer Institute Microarray Core Facility, Boston, MA, using Affi-
matrix chip MOE430 2.0. Data obtained was entered in the dCHIP software
(http://biosunl.harvard.edu/complab/dchip/manual.htm - Dana Farber Group) accord-
ing to the developer’s manual. Comparison between wild type and Dio2"- samples was
performed and only genes statically different (p<0.05) were selected, regardless the fold
difference. This strategy allows a wide approach to spot trends of alterations in different
pathways. The total number of genes obtained from our array was loaded into the gene
map annotator and pathway profiler - Genmapp (www.genmapp.org) and only genes
with statistically different expression where selected, generating the starting point for
pathway-based analysis of our gene-expression data.

Immunofluorescence microscopy
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After the differentiation period, cells were treated with tripsin and replated at lower
confluence in 35 mm bottom glass plates (MatTek Corporation, Ashland, MA). After
24h, fixation was performed with 10% formalin in PBS for 30 minutes, washed in gly-
cine buffer (100 mM glycine, pH 7.4), permeabilized in 0.1% TRITON X-100 in PBS for
10 minutes, incubated for 30 minutes in anti-body buffer (55C 1x, 2% chicken or goat se-
rum, 1% BSA, 0.05% TRITON X-100, 0.02% sodium azide and 0.1g/L Saponin), incu-
bated overnight with 1%t anti-bodies diluted in anti-body buffer at 4°C, washed 3x with
anti-body wash buffer (SSC 1x and 0.05% TRITON X-100) for 5 minutes, incubated with
2nd anti-body diluted in anti-body buffer for 1h at 4°C, washed 3x with washing buffer
for 5 minutes. For BODIPY 493/503 (Invitrogen) staining, cells were incubated with anti-
body buffer containing BODIPY (1 pg/mL) for 20 min at 4°C and washed 3x with wash-
ing buffer for 5 minutes. ANTI-FADEGold with DAPI (Invitrogen) was added to the
samples and covered with glass coverslip and mounted using nail polish. Samples were
cured for 24 h and then visualized. Images were acquired with ZEISS LSM META 510
(Carl Zeiss, Oberkochen, Germany) confocal microscope at the Harvard Center for Neu-
rodegeneration and Repair (HCNR) Confocal Core Facility, Boston, MA.

Western Blot

Proteins were extracted as described previously (Souza et al., 1998) and quantified us-
ing the BCA protein assay from Pierce (Rockford, IL). Total lysates were separated in
10% acrylamide pre-cast gel (BioRad), transferred to nitrocellulose membrane and blot-
ted as described elsewhere (Souza et al., 1998).

Antibodies

Primary antibodies: anti-actin (A5060) was from Sigma-Aldrich, specific polyclonal anti-
rabbit Peri A antibody (PREK antibody) was generated using the peptide PREK-
PARRVSDSFFRPSVC (Souza et al., 2002), anti-D3 was a gift from Dr. Domenico
Salvatore (Universita di Napoli, Naples, Italy). Secondary antibodies for immunofluo-
rescence studies: chicken anti-rabbit ALEXA647 (A21443) and goat anti-rabbit AL-
EXA488 (A11070) were from Invitrogen. Secondary antibody for western blot: donkey
anti-rabbit (NA934V) from GE Healthcare (Little Chalfont, Buckinghamshire, England).

Flow cytometry cell sorting

Wild type and Dio2" cells differentiated for 10 days were treated with trypsin, ressus-
pended in growth media, centrifuged briefly and both the upper layer of supernatant
(2mL) and cell pellet were mixed together with BODIPY493/503 (6 ng/mL) containing
PBS for 5 minutes at room temperature, centrifuged briefly and upper layer of super-
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natant and cell pellet ressuspended together in PBS (3mL). Cells were sorted in Dako-
Cytomation MoFlo (Dako North America, Inc., Carpinteria, CA) using the FL1 channel
(488nm excitation and 515nm emission) at the Dana-Farber Cancer Institute Flow Cy-
tometry Core Facility, Boston, MA, and separated as positive and negative for BOPIDY
staining. The distinct populations were submitted to total RNA preparation and RT-
qPCR analysis.

Cellular Oz consumption

Ten days differentiated wild type and Dio2” brown adipocytes were seeded at the same
density in 24-well microplates. Cells were assayed in the XF24 instrument from Sea-
horse Bioscience (Billerica, MA) to perform non-destructive, time-resolved measure-
ments of O2 consumption rate as described elsewhere (Watanabe et al., 2006). Immedi-
ately before measurement, medium was replaced with non-buffered pH 7.4 medium.
Three successive 4 min measurements were performed simultaneously at 2-min inter-
vals to obtain baseline respiratory rate followed by increasing concentrations of Forsko-
lin administered in 5 minutes interval and measured for 4 min. The rate of Oz consump-
tion was then expressed as fold stimulation in comparison to the baseline rate.

Statistical analysis
All data were analyzed using PRISM software (GraphPad Software, Inc, San Diego, CA)
and is expressed as mean = SEM. Student’s t-test was used for gene screening compari-

sons; Gaussian distribution was used to illustrate the cell area distribution.
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Table 1 - Basal mRNA levels of genes involved in energy homeostasis in differentiated wild type and Dio2 * brown adipocytes.

wT Dio2™" Ratio

Gene Annotation Gene symbol mean * sem n mean * sem n Dio2™ IWT P value
TCA cycle

dihydrolipoamide S-succinyltransferase (E2 component) Dist 1010 + 16 3 711 £ 33 3 0.70 0.004
pyruvate dehydrogenase (lipoamide) beta Pdhb 3032 £+ 51 3 2160 + 56 3 0.71 0.000
isocitrate dehydrogenase 3 (NAD+) alpha Idh3a 1426 + 33 3 1086 + 50 3 0.76 0.007
aconitase 2, mitochondrial Aco2 1949 + 79 3 1434 + 79 3 0.74 0.010
citrate synthase Cs 1538 + 103 3 1135 + 78 3 0.74 0.039
fumarate hydratase 1 Fh1 1071 * 24 3 799 + 23 3 0.75 0.001
aconitase 1 Aco1 526 + 17 3 396 + 18 3 0.75 0.006
succinate-CoA ligase, GDP-forming, alpha subunit Suclg1 1365 * 42 3 1070 + 34 3 0.78 0.006
oxoglutarate dehydrogenase (lipoamide) Ogdh 1199 46 3 952 + 42 3 0.79 0.016
malate dehydrogenase 1, NAD (soluble) Mdh1 2280 + 64 3 1850 + 24 3 0.81 0.013
malate dehydrogenase 2, NAD (mitochondrial) Mdh2 3237 + 56 3 2642 + 105 3 0.82 0.015
isocitrate dehydrogenase 2 (NADP+), mitochondrial Idh2 694 + 17 3 578 + 17 3 0.83 0.008
isocitrate dehydrogenase 3 (NAD+) beta Idh3b 1281 * 20 3 1072 + 41 3 0.84 0.021
isocitrate dehydrogenase 3 (NAD+), gamma Idh3g 2079 + 47 3 1743 + 54 3 0.84 0.010
Complex |

NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 9 Ndufb9 2898 + 56 3 2123 + 87 3 0.73 0.003
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10 Ndufa10 76 53 57 * 53 0.75 0.050
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5 Ndufa5 599 + 20 3 450 £ 15 3 0.75 0.005
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 10 Ndufb10 1630 = 28 3 1248 =+ 40 3 0.77 0.002
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 2 Ndufb2 1093 =+ 25 3 843 + 37 3 0.77 0.008
NADH dehydrogenase (ubiquinone) flavoprotein 2 Ndufv2 1186 = 22 3 919 £ 19 3 0.77 0.001
NADH dehydrogenase (ubiquinone) 1, alpha/beta subcomplex, 1 Ndufab1 1480 = 28 3 1171 £ 53 3 0.79 0.013
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4 Ndufa4 1414 =+ 63 3 1156 = 30 3 0.82 0.038
NADH dehydrogenase (ubiquinone) Fe-S protein 3 Ndufs3 1647 £+ 27 3 1277 = 24 3 0.83 0.002
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 9 Ndufa9 1330 £ 36 3 1106 = 35 3 0.83 0.011
NADH dehydrogenase (ubiquinone) 1 beta subcomplex 4 Ndufb4 1498 =+ 54 3 1259 =+ 47 3 0.84 0.030
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 8 Ndufa8 1719 =+ 37 3 1448 + 42 3 0.84 0.009
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 (B14) Ndufa6é 1177 + 30 3 1012 £+ 20 3 0.86 0.015
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2 Ndufa2 1603 =+ 15 3 1439 + 31 3 0.90 0.020
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3 Ndufa3 2053 £+ 42 3 1869 = 33 3 0.91 0.028
Complex I

succinate dehydrogenase complex, subunit B, iron sulfur (Ip) Sdhb 3036 + 58 3 2395 + 94 3 0.79 0.008
succinate dehydrogenase complex, subunit D, integral membrane protein Sdhd 1277 £ 49 3 1061 + 39 3 0.83 0.028
Complex Il

ubiquinol cytochrome c reductase core protein 2 Uqcre2 1245 + 17 3 922 + 29 3 0.74 0.002
ubiquinol-cytochrome c reductase hinge protein Ugcrh 1534 + 42 3 1231 + 22 3 0.80 0.008
ubiquinol-cytochrome c reductase binding protein Ugcerb 979 + 31 3 791 £+ 19 3 0.81 0.011
ubiquinol-cytochrome c reductase core protein 1 Uqcre1 2444 + 95 3 2082 £+ 77 3 0.85 0.043
Complex IV

cytochrome c oxidase, subunit VIlib Cox8b 711 * 36 3 245 £+ 21 3 0.34 0.001
cytochrome c, somatic Cycs 2269 £+ 38 3 1668 =+ 59 3 0.74 0.002
cytochrome c oxidase, subunit Vb Cox5b 2504 + 64 3 1921 + 46 3 0.77 0.003
cytochrome c oxidase, subunit Vllc Cox7c 2342 £ 61 3 1864 =+ 32 3 0.80 0.006
cytochrome c oxidase, subunit Va Coxba 2843 + 55 3 2348 + 99 3 0.83 0.020
cytochrome c oxidase, subunit Vlla 2 Cox7a2 3958 £ 104 3 3387 £ 100 3 0.86 0.017
cytochrome c oxidase, subunit Vllla Cox8a 3251 £ 123 3 2783 + 83 3 0.86 0.041
cytochrome c oxidase, subunit VIb polypeptide 1 Cox6b1 3448 + 56 3 2981 £+ 76 3 0.86 0.010
surfeit gene 1 Surf1 665 £ 12 3 583 + 12 3 0.88 0.009
cytochrome c oxidase subunit IV isoform 1 Cox4i1 4535 + 79 3 3991 + 83 3 0.88 0.009
cytochrome c oxidase, subunit VI a, polypeptide 1 Cox6a1l 3297 £ 48 3 2965 £ 51 3 0.90 0.009
Complex V

ATP synthase, H+ transporting, F1 complex, O subunit Atp50 1005 =+ 35 3 713 + 23 3 0.71 0.004
ATP synthase, H+ transporting, FO complex, subunit ¢ (subunit 9), isoform 1 Atp5g1 894 + 44 3 665 + 20 3 0.74 0.021
ATP synthase, H+ transporting, FO complex, subunit f, isoform 2 Atp5j2 2001 £ 86 3 1641 = 19 3 0.82 0.047
ATP synthase, H+ transporting, F1 complex, delta subunit Atp5d 3306 £+ 104 3 2747 £ 62 3 0.83 0.016
ATP synthase, H+ transporting, F1 complex, gamma polypeptide 1 Atp5c1 2345 + 86 3 1976 + 38 3 0.84 0.035
ATP synthase, H+ transporting, FO complex, subunit d Atp5h 2463 + 61 3 2087 £+ 32 3 0.85 0.012
ATP synthase, H+ transporting, F1 complex, alpha subunit, isoform 1 Atp5a1 3613 £ 88 3 3066 £+ 37 3 0.85 0.014
ATP synthase, H+ transporting, F1F0 complex, subunit e Atp5k 1949 + 36 3 1693 =+ 38 3 0.87 0.008
ATP synthase, H+ transporting F1 complex, beta subunit Atp5b 4427 + 74 3 3990 + 80 3 0.90 0.016
ATP synthase, H+ transporting, FO complex, subunit g Atp5I 2518 £ 55 3 2280 £ 53 3 0.91 0.036
ATPase, H+ transporting, lysosomal VO subunit a isoform 1 Atp6v0a1 460 + 16 3 535 + 18 3 1.16 0.037
ATPase, Cu++ transporting, alpha polypeptide Atp7a 41 + 33 54 + 26 3 1.33 0.035
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Table 2 - Basal mRNA levels of genes involved in lipid metabolism in differentiated wild type and Dio2” brown adipocytes.

wr Dio2™ Ratio
Gene Annotation Gene symbol mean + sem n mean * sem n Dio2” IWT P value
Fatty acid transport and binding
fatty acid binding protein 3, muscle and heart Fabp3 428 + 24 3 88 + 6 3 0.21 0.003
low-density lipoprotein receptor-related protein 1( Lrp10 1725 + 43 3 1553 + 28 3 0.90 0.036
choline/ethanolaminephosphotransferase 1 Cept1 215 + 18 3 309 + 18 3 1.4 0.022
Solute carrier family 27 (fatty acid transporter), member 1 Slc27a1 70 £ 6 3 114 £ 11 3 1.6 0.038
Lipogenesis
acetyl-Coenzyme A acyltransferase 2 Acaa2 502 + 31 3 327 £ 26 3 0.65 0.013
diacylglycerol O-acyltransferase 2 Dgat2 3061 + 102 3 2188 £ 168 3 0.71 0.017
abhydrolase domain containing 5 Abhd5 943 + 22 3 696 t 35 3 0.74 0.007
lipin 1 Lpin1 987 t 21 3 760 *+ 41 3 0.77 0.016
fatty acid desaturase 1 Fads1 1169 = 30 3 1000 + 33 3 0.86 0.020
acetyl-Coenzyme A acyltransferase 1 Acaal 949 + 24 3 821 + 11 3 0.86 0.020
Acyl-CoA synthetase long-chain family member 1 Acsl1 1965 + 52 3 1744 + 52 3 0.89 0.040
SREBP cleavage activating protein Scap 1014 + 17 3 913 + 23 3 0.90 0.027
Lipolysis
cell death-inducing DNA fragmentation factor, alpha subunit-like effector # Cidea 68 + 9 3 11 t£5 3 0.16 0.011
glycerol phosphate dehydrogenase 2, mitochondrial Gpd2 335 + 19 3 241 + 12 3 0.72 0.019
protein kinase, CAMP dependent regulatory, type |l beta Prkar2b 476 + 32 3 353 + 14 3 0.74 0.046
protein kinase, AMP-activated, gamma 1 non-catalytic subuni Prkag1 803 + 15 3 630 *+ 21 3 0.79 0.004
glycerol kinase Gyk 38 + 4 3 69 + 3 3 1.8 0.006
B-oxidation
RIKEN cDNA 4632408A20 gene 4632408A20Rik 56 + 5 3 37 £ 3 3 0.65 0.046
nuclear receptor binding factor 1 Nrbf-1 270 £ 8 3 189 £ 16 3 0.70 0.023
dodecenoyl-Coenzyme A delta isomerase Dci 1015 + 29 3 717 £ 25 3 0.71 0.002
acyl-Coenzyme A dehydrogenase, very long chain Acadvl 1577 + 54 3 1208 + 37 3 0.77 0.007
mitochondrial acyl-CoA thioesterase 1 Acot2 478 + 21 3 375 + 14 3 0.78 0.019
carnitine palmitoyltransferase 1c Cptlc 610 *+ 17 3 479 + 29 3 0.79 0.025
L-3-hydroxyacyl-Coenzyme A dehydrogenase, short chair Hadhsc 2871 + 68 3 2306 + 39 3 0.80 0.005
acetyl-Coenzyme A dehydrogenase, long-chair Acadl 1308 + 38 3 1054 + 24 3 0.81 0.008
sterol carrier protein 2, liver Scp2 1855 + 44 3 1566 + 17 3 0.84 0.013
hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A thiolase/enoyl Hadhb 1426 * 34 3 1214 £ 37 3 0.85 0.014
enoyl coenzyme A hydratase 1, peroxisoma Ech1 1868 + 69 3 1619 = 41 3 0.87 0.048
carnitine palmitoyltransferase 2 Cpt2 1089 + 35 3 955 £ 23 3 0.88 0.039
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Table 3 - Basal mRNA levels of genes involved in carbohydrate metabolism in differentiated wild type and Dio2” brown adipocytes.

wr Dio2™ Ratio

Gene Annotation Gene symbol mean + sem n mean * sem n Dio2” IWT P value
Carbohydrate Metabolism

protein phosphatase 1, regulatory (inhibitor) subunit 3C Ppp1r3c/PTG 225 + 13 3 93 + 13 3 0.41 0.002
lactate dehydrogenase 2, B chain Ldh2 948 + 29 3 415 + 25 3 0.44 0.000
argininosuccinate synthase 1 Ass1 1022 + 50 3 451 + 29 3 0.44 0.002
phosphomannomutase 1 Pmm1 555 + 33 3 397 + 37 3 0.72 0.034
pyruvate dehydrogenase E1 alpha 1 Pdha1 517 £ 11 3 393 £ 17 3 0.76 0.005
glucan (1,4-alpha-), branching enzyme 1 Gbe1 214 + 11 3 167 + 8 3 0.78 0.026
glycogen synthase 3, brain Gys3 543 + 25 3 425 + 15 3 0.78 0.022
brain glycogen phosphorylase Pygb 588 + 16 3 465 + 20 3 0.79 0.010
amylo-1,6-glucosidase, 4-alpha-glucanotransferase Agl 217 £ 9 3 175 £ 5 3 0.81 0.022
glycogenin 1 Gyg1 1795 + 61 3 1450 + 37 3 0.81 0.014
phosphofructokinase, muscle Pfkm 281 £+ 9 3 230 + 8 3 0.82 0.015
ribose 5-phosphate isomerase A Rpia 316 + 13 3 270 £ 10 3 0.85 0.048
glucose-6-phosphate dehydrogenase X-linked G6pdx 2177 + 58 3 1875 + 78 3 0.86 0.040
phosphoglucomutase 2 Pgm2 890 + 20 3 768 + 27 3 0.86 0.027
3-hydroxyisobutyrate dehydrogenase Hibadh 1289 + 33 3 1134 + 26 3 0.88 0.024
6-phosphogluconolactonase Pgls 1030 + 26 3 927 + 18 3 0.90 0.036
adiponectin, C1Q and collagen domain containing Adipoq 3328 + 44 3 3077 £ 68 3 0.92 0.044
phosphoglycerate kinase 1 Pgk1 3253 + 61 3 3623 + 28 3 11 0.014
pyruvate kinase, muscle Pkm2 3481 + 63 3 3938 + 70 3 1.1 0.009
adiponectin receptor 1 Adipor1 885 + 17 3 1015 + 22 3 1.2 0.012
phosphofructokinase, platelet Pfkp 433 + 14 3 544 + 22 3 1.3 0.019
liver glycogen phosphorylase Pygl 347 + 18 3 436 + 13 3 1.3 0.019
Phosphorylase kinase alpha 1 Phka1 9 £ 5 3 147 + 11 3 1.6 0.026
solute carrier family 37 (glycerol-3-phosphate transporter), member 2 Slc37a2 91.2 + 13 3 202 + 11 3 2.2 0.003
aldolase 3, C isoform Aldoc 768 + 16 3 239 £ 14 3 3.1 0.002
2,3-bisphosphoglycerate mutase Bpgm 33 + 19 3 173 + 30 3 5.3 0.022
solute carrier family 16 (monocarboxylic acid transporters), member 3 Slc16a3/MCT4 119 + 12 3 678 + 43 3 5.7 0.003
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Table 4 - Basal mRNA levels of genes involved in cell fate in differentiated wild type and Dio2” brown adipocytes.

WT Dio2” Ratio

Gene Annotation Gene symbol mean * sem n mean * sem n Dio2” WT P value
Differentiation

Preadipocyte factor-1 Pref-1 646 + 71 3 187 + 13 3 0.29 0.020
tumor necrosis factor (ligand) superfamily, member 13 Tnfsf13 70 £ 5 3 141 £ 11 e 2.0 0.012
tumor necrosis factor receptor superfamily, member 1b Tnfrsf1b 158 + 8 3 336 *+ 16 3 21 0.002
transforming growth factor, beta 1 Tgfb1 389 + 24 3 1090 + 40 3 2.8 0.000
schlafen 2 Sifn2 122 £ 13 3 484 t 14 3 4.0 0.000
Proliferation

insulin-like growth factor binding protein 5 Igfbp5 738 + 22 3 332 + 14 3 0.45 0.000
insulin-like growth factor binding protein 3 Igfbp3 496 * 16 3 227 = 11 3 0.46 0.000
retroviral integration site 2 Ris2/Cdt1 120 £ 5 3 245 + 18 3 2.0 0.014
cyclin B2 Ccnb2 55 + 11 3 112 £ 9 3 21 0.016
proliferating cell nuclear antigen Pcna 553 + 24 3 1140 = 36 3 21 0.000
regenerating islet-derived 1 Reg1 9 + 7 3 204 t 14 3 21 0.006
RAS related protein 1b Rap1b 256 + 24 3 533 £ 23 3 2.1 0.001
heterogeneous nuclear ribonucleoprotein A1 Hnrpa1 97 + 18 3 271 + 27 3 2.8 0.008
RAP2B, member of RAS oncogene family Rap2b 181 £ 25 3 517 £ 51 3 29 0.010
cyclin-dependent kinase 6 Cdk6 62 + 16 3 190 = 11 3 3.1 0.004
RABB8B, member RAS oncogene family Rab8b 82 + 15 3 279 + 14 3 3.4 0.001
insulin-like growth factor 1 IGF-1 411 + 19 3 1483 + 64 3 3.6 0.002
deoxycytidine kinase Dck 24 + 7 3 101 £ 7 3 4.3 0.002
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Figure 1 - Dio2” brown adipocyte phenotype. A. Wild type (a, ¢, e, g, i, k) and Dio2"
(b, d, f, h, j, 1) brown pre-adipocytes were differentiated in the presence of insulin and
ascorbic acid. Cells reached confluence at Day 0 (a, b) and 4-6 days later, brown adipo-
cytes exhibiting lipid droplets are observed in the wild type and Dio2"- populations (c-f).
At day 10, mature brown adipocytes stain positive with ORO (g, h). Such cells were also
stained with anti-perilipin antibody (green) and DAPI (blue) (i, j) or anti-D3 antibody
(green), BODIPY (red) and DAPI (blue) (k, 1). B. Number of ORO stained adipocytes in
6 random fields from wild type (g) and Dio2” (h) populations. C. Adipocyte size distri-
bution and average cell size £ SEM in wild type (g) and Dio2" (h) populations. D. ORO
was eluted from positive adipocytes with DMSO and quantified at 535nm. E. Perilipin
in wild type and Dio2”- brown adipocytes as quantified by western blot. Actin was used
as a control for loading. F. Mitochondrial content in wild type and Dio2"- brown adipo-
cytes was estimated from the mitochondrial/genomic DNA ratio in the cell samples. G.
Oz consumption of wild type and Dio2”- brown adipoctes in response to increasing con-
centrations of forskolin. Values are mean + SEM of 3-30 data points otherwise indicated.
*p<0.05 vs. wild type by Student’s t-test.

Figure 2 — Brown adipocyte sorting by flow cytometry. A. Frequency distribution of
approximately 3x10° wild type or Dio2” brown adipocytes as sorted by fluorescence ac-
tivated cell sorting (FACS) using BODIPY, a neutral lipid fluorescent dye. Fluorescence
intensity is given in arbitrary units. Viability was about 50% for both cell genotypes. B.
Relative mRNA levels as quantified by RT-qPCR of the indicated genes after 10 days of
differentiation in wild type (open bars) and Dio2" (black bars) brown adipocytes sorted
by FACS. All entries were normalized to the respective pre-sorted wild type value. Val-
ues are mean + SEM of 2-4 data points. *p<0.05 vs. sorted wild type value by Student’s t-
test.

Figure 3 — Gene expression profile in differentiating brown adipocytes. Relative
mRNA levels as quantified by RT-qPCR of the indicated genes during the 24, 4%, 6" and
10t days of differentiation in wild type (open bars) and Dio2” (black bars) cells. All en-
tries were normalized to the respective wild type value at day 2. Values are mean +
SEM of 4 data points. *p<0.05 vs. same day wild type value by Student’s t-test. Gene
profile at day 10 was similar in another 4 independent experiments.

Figure 4 — Gene expression profile in stimulated wild type and Dio2”- brown adipo-
cytes. A. Eight-day wild type (open bars) and Dio2" (black bars) brown adipocytes were
treated with 0.5 mM IBMX for 48 h prior to the differentiation endpoint. Control cells
were treated with vehicle. The reference line represents untreated brown adipocytes. B.
Same as in A except that only Dio2” brown adipocytes were treated with vehicle (black
bars) or 50 nM Ts (gray bars). The reference line corresponds to untreated wild type
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cells. C. Same as in B except that Dio2”-brown adipocytes were treated with 10 uM WY
14643 (black bars) or 10 uM WY 14643 + 50 nM Ts (gray bars). D. Same as in C except
that Dio2”-brown adipocytes were treated with 10 uM rosiglitazone (black bars) or 10
uM rosiglitazone + 50 nM Ts (gray bars). Values are mean + SEM of 3-4 data points.
*p<0.05 vs. IBMX-treated wild type values (A) or vs. untreated wild type cells (B-D) by
Student’s t-test.

Figure 5 — Rescuing gene expression in differentiating Dio2” brown adipocytes. A.
Wild type (open bars) and Dio2" (black bars) brown adipocytes treated with adipogenic
cocktail (IBMX, indomethacin and dexamethasone) on the 2" day of differentiation for
48 h and let differentiate until day 10 in comparison to non-induced wild type cells. B.
Same as A, except that only Dio2”- brown adipocytes were used and treatment with 50
nM Ts (gray bars) lasted 10 days. Values are mean + SEM of 4 data points. *p<0.05 vs.
similarly treated wild type adipocytes (A) or vs. untreated wild type cells (B) by Stu-
dent’s t-test.
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Supplementary Table 1 - Pathways down-regulated in differentiated Dio2” brown adipocytes
according to Genmapp software analysis

MAPP Name Z Score  PermuteP  AdjustedP
mitochondrion 2 13.1 <0.001 <0.001
mitochondrion 12.6 <0.001 <0.001
Mm_Electron_Transport_Chain 124 <0.001 <0.001
hydrogen ion transporter activity 11.0 <0.001 <0.001
monovalent inorganic cation transporter activity 10.8 <0.001 <0.001
primary active transporter activity 10.2 <0.001 <0.001
inner membrane 9.7 <0.001 <0.001
mitochondrial inner membrane 8.9 <0.001 <0.001
mitochondrial membrane 8.9 <0.001 <0.001
cofactor metabolism 8.8 <0.001 <0.001
Mm_Krebs-TCA_Cycle 8.7 <0.001 <0.001
coenzyme metabolism 8.1 <0.001 <0.001
oxidoreductase activity 7.7 <0.001 <0.001
cofactor metabolism 2 7.5 <0.001 <0.001
ribosome 71 <0.001 <0.001
electron transporter activity 6.1 <0.001 0.002
structural constituent of ribosome 5.7 <0.001 0.005
nucleotide metabolism 7 5.1 <0.001 0.017
nucleotide metabolism 10 5.0 <0.001 0.018
nucleotide metabolism 11 4.9 <0.001 0.022
Mm_Cholesterol_Biosynthesis 4.7 <0.001 0.027
nucleotide metabolism 12 4.7 <0.001 0.028
nucleotide metabolism 8 4.6 <0.001 0.049
oxidoreductase activity, acting on the CH-OH group of 4.6 <0.001 0.049

donors, NAD or NADP as acceptor

Z score, the standard statistical test under the hypergeometric distribution; PermuteP, a non-
parametric statistic based on 2000 permutations of the data and AdjustedP, based on Westfall-
Young adjustment for multiple testing were calculated by Genmapp software. n=3
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VII - Conclusoes

1 — Camundongos da linhagem C3H com deficiéncia da desiodase do tipo 1 portando
disrupcao do gene da desiodase do tipo 2 (C3H-D2KO) apresentam niveis séricos de T3
eutiroideos e T4 sérico elevado. Estes animais apresentam aumento da atividade da D1
hepatica e renal em relagdo a animais C3H, mas que permanece bem abaixo daquelas
observadas em animais C57. Estes fatores podem estar relacionados com a manuten¢ao
de T3 sérico na faixa eutiroidea, enquanto que alteragdes da atividade tiroideana e/ou
atividade da D1 tiroideana, bem como alteracdes da atividade da enzima inativadora do

T3 (D3) nao foram observadas.

2 — A desiodase do tipo 2 expressa em tirotrofos desempenha papel fundamental na
retroalimentagdo negativa do TSH mediada por T4 e embora sujeita a degradacdo
promovida pela exposi¢ao ao substrato, a alta taxa de sintese da enzima nestas células

garante produ¢do de T3, mesmo durante a vigéncia de altos niveis de T4

3 — A exaustdo de acidos graxos, ao invés de resposta diminuida ao sistema simpatico, ¢ a
causa da termogénese facultativa ineficiente e hipotermia apresentada por animais

hipotiroideos ou portando disrupc¢do do gene da desiodase do tipo 2.

4 — A sinalizagdo do hormonio tiroideano, amplificado pela D2 ¢ fundamental para a
diferenciagdo do pré-adipocito marrom. Adipocitos marrons Dio2” ndo ativam
apropriadamente o programa de diferenciagdo e, conseqiientemente, genes alvo
envolvidos na homeostase energética. Como resultado, encontramos menos adipdcitos
marrons Dio2”" maduros, que acumulam menos gordura e apresentam capacidade
oxidativa defeituosa, apontando a D2 como componente chave do programa de

diferenciagdo de pré-adipdcitos marrons.
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Producao cientifica durante o doutorado
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