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Resumo

Muitos dos efeitos da leptina no sistema imune dependem de sua
capacidade de modular a expressdo de citocinas e a apoptose no timo.
Surpreendentemente, alguns desses efeitos sdo dependentes de transdugédo de
sinal através do IRS1/PI3-quinase, mas independentes da ativagdo da JAK2. Uma
vez que todos os efeitos conhecidos da leptina em diferentes tipos celulares e
tecidos parecem ser dependentes da ativacao da JAK2, nés aventamos a hipétese
de que, pelo menos para o controle da fungdo timica, outra quinase, até entdo
desconhecida, poderia mediar a transdugéo do sinal da leptina através do ObR e
pela cascata de sinalizacao do IRS1/PI3-quinase. Neste trabalho, mostramos que
a tirosina quinase Fyn estd constitutivamente associada ao ObR em células
timicas. Ap6s um estimulo agudo por leptina, a Fyn é rapidamente fosforilada em
tirosina, ativando-se e associando-se ao IRS1 de forma transiente. Todos estes
efeitos sdo independentes da ativacdo da JAK2, e com a inibicdo da Fyn a
transducao de sinal através do IRS1/PI3-quinase é abolida. Além disso, a inibicao
da Fyn modifica significativamente os efeitos da leptina sobra a expressao de
citocinas no timo. Sendo assim, no timo, a Fyn atua como uma tirosina quinase
que transduz o sinal da leptina independentemente da ativacdo da JAK2, e medeia
alguns dos efeitos imunomodulatérios da leptina neste tecido.
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Abstract

Several effects of leptin in the immune system rely on its capacity to
modulate cytokine expression and apoptosis in the thymus. Surprisingly, some of
these effects are dependent on signal transduction through the IRS1/PI3-kinase,
but not on the activation of JAK2. Since all the well known effects of leptin in
different cell types and tissues seem to be dependent on JAK2 activation, we
hypothesized that, at least for the control of thymic function, another, unknown
kinase could mediate the transduction of the leptin signal from the ObR towards
the IRS1/PI3-kinase signaling cascade. Here, we show that the tyrosine kinase Fyn
is constitutively associated with the ObR in thymic cells. Following a leptin
stimulus, Fyn undergoes an activating tyrosine phosphorylation and a transient
association with IRS1. All these effects are independent on JAK2 activation and
upon Fyn inhibition the signal transduction towards IRS1/PI3-kinase is abolished.
In addition, the inhibition of Fyn significantly modifies the effects of leptin on thymic
cytokine expression. Therefore, in the thymus, Fyn acts as a tyrosine kinase that
transduces the leptin signal independently of JAK2 activation, and mediates some

of the immunomodulatory effects of leptin in this tissue.
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Introducao

Biologia da leptina

A leptina € uma proteina nao glicosilada de 16-kDA, codificada pelo
gene ob, o qual esta localizado no cromossomo 7 humano, no cromossomo 6 de
camundongos [1], € no cromossomo 4 em ratos. Contém 167 aminoacidos, possui
similaridade estrutural com a familia das citocinas e é predominantemente
produzida pelos adipécitos do tecido adiposo branco [2]. Alguns estudos,
revelaram ainda sua expressdo em outros tecidos, incluindo placenta, ovarios,
musculo esquelético, estbmago, pituitaria e figado [3]. Estruturalmente a leptina é
uma proteina de cadeia longa contendo 4 o-hélices, semelhante ao horménio de
crescimento, prolactina, eritropoietina, interleucina (IL)-3, IL-11, IL-12, oncostatina
M, e fator estimulante de colonizacdo de granulécitos (G-CSF) [4,5]. A leptina
humana possui 67% de sua seqUéncia homologa a diversas outras espécies,
como gorilas, chimpanzés, orangotangos, macacos rhesus, cachorros, bovinos,
porcos, ratos e camundongos [4]. Esta proteina é produzida pelo tecido adiposo
branco em relagdo proporcional direta a massa corporal deste tecido [6].
Classicamente a leptina é considerada um horménio, pois regula o balango entre a
ingestao alimentar e 0 gasto energético, sinalizando para o cérebro as alteracdes
da energia armazenada. Seus niveis séricos estdo diretamente relacionados aos
estoques de gordura de um organismo, aumentando com o acumulo de gordura e

diminuindo durante jejum [1].

http://www.ncbi.nIm.nih.gov/Structure/mmdb/mmdbsrv.cgi?uid=55396

Figura 1 - Estrutura tridimensional da leptina humana.
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Figura 2 - Estrutura secundaria da leptina humana. Aminoacidos altamente conservados (presentes
em humanos, gorilas, chimpanzés, orangotangos, macacos rhesus, cachorros, vagas, porcos, ratos

e camundongos) sdo demonstrados em roxo.

Funcao da leptina

A leptina € um dos principais horménios implicados na regulagdo da
ingestdo alimentar e do gasto energético [7]. ApOs atravessar a barreira
hematoencefélica, a leptina age em neurbnios localizados em nucleos
hipotalamicos responsaveis pela regulagdo do apetite e do gasto de energia,
sinalizando a presenca de uma reserva excessiva de energia, o que leva a uma
diminuicdo da ingestao alimentar e a um aumento do dispéndio energético [8-9].
Por outro lado, durante a restricdo alimentar ocorre diminuicdo na produgéao desta
e assim, ativa-se a sinalizacdo que favorece a busca por um maior aporte
nutricional [10].

Além do controle do peso, os animais homeotérmicos mantém a
temperatura corporal relativamente estavel, a despeito da variacao da temperatura
externa. Tal fenbmeno € dependente da atividade de neurdnios especificos
localizados em nucleos hipotalamicos de regulagdo da temperatura corpoérea,
fenbmeno esse que dependente da participacao da leptina. O alimento ingerido é
utilizado como substrato para a producdo de energia necessaria tanto para o
metabolismo como para a produgéo de calor [11].

Além dos efeitos neuroenddécrinos da leptina, a acdo deste horménio ja
foi observada em outros 6rgaos e tecidos como os pulmdes, intestino, rins, figado,
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pele, estbmago, coracao, bago e outros 6rgaos [12], sugerindo assim uma acgao
pleiotropica. Isto inclui, por exemplo, a acdo direta da leptina na regulacédo de
células imunes, células beta pancreaticas [1], adipdcitos [13], células musculares e
sanguineas [14,15]. Desta maneira, a leptina parece agir como um fator endocrino
e paracrino na regulacdo da puberdade e reproducdo, afetando as fungdes
maternas, e fetais; na modificacdo da sensibilidade a insulina no muasculo e no
figado; na prevencdo da deposicao ectopica de lipideos; e, na associagdo dos
sistemas enddcrino e imune no contexto da reparacao da pele [2]. Ainda, a leptina
funciona como um marcador de dimorfismo sexual, sendo mais elevada em

mulheres do que em homens com massas de gordura corporal similares [16].

Regulacao da leptina

A expressao génica da leptina é regulada dentro do contexto do estado
hormonal e nutricional. Os niveis de mMRNA do gene ob no tecido adiposo branco e
os niveis de leptina circulante sao intimamente associados com a quantidade de
massa de gordura, o que ja foi demonstrado em humanos e roedores [17,18]. Os
valores de leptina sérica sao significativamente maiores em fémeas do que em
machos apds correcao para a gordura corporal total [19], e exibe um padréao
circadiano com pico noturno [20]. Os niveis de leptina plasmatica séo
notavelmente diminuidos pelo jejum ou restricdo alimentar, e sdo rapidamente
restabelecidos durante a re-alimentacado [17,18]. A expressao da leptina pode
ainda ser elevada pelas acdes da insulina, glicose, estrogénios, glicocorticéides,
TNF-a e IL-1, e em condi¢des de fungao renal deficitéria e processos inflamatorios
agudos. Um decréscimo na quantidade de leptina € observado ainda em resposta
a agonistas de receptores beta-adrenérgicos, andrégenos, exposicdo ao frio,
tiazolidinodionas e ao fumo [21].

O receptor da leptina

A sinalizagcdo da leptina depende de sua ligacdo a um receptor
monomeérico trans-membrana da familia dos receptores de citocina da classe |
[22], a qual ainda agrupa receptores para IL-2, IL-6, IL-12, entre outros [23-25].
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Seis diferentes formas protéicas deste receptor foram descritas, sendo chamadas
de ObRa-ObRf [26,13]. As seis formas sao codificadas por um unico gene
presente no lécus  1p31 (cromossomo 1 humano; Gene ID
3953/www.ncbi.nlm.nih.gov) sendo resultantes de diferentes “splicings” [12,13].
Em camundongos, o gene se localiza no cromossomo 4 e em ratos no
cromossomo 5 [27]. Todas as isoformas apresentam dominio de ligacédo
extracelular idéntico [12], no entanto apenas o ObRb, conhecido por forma longa,
contém varios sitios intracelulares necessarios para a transducao de sinal. As
demais isoformas carecem de alguns ou todos estes sitios [1].

. Extracellular

Tra: brane

Intracellular

= www.nature.com/.../n10/thumbs/0803025f2th.jpg

Figura 3 — Isoformas do receptor de leptina. Representacédo das seis isoformas conhecidas para o
receptor de leptina, denominadas de ObRa a ObRf.

Em todas as espécies, as isoformas do ObR podem ser divididas em
trés classes: isoformas longa, curta e soluvel [28]. A fungdo da isoforma curta
(ObRa) do receptor de leptina € pouco conhecida. O ObRa tem capacidade de
sinalizagdo demonstrada em células COS transfectadas, mas somente através da
ativacdo da JAK2 e do substrato | do receptor de insulina (IRS-1) dependente de
leptina [29]. A expressao desta isoforma € constitutiva nos tecidos humanos, e sua
funcdo proposta inclui o transporte de leptina através da barreira
hematoencefédlica. O ObRe € truncado antes do dominio transmembrana e circula
como um receptor soluvel (sObR), o que representa a principal atividade ligante a

leptina no sangue humano [30]. Complexos de leptina com sObR ocorrem numa
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proporcdo molecular de 1:1 [31]. A isoforma sObR funcional modula os niveis de
leptina por associacao a leptina livre presente na circulacao, prevenindo que este
horménio seja degradado ou submetido ao clearance [32,33]. No entanto, altos
niveis de sObR no sangue, como determinados em humanos magros ou
anoréxicos, devem servir como um reservatorio potencial de leptina bioativa
[34,35]. Ainda, foi demonstrado por alguns grupos que, niveis de sObR
aumentados em duas vezes ou mais podem suprimir a agao da leptina em células
[36,37], e portanto o seu excesso poderia desempenhar uma fungdo no
desenvolvimento ou na progressao da resisténcia a leptina em tecidos periféricos
[2]. Nenhum dos membros da familia de receptores da classe | de citocinas possui
atividade catalitica intrinseca, sendo constitutivamente ligados a uma proteina
citosolica com atividade quinase, pertencente a familia Janus [29], sendo que o
ObR associa-se a JAK2. A isoforma longa (ObRb) é considerada a principal
isoforma pelo fato de ser a Unica capaz de transmitir o sinal da leptina através da
via completa da JAK/STAT (janus quinase 2 e transdutores-de-sinal-e-ativadores-
de-transcricdo 3, 5 e 6) [28]. O ObRb é expresso em todo o corpo, tendo sido
localizado no hipotalamo, mondécitos, linfécitos, células beta pancreaticas,
enterdcitos, células endoteliais de musculo liso, entre outros tipos celulares [38].

A associacao da leptina ao seu receptor

A ligacao da leptina ao seu receptor promove o recrutamento de outra
unidade de receptor, formando assim uma estrutura transitoriamente dimérica [39].
A modificagdo conformacional induzida pela ligacdo da leptina e pela dimerizagédo
de receptores induz a atividade catalitica da enzima JAK2 associada, a qual se
autofosforila em varios residuos tirosina, tornando-se assim ativa para que a
seguir fosforile e ative a outra molécula de JAK2 ligada ao segundo receptor [40].
Subseqiientemente as JAK2 ativas catalisam a fosforilacdo dos receptores ObRb
nas tirosinas 985 e 1138 [41]. Desta forma criam-se trés sitios ativos que daréo
continuidade ao sinal da leptina. O primeiro sitio encontra-se na molécula de JAK2
fosforilada. Este sitio promove o recrutamento e a fosforilacdo das proteinas da
familia dos substratos do receptor de insulina (IRSs) [42]. Os IRSs (principalmente
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IRS-2) fosforilados sé@o responsaveis pela ativagdo da enzima fosfatidilinositol 3-
quinase (PI3K) que desempenha um papel relevante na transdugcao do sinal da
leptina em diregdo ao controle do ritmo de disparos neuronais, o que, em ultima
instancia, regula a liberacdo de neurotransmissores relacionados ao controle da
fome e da termogénese nos terminais sinapticos [43]. O segundo sitio encontra-se
na adjacéncia do residuo tirosina 985 fosforilado no ObRb. Este sitio é
responsavel pelo recrutamento e ativagdo da enzima SHP-2 (proteina tirosina
fosfatase contendo o dominio SH2), a qual atua como intermediario na ativacao de
p2iras e da via MAP quinase (MAPK, mitogen-activated protein kinase)
culminando com a ativacdo das ERKs (extracellular-signal-regulated kinase) que
desempenham papel ainda pouco conhecido no controle da expressao génica
neuronal controlada pela leptina [44]. Através dessas vias, € possivel que haja
uma integracédo entre a sinalizacao da leptina e um complexo sistema intracelular
de “cross-talk’ que regula fungbes tais como crescimento celular, mitogénese,
metabolismo e apoptose [7,45,46]. Por fim, o terceiro sitio encontra-se nas
adjacéncias da tirosina 1138 do ODbRb fosforilado. Este sitio promove o
recrutamento de moléculas da familia de transdutores-de-sinal-e-ativadores-de-
transcricdo (STATs, predominantemente STAT-3), responsaveis por conduzir o
sinal gerado pela leptina ao nucleo onde coordenardo a transcricdo de genes de

neurotransmissores responsivos ao sinal hormonal [47].
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Figura 4 — Vias de sinalizagao da leptina: JAK-2/STAT3 e IRS-1/PI-3K/Akt.

Varias evidéncias tém demonstrado que a via de sinalizacdo JAK/STAT
de citocinas esta sob controle de retroalimentagao negativa por proteinas SOCS
(supressores da sinalizagao de citocinas) [48,49]. Membros da familia SOCS, que
contém um dominio SH2, sado induziveis por uma variedade de citocinas, atuando
como um regulador negativo destas vias de sinalizagdo. Ja foi demonstrado que a
leptina é capaz de induzir a expressao de SOCS3 [40,48,50]. O recrutamento de
STAT-3 pelo sitio Tyr''*® do receptor de leptina e sua subsequente fosforilagdo
pela JAK2, leva a dimerizacdo destes transdutores-de-sinal-e-ativadores-de-
transcricdo que entao se translocam para o nucleo, onde induzem a expressao de
SOCS3 e POMC (pré-opiomelanocortina — precursor de neurotransmissor
anorexigénico), enquanto que inibem a expressao de AgRP (agouti-related peptide
— neurotransmissor orexigénico). As proteinas SOCS inibem a sinalizacdo da
leptina através de sua ligacdo com a JAK2, indisponibilizando-a, promovendo
assim um mecanismo de retroalimentacdo negativa no sistema de sinalizacao da
leptina. As proteinas SOCS podem ainda interagir diretamente com ERKs, os
quais, quando fosforilados, levam a expressdo de genes alvo, como o c-fos e 0

egr-1, que participam da proliferacao e diferenciacao celular [51].

A leptina e o sistema imune

O sistema imune requer suprimento energético balanceado e adequado
para otimizacdo de suas funcdes [52]. O estado nutricional atua como fator
determinante na resposta imune e tal efeito é, pelo menos parcialmente, modulado
pela leptina [53]. Revela-se assim a fun¢ao imunoldgica da leptina que atua como
uma citocina. As citocinas sdo proteinas secretadas por células do sistema imune
inato e adaptativo, e também por muitas outras células do organismo em situa¢des
nas quais ha interacdo ou regulacdo da resposta imune. Dentre suas multiplas
funcdes destaca-se sua propriedade de interligar as células do sistema imune para
favorecer uma resposta imune integrada [25]. A leptina parece atuar como elo
entre o estado nutricional e o controle da atividade do sistema imune [46]. Este
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horménio apresenta um efeito imuno-modulatério nos sistemas imunes inato e
adaptativo [54], regulando diferentes facetas da resposta imune, como, por
exemplo, promovendo maior atividade e proliferagdo das ceélulas T periféricas
[55,56], ativando a resposta de mondcitos [57,58], regulando a producdo de
citocinas [59] e modulando a resposta imune na auto-imunidade [60]. No sistema
imune inato a leptina modula a atividade de neutréfilos, aumenta a fagocitose por
mondcitos/macréfagos e melhora a secrecdo de mediadores inflamatérios na
resposta de fase aguda [23,54]. No sistema imune adaptativo, a leptina pode
induzir a linfopoiese em camundongos [55] e ainda prover um sinal de
sobrevivéncia para os timécitos duplo positivos CD4*/CD8" e monopositivos
CD4*/CD8’ durante a maturacgao de linfocitos-T [56].

Ambos os extremos da disfuncdo nutricional, como a desnutricdo e a
obesidade, sdo conhecidos por predispor o sistema imune a diversas formas de
disfuncao, incluindo a imunodeficiéncia, a predisposicdo aumentada para doencas
inflamatoérias e autoimunes e até mesmo o desenvolvimento de certos tipos de
cancer [61-64]. Um dos aspectos mais marcantes da desnutricdo é a atrofia do
timo e o desenvolvimento de imunossupressao [57,58]. O timo € um 6érgao
formado por dois lobos, situado no mediastino anterior. Cada lobo € dividido em
multiplos lI6bulos por septos fibrosos e cada Iébulo consiste em um cortex externo
e uma medula interna. O co6rtex contém uma densa colecdo de linfécitos T,
enquanto a medula possui uma populacdo mais esparsa de linfécitos. Este tipo
celular é o principal controlador da imunidade adaptativa, e tem sua origem a partir
de células-tronco derivadas da medula 6ssea (MO) que colonizam o timo. A MO e
o timo sdo érgaos linféides primarios, sendo que na MO h&a a producédo e
maturacéo dos linfécitos B e no timo h4 a maturagédo dos linfocitos T. O timo tem
um suprimento vascular abundante e vasos linfaticos eferentes que drenam para
os linfonodos do mediastino. Os linfocitos no timo, também chamados de
timécitos, sao linfécitos T em varios estagios de desenvolvimento. Em geral, as
células mais imaturas da linhagem de células T entram no cértex da glandula
através dos vasos sanguineos. O desenvolvimento comega no coértex e, conforme

os timécitos vao se desenvolvendo, migram para a medula, de forma que esta
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contém principalmente células T em estdgios mais avancados de
desenvolvimento. Somente as células T desenvolvidas deixam o timo e entram no
sangue e nos tecidos linfoides periféricos [25].

A deficiéncia nutricional causa um desarranjo da arquitetura normal do
timo e reduz o numero de timécitos corticais através do aumento da taxa de
apoptose [56]. Além disto, a desnutricdo cronica promove uma queda nos niveis
de leptina [59], e este fendmeno tem sido apontado como possivel participante da
inducdo da anormalidade da morfologia e da funcdo do timo observadas durante
estados de privacao nutricional [56]. Como dito anteriormente, nos ultimos anos
tem sido demonstrada a participacdo da leptina na modulagédo de varias funcdes
imunoldgicas [50]. Os mecanismos envolvidos na regulacdo da fungdo imune
dependente de leptina incluem a capacidade deste horménio/citocina em inibir a
apoptose timica e em modular a expressao de citocinas no timo [50,56,59,65-67].

A apoptose € um processo de morte celular programada caracterizado
por clivagem de DNA, condensacdo e fragmentagdao nuclear, vesiculacdo da
membrana plasmatica, mudanca na distribuicdo lipidica da membrana e
destacamento da célula da matriz extracelular. Isso resulta na fagocitose da
célula. O que diferencia a apoptose da necrose é que nesta ultima ha uma ruptura
da membrana celular liberando o seu conteudo, e resultando num processo
inflamatério, enquanto que na apoptose ndao ha evidéncia de inflamacao [68]. A
inducéo da apoptose em timocitos pode ocorrer de duas formas. A primeira é por
negligéncia, ocorrendo por perda ou auséncia de estimulos de sobrevivéncia. No
timo, essa forma de apoptose ocorre quando os timdcitos ndo sdo salvos da morte
durante o processo de selecdo positiva. A segunda forma de apoptose de
timécitos € induzida ativamente através da sinalizacdo via receptores de
membrana indutores de morte que sdo expressos apos a ativagdo dos timaocitos.
Essa forma de apoptose é desencadeada quando os timocitos auto-reativos séao
confrontados com auto-antigenos, durante a sele¢éo negativa [25].

A funcdo da leptina na inflamacdo permanece incompletamente
compreendida. Modelos animais deficientes em leptina sédo protegidos dos efeitos
toxicos da inflamagédo mediada pelo sistema imune inato [69-72]. O mecanismo
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envolvido neste presumido efeito antiinflamat6rio em organismos deficientes em
leptina € desconhecido, mas um desequilibrio entre citocinas pré-inflamatorias
(ndo alteradas) e anti-inflamatérias (reducéo de IL-10 e antagonista de IL-1R) tem
sido observado [69], aumentando a possibilidade de que a leptina possa modificar
a produgéo de citocinas anti-inflamatérias pelos mondcitos/macréfagos através da
ativagédo da STAT-3 [73].

Sabe-se que as citocinas da familia IL-6, incluindo o fator inibitério de
leucemia, a oncostatina M e a propria IL-6 sdo mediadores criticos da involugéo
timica associada a idade e ao choque-séptico, e que o tecido adiposo do timo
pode produzir tais citocinas [74,75]. Muitas citocinas exercem efeitos na inducao
de leptina, e de forma reversa, sabe-se que a leptina apresenta varios efeitos no
controle da expresséo de diversas citocinas [76].

O TNF-a, fator de necrose tumoral, é o principal mediador da resposta
inflamatéria aguda a bactérias Gram-negativas e outros microrganismos
infecciosos, sendo responsavel por muitas das complicagdes sistémicas
observadas em infec¢des graves. A principal fonte celular de TNF-a é constituida
por fagoécitos mononucleares ativados, embora células T estimuladas por
antigeno, células NK e mastécitos também possam secretar tal proteina. A familia
TNF de proteinas inclui citocinas secretadas e proteinas de membrana que
compartilham homologias na sequéncia e se enovelam em complexos
homotriméricos triangulares/piramidais, os quais se ligam a receptores de
superficie estruturalmente semelhantes. A principal funcao biolégica do TNF-a é
estimular o recrutamento de neutréfilos e mondcitos para locais de infeccao e
ativar essas células para erradicar microrganismos. Em infecgdes graves, o TNF-a
€ produzido em grandes quantidades e causa disturbios sistémicos, podendo até
mesmo atuar como um hormdnio modulando a atividade enddcrina em varios
orgaos [25].

A interleucina-1 (IL-1) apresenta fungdo semelhante a do TNF, atuando
como mediadora da resposta inflamatéria do hospedeiro a infec¢cdes e outros
estimulos inflamatérios. Ela age juntamente com o TNF na imunidade inata e na
inflamacado. Sua principal fonte celular, assim como a de TNF, sdo fagécitos
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mononucleares ativados, porém, diferentemente deste, também é produzida por
muitos tipos celulares que ndao macréfagos, tais como neutréfilos, células epiteliais
(p. ex., queratindcitos) e células endoteliais. Existem duas formas de IL-1,
chamadas de IL-1a e IL-18, que s&o menos de 30% homodlogas uma a outra, mas
se ligam a receptores de superficie celular e medeiam atividades biologicas
semelhantes. A maior parte da IL-1 encontrada na circulagéo € IL-13. Os efeitos
bioldgicos da IL-1 sdo semelhantes aos do TNF e dependem da quantidade de
citocina produzida. Em baixas quantidades, a IL-1 atua como um mediador da
inflamacéao local. Quando em maiores quantidades, entra na corrente sanguinea e
exerce efeitos enddcrinos, induzindo febre, sintese de proteinas plasmaticas de
fase aguda pelo figado e desgaste metabdlico (caquexia), assim como o faz
também o TNF [25].

A IL-1B e o TNF-a sdo capazes de, independentemente, induzir um
aumento nos niveis de leptina enddgena [77]. Especificamente, a IL-1B tem sido
considerada como um mediador da inducao de leptina, uma vez que a estimulagao
de leptina por LPS (lipopolissacaride) e outras citocinas € inibida em
camundongos “knockout’ para a IL-1B [77]. Além disso, muitas citocinas pro-
inflamatorias sédo reguladas pela leptina, incluindo-se IL-12, IL-6, TNF-a [78,79], e
INF-y [70,78]. Portanto, o fato da producéo da leptina ser aumentada em resposta
a LPS sugere ainda um importante papel regulatério para este horménio na

inflamacgéo e no choque induzido por LPS [69,80].

A leptina e a familia de tirosina quinases Src

Em um estudo anterior realizado por membros do nosso grupo [66]
observou-se que a leptina exerce um efeito anti-apoptético no timo de ratos
jovens, e que este efeito é mediado pela cascata de sinalizacdo da IRS-1/PI3-
kinase/Akt, mas independente da ativagédo pela JAK. Uma vez que o receptor de
leptina ObRb ndo possui atividade tirosina quinase intrinseca, suspeitou-se que
deveria haver outra quinase, que nao fosse da mesma familia da JAK, e que
estaria atuando como intermediario entre o receptor de leptina e o recrutamento

da proteina IRS-1. Um estudo recente [81] revelou que, em um sistema celular
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isolado, proteinas da familia Src podem ser ativadas em resposta a leptina de uma
maneira independente da JAK2.

Para explorar a possibilidade de que o sinal da leptina pudesse ser
transduzido por membros da familia Src, realizou-se um experimento piloto no
qual ratos foram agudamente tratados com leptina e a fosforilagcdo em tirosina de
membros da familia Src (Lck, Fyn e Src) foi avaliada por imunoblot. Tal piloto
revelou que, apesar de todas as trés quinases serem fosforiladas em resposta a
leptina, a Fyn foi a que respondeu em menor tempo e com maior intensidade.

A familia Src de proteinas e a tirosina quinase Fyn

A Fyn é uma tirosina quinase citoplasmatica pertencente a familia Src
[82,83]. Sua expressado ja foi observada no figado, pulmé&o, rim, epitélio de
glandula mamaria, intestino e pancreas, incluindo as ilhotas pancreéticas [84,85].
A familia Src de proteinas tirosina quinases é um grupo composto por nove
enzimas, Src, Fyn, Yes, Lck, Hck, Fgr, Lyn, Blk, e Yrk, que s&o ancoradas a face
citoplasmatica de membranas através da regido amino-terminal de seus acidos
graxos [86], compondo o principal grupo de transdutores de sinais celulares
[87,88]. Estas tirosina quinases podem ser ativadas por varios sinais
extracelulares, através de receptores tirosina quinases, integrinas, receptores
acoplados a proteina G, receptores Fc e de antigenos, e receptores citocinas.
Podem modular uma grande variedade de funcdes intracelulares tanto em células
imunes quanto em células nao-hematopoiéticas, incluindo proliferacéo,
diferenciacao, sobrevivéncia, adesao, alteracées morfolégicas e migragdo celular
[88]. Ja foi demonstrada a participacdo de quinases da familia Src na sinalizacao
do sistema imune inato, na resposta a citocinas, a fatores de crescimento, a
reguladores de apoptose, a reguladores da sinalizacdo de antigenos, a
estimulacao de células por complexos imunoldgicos, na fagocitose, na resposta a
estimulacdo de adesao (sinalizacdo de integrinas), a controladores de canais de
K/Cl, e a proteinas das vias de sinalizacdo acopladas a proteinas G [89-96]. Além
disso, revelou-se que ha necessidade da atividade das quinases da familia Src
para o correto desenvolvimento de linfocitos T e B [97,98].

28



Estruturalmente a familia Src de tirosina quinases contém um ou mais
sitios de acilagcdo amino-terminal, necessarios para a localizacdo na membrana,
um dominio especifico, o qual define membros individuais, um dominio homadlogo
Src 3 (SH3), que reconhece ligantes ricos em prolina, um dominio SH2, que
reconhece ligantes ricos em fosfo-tirosina, um dominio catalitico e uma seqiéncia

regulatéria carboxi-terminal [86,99].
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Figura 5 — Dominios conservados das proteinas da familia Src.

Muitas das proteinas desta familia sdo expressas como duas proteinas
devido a padrées de “splicing” alternativos ou pelo uso de coédons iniciadores
alternativos. Exemplos incluem a Src [100], Fyn, Lyn [101] e Hck [102]. A Fyn sofre
“splicing” alternativo e passa a conter um sétimo éxon unico, codificando a regido
unificadora entre os dominios SH2 e o que confere atividade quinase, a qual é
diferente entre células T e neurdnios [103]. A funcéo diferencial destas isoformas
nao esta bem estabelecida, embora ja tenha sido sugerido diferencas na utilizacao
de substrato ou na localizacdo sub-celular [100,104]. A cristalografia destas
tirosina quinases revelou que a atividade quinase é regulada pela formacao e
rompimento de interagdes intramoleculares envolvendo os dominios SH2 e SH3
[105,106]. O dominio quinase propriamente dito contém dois residuos criticos: um
sitio de auto-fosforilacdo que € necessario para a ativacdo da quinase, € um
residuo de tirosina C-terminal que regula negativamente a atividade da enzima por
ligar-se ao dominio SH2 e posicionar a quinase em uma conformacao fechada e
inativa. Este residuo C-terminal é um ponto critico para a regulacdo da atividade
de quinases da familia Src. Esta fosforilagdo € proporcionada principalmente pela
quinase Csk, e a desfosforilagdo do residuo é obtida, pelo menos em células
imunes, pela acao principal da fosfatase CD45. A Csk € um importante e potente

29


http://www.hxms.neu.edu/research/chime/Fig5.JPG

regulador negativo das quinases da familia Src em todas as células. Esta enzima
€ recrutada para a membrana pela proteina adaptadora Cbp/PAG, através de
interacao entre fosfo-tirosina e SH2, na qual a propria Cbp/PAG é fosforilada por
quinases da familia Src. Isso configura um mecanismo pelo qual a prépria quinase
da familia Src pode modular negativamente sua prépria atividade quinase pelo
recrutamento de um regulador negativo [107]. E ainda importante mencionar que a
Cbp/PAG esta localizada em regides estratégicas da membrana onde a Csk pode
atuar diretamente sobre as quinases da familia Src [108].

Através de um mecanismo dependente da associagao fisica, membros
da familia Src podem conferir atividade quinase a receptores que nao apresentem
intrinsecamente esta funcdo, mas ainda podem também se ligar a receptores que
possuam atividade tirosina quinase [109]. Desta maneira, e devido ao fato da
tirosina quinase Fyn estar envolvida em varias fungdes imunoldgicas [110-113],
decidimos concentrar nossos esforcos em explorar a fungdo desta proteina nas
acOes da leptina no timo. A possibilidade de se encontrar outra tirosina quinase,
qgue nao fosse da mesma familia da JAK, intermediando o sinal gerado pela leptina
entre o receptor ObR e o recrutamento da proteina IRS-1, poderia abrir novos

caminhos na compreensao da sinalizacéo e acao da leptina em varios tecidos.
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Objetivos

2.1 - Objetivos gerais

e Avaliar a participagdo da proteina tirosina quinase Fyn na transdugao
de sinal através do receptor de leptina em timo.

2.2 - Objetivos especificos

e Avaliar a capacidade da leptina em ativar a tirosina quinase Fyn no

timo;

e Avaliar se ha associacao entre a proteina Fyn e o receptor ObRDb;

e Havendo associagédo, determinar qual a provavel regido do ObRb

esta envolvida neste evento;

e Avaliar se a Fyn transduz o sinal da leptina através da via do IRS1;

e Promover a inibigdo da Fyn e avaliar os seus efeitos sobre a

apoptose dos timécitos;

e Promover a inibicdo da Fyn e avaliar os seus efeitos sobre o padrdo
de expressao de citocinas do timo frente ao tratamento dos ratos com LPS.
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Fyn Mediates Leptin Actions in the Thymus of Rodents
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Abstract

Background: Several effects of leptin in the immune systemn rely on its capacity to modulate cytokine expression and
apoptosis in the thymus. Surprisingly, some of these effects are dependent on signal transduction through the IRS1/PI3-
kinase, but not on the activation of JAKZ. Since all the well known effects of leptin in different cell types and tissues seem to
be dependent on JAK2 activation, we hypothesized that, at least for the control of thymic function, another, unknown
kinase could mediate the transduction of the leptin signal from the ObR towards the [R51/PI3-kinase signaling cascade.

Methodalegy/Principal Findings: Here, by employing immunoblot, real-time PCR and flow citometry we show that the
tyrosine kinase, Fyn, is constitutively associated with the ObR in thymic cells. Following a leptin stimulus, Fyn undergoes an
activating tyrosine phosphorylation and a transient association with IRS1. All these effects are independent of JAK2
activation and, upen Fyn inhibition, the signal transduction towards IRS1/PI3-kinase is abolished, In-addition, the inhibition
of Fyn significantly modifies the effects of leptin on thymic cytokine expression.

Conclusion/Significance: Therefore, in the thymus, Fyn acts as a tyrosine kinase that transduces the leptin signal
independently of JAK2 activation, and mediates some of the immunomodulatory effects of leptin in this tissue.
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Introduction

Both sides of extreme nurrtional dysfunction, 1.e, malnwirition
and ohesity, are known 1o predispose 1o anomalous immuone
activities, which inelude immunodeficieney, increased predisposi-
viem t inflammatery and autoimmune diseases and developrent
of certain wpes of cancer [1-4], During the last ten vears, a
number of stuclies have prosided strong evidenee w support a role
for leptin as a link between the metabolic and immuone systems
|3.6]. Leptn was fist characterized as a hormone responsible for
providing  acipostatic signals o the  hypothalamuos. therelore
warranting the homeostatic control of body energy siores [7].
Later, an immunomadulatory role for leptin was described  [0]

which explained, at least in part, the defective regulation of

e response nomice |9 and humans [10] with leptin or
leptin-recepior deficiency,

[he mechanizms involved in leptin-dependent regulation of

immnne function include the capacity of leptin womhilae thymic
apoptosis and  the moduladon of thvmic eviokine  expression
[0 112 In young rodents, leptin can reduce up o 30% of basal
thymic apoptosia [11]. This effecr is dependent on the expression
of the long form of the ObR, ot wot on the acovation of the
receptor-gssociated tvrosine kinase JAKZ2 [ 1], Interestingty, upon
inhibition of the docking protein, IRS1, or the enzyme, P13-kinase,
mast of the apopiosis-inhibiting elfect of leprin s suppressed [11],
Since the ObR, as o member of the chass | oviokine recepror
family, is devoid of intrinsic tyrosine kinase activiey, we suspected

@ PLoS ONE | www plosone.org

that an as vel unknown tyresine kinase 15 activated in the response
to leptin, mediating the transduection of the signal from the CbR 1o
the ITRS!APU-kinase/ Akt pathway, and therefore modulating
thymic function

Here, we show that the gprosine kinase Fyn, asociates with the
Obl and delivers a leptin-dependent immunomodulatory signal
in the thymus of rodents,

Materials and Methods

Materials and Chemicals

Antibodies against JAK-2 [sc-278), Fin (se-16), Lek (se-13), See
(sc- 180, plAK-2 (se-16566), pSTATS (se-T993), SHP? (sc-424),
phosphotyrosine (se-308), IRS-1 {sc-559), ObR (sc-8325, pERK
(se=T383, Bel2 (se-192, Bax (sc-493), rabbit Ig(i-B {=c-2040),
mionse [eCi-B fae-2039) and goat [e(-B (5c-2042) were from Santa
Cruz Biotechnology (Santa Croz, CA, USAL Antihodies againsi
p-Sre family Tvrd 16 (200HL) and p-Src family Tyvr 527 (21051
were from Cell Signaling Technelogy  (Danvers, MaA, LISA).
Prowin A Agarose and nivrocellulose paper (Hybond  ECL,
45 ) owere from Amersham (Bucks, UKL Lepin, JAK
inhilntor AGASD (oyrphostin B42) and Pynoanhibater PP2 were
from Calbiochem [La Jolla, CA, USAL Tns base, phenylmethyl-
sulphonylfluoride, aprotimin, dithiothreiel; Trivon X- 100, Tween-
A, ghveerol, bovine serum albumin (BSA, fraction V), lipopoky-
saccharide from Fsberehia eoft (LES] and propidivm iedide (P1)
were obtained from Sigma (St Lowds, MO, USA}L SuperSignal
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West Pico Chemiliminescent Substrate was [rom Therme Scien-
tifie (Rockfored, 11, USA) Ficoll-Paque ™ PLUS was obtained
from Brecwon Dickinson Biosciences (San Jose, CA, USAj, RPMI
1640 Froan Culifaly (Campinas, Braal)l, and anoexin Vowas
purcliased  lrom the  Laboraory of lnmunobislogy  of  the
University of 380 Paule (830 Paulo, Brazil), Chemicals for real-
tiree PCR were from Invitrogen (Carlsbad, CA, USA) and Applicd
Biosystems (Foster Gy, CA, USAL All ather chemicals were
stanclard commercial products of reagent-grade quality, Antisense
B - CAC AGC COA TTA TCC A - 57 (FwAS) and scramble
control (5° - CAT CCAGTC ACT ACC A - 37 (FynsCR) oligo-
mueleotides specific for Fynowere produced by IDT (San Dicge,
CA, USAL The aoligonucleatide sequences were submited
BLAST unalyses (www.nchinbmnih.gov) and mached only for
the Ratbes semegeees Fyn coding sequence (NCBL/NM 012755),
Four peptides (-MEKLFWDDVEPNPRN 2-PLLLEP
EPVSEEIS-SOPSVEYATLYVENV-NHGEK
SVYYLGYSS) were constucted based on dilferent portions
of the ObRERs mtracellular region, to be wsed m a competinon
assay [or the Fyn kinase agamst the receptor. These were
purchased  from  Peptide  Prowin Besearch  Lid  (Wickham,

Hampshire, UKL

Experimental Animals

Three-week old male Wistar vats and nine-week-old Lepdadb (db
db) and CHTBLKS/] mice were obtained from the University of
Campinas  Breeding Center, The Lepddb (db/db) mice were
originally purchased from the Jackson Laboratory (Bar Harbaor,
Maine, LISA) and are currendy established as 4 colony ar the
Lniversity of Campinas Breeding Cemer. Eight-month old Zucker
ratswore ohtained from the Laboratory of Physiology of the Federal
University of 330 Paulo (Brazl), The sanimals were allowed access 1o
stundard rodent chow and water o fhiten,. Al experments
imvalving animals were i accordance with the puidelines of the
Braglian College [or Animal Experimentaton (COBEA)L and were
approved by the University of Campinas Ethical Commutee. Room
temperature was maintained at 21-23°0C with 12-h light/dark
cyeles, The animals were age-matched for individual experiments
and randomly distnbuted into weatment or contol groups with fres
aceess to o standard rodent chowe (Labina Paring, Campinas, 5P
Bragal) and fap water, For some experiments, we additionally
ertployed 10 or 40 dayve-old male Wistar rats,

Experimental Protocols

For experiments of molecalar associations and immunoblo-
tings, rats were teated with 100 gl of saline solution or with
100 ph. of leprin 1078 wia the cava vein, The thvimnses were
exteacted after different dme inteevalss 0, 5, 10, 15, 20 and/or 30
min, For experiments of Fyn inhibition with antisense oligonucle-
ofide [FynAS) (or the scrambled anttsense FynSCRY, ras wene
treatee with 400wl of saline solution; 400 uL of leptin 107"M:
400 pl. of saline solution plus 20 nmol PvAS jor FynSCR), or
with 00 WL of leprin 107°M plus 20 nmaol FynAS (or FynSCR)
via intra-peritoncom {ip) during  three consceutve days, For
experiments of Fyn anhibition with the chemical mhibitor (PPZ,
rats were treated with WO pl salotion containing 2.5, 5 or 10 nM
of PI*2 via ip 30 min before the thymus’ extraction. Frve minutes
before the extracton, rats were also treated with WK pL of saline
solution or with [00 pL of leptin 107"M via the cava vein. For
experiments ol molecular associations  wsang db/db oice, the
anrmads were treated with 00 gL of saline solution or with 400 pl,
of lepun 107"M via ap and the thymus was extracted after 15
minutes, For experiments of molecalar associations using Aucker
rats, the animals were treared with 100 gl of saline solution or
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Leptin Signaling through Fyn

with IH) pL. af leptin 10 M via ip during three consecutive days.
The thvmus was extracted on the following day. For the
determination of gene expression by Real Time PCOR. rats were
trested wath [O0 gl of saline solution; 100 @l of Bpopolyssecha-
ride (LPS) | mg/ml: 150 pl of PP2 5 ob; 100 pL of leptin
3.2 pM or with different combinations of these treanments.

Protocol for Immunoprecipitation and Immunoblotting

Rals or mice were anesthenzed by ip injection of sodium
thiopental (30 mglkg body  weight), and  the  thyvius o
hypothatamus were removed. The tissue was minced coarsely,
antl homogenized immediately in exteaction buller at 40 with «
Palvtron PTA 205 generator (model FT 10435, Brinkmann
lnstruments, Ine., Westbury, NY, USA) operated al maximum
speed lor 2004 The extracts were contrifuged at 5,000 % g and 470
i g Beckman 7001 T rotor (Pado Alto, CA, USA) for 200 min o
remove insoluble material, and the supernatants. were used for
nnmnuoprecipitation, for diveet immunoblotting, as previously
described [13], or for a competition assy,

Protocol for Competition Assay

Samples containing 1.0 mg wotal protein obtained from thymuses,
as described above, were incubated with different concentrations of
each one of the four peptides thar were constructed 10 compete
againgt the ObRb recepror for associaten with Fyn. The
concentrations of the peprides employed were 0, 1, 14, 50 and
TR pg, and the incubations were performed overnight s 470
uncler gentle rocking. The samples were wsed for immunoprecip-
iation with ant-ObR and immunobloming with ant-Fin, anti-
JAK-Y ar ano-SHP2,

Protecol for Thymocyte Isolation

Rat thvmses were gently homogenized in a manual Dounee
homogenizer. Thvmoovies were overdaid onio a I'"in:'nI[-Pﬂqur-i.M
PLUS laver, with density adjusted w |LOT6 gfml, and centrifuged
at LO00 x g at room emperatore for 25 min, The interface cell
laver comtaining thymoovies was reeovered by Pasteur piperie,
washed twice in PRS, and cenmrifuged ar 500 « g for 10 min
[14,15], Cells were counted in a Neubaver chamber, and cell
viahility was determined by the Trypan blue exclusion method.
Cells were only used when viahility was greater than SH%.

Short-Term Cell Culture and Treatments

The v wiro thymocyte cultures were obtained by seeding
isolated thymus cells at a density of 107 or 10" cells/mL in RPMI
L6 in 1.5 em” plate wells in a humidified atmosphere (5% O,
at 37°C). For determination of markers of apoptosis and cviokine
exprossion.  thymocytes: were treated according 1o one of the
following protocols: control: leptm G "NE PP2 10T UM: o, lepiin
1"+ P2 10 Apopiosss was evaluated after 23 hours
using the Flow Cyvtometry method [or all experiments.

Flow Cytometry

The samples were analyeed in a FACSCalibur flow cviometer
equipped with an argon laser and CellQuest software (Becton
Dickmnson, San Jose, CA USAL Ten thousand events were acouired
from cach sample. The thyvmoovie populations were identitied Ty
their Bght-seanering characterisies, enclosed i electronic gates,
andd analyeed lor the mtensity of the Nuorescent probe signal [15].

Analysis of Cell Viability by Annexin-V and Pl Labelling
Thymocytes were Libelled with annexin-V, following the manu-
facturer’s instructions [16]. Briefly, 107 or 107 cells were harvested
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at each time point, washed twice with PBS and resuspended inoa
binding buffer contaming annexin V-FITC (1:5300). After 200 min
of incubation at room temperature, thymocvtes were centrifnged
at LG » g for 5 min and resuspended in hinding  bulfer
containing PEE:50). Apoptosis was quantified by FACS analysis as
the oumber of annexin V-FITC paositive and P negative
thymocyies as a percentage of the wtal pomber, while necrosis
was quantified ag the number of P1positive and annexin V-FITC
negative thymoeeytes as & percentage of the total number of cells,

Real-Time PCR

Thymic total RNA was. extracted using Trizol reagem (Lafe
Technologics, Gaithershurg, MY, USAL  aceording to the
manifacturer’s  recommendations, Real-time PCR anabvsis of
gene expression was carried ot inoan ABL Prism 7500 sequence
deteetion system (Applicd Biosystems), The optimal concentration
of cDINA and primers, as well as the maximum elliciency of
amplification, were ohtained throvgh seven-poing, 3-old dilution
caryve analysis for cach gene, Each PCR reaction contained 75 ng
of reverse-transegibed cDNA Primers were purchased  rom
Applied  Biosysterms and  were: TNFzx, BnQ0000017; 11-1[%
Bn00380832; Il-b, Bn00361420; IL-10, Rn005634009: and
GAPD, #4352358E, for rat. The PCR condibons were 2 min at
SO0 I min at 9570, follewed by #0 cyveles at 9570 for 15 sec
and GOYC for GO sec. Keal-time data were analyzed using the
engine provided by Applied Biosystems.

Statistical Analysis

All mumerical results are expressed as the means & sem ol the
inclicated noumber of experimenis. The resulis of blots ane
presented as direct comparisons of bands in autoradiographs.
The results of cell wviabiliey, estmated by annexin-Y and
propidiom jodide staining, were analyeed by ANOVA and a
post-hoc Tukey test. Level of significance was set at p=<(0.05.

Results

Src Family Members Are Expressed in the Thymus and
Undergo Tyrosine Phosphorylation Following Leptin
Injection

Prosteins of the See Family s mediate some of the elliets of leprin
i isolated and ansfected cell systems [17]. To evaluate the
presemce of proteing of the Sre family in the intact thyias, we
performed regular mmunaeblo of total thymmus protein extracts. As
depicted in Figure LA, Sre, Fynoand Lok are expressed st high levels
in the thymus. A time-course experiment was pedormed
determine the capacity of leptin to induce tvrosine phosphorylation
of the Src family members in the thymus, Although all three
proteing underwent a significant increase in tyrosine phosphoryla-
ticn, peaking around 10-15 min, the effect of lepin demonstraed a
gignificantly greater induction of Fyno ryrosine phosphorylaion
fincrease of 3252374 for Sre, 470241% for Fun and 186228%
for Lek, p==0.05 for Fyn we Sre and o Lek, m=5) (Fig. |B) In
addition, leptin induced Fyn tyresine phosphoryation in a dose-
dependent manner starting at the concentraton of 107 TN (100 pl
leprin throngh the eava vein) and peaking ar 107107,
Therefore, in the remaining experiments. we coneentrated our
efforts on the characterieation of leptin action through Fyn, only,

Associations of Fyn/ObR and Fyn/IRST Are Modulated by
Leptin

The: highest expression of Py and OLE in the thymus of Wistar
rats oceurted ar 21 davs, according o immunoblor analysis of
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Figure 1. Expression of Src family members in the thymus. (A4} The
thyrmus fram 21-d rats was homogenized and samples containing 0.2 mg
total protein were separated by SDS-PAGE, transferred to nitrocellulose
membrangs and blotted with anti-Scr, Fyn or Lek antibodies; the specific
bands are indicated by arrows. |B) Rats were anesthetized and a single
injection of leptin (100 pL, 10 *M) was performed through the cava vein;
thymuses were cbtained after the times depicted in the figure and
homogenized; samples containing 0.5 mg total protein were used in
immuneprecipitation assays with antl-5rc. Fyn or Lck antibodies;
immunccomplexes were separated by S05-PAGE, transferred to nitrocel-
lslose mwembranes and blotted with ant-phosphotyrosine antibodies. ()
Rats were anesthetized and a single injection of leptin (100 pL,
concentrations ranging from 107" to 107°M) was perfarmed through
thie cava vein; thymuses were olained after 10 min and homogenized,
samples containing 0.5 myg total protein were used In iImmunoprecipita-
tion assays with anti-Fyn antibodies; immunocomplexes were separated
by SD5-PAGE, transferred to nitrocelulose membranes and blotted with
anti-phesphotyrosine antibodies, The depicted blots are representative of
n="5. MW, molecular mass; Thy, thymus,

doi: 10,1371 /journal pone 0007707 g001

thymic protein extracts obtamned fiom ammals at 10, 21 and 40
days of life (Fig. 2A). Therefore, the remuinder of experiments was
perdormed always with 21-day old rats. Leptin-induced tyrosine
phosphorylation of Fyn peaked at 10 mio (as shown in Fig. 151
which i similar 1o the tming of actvation of other cardy leptin-
responsive proteins such as JAR2 and TRS 1. and precedes some off
the fate leptin-responsive proteing, such as STATS and ERK
(Fig, 2B To start wsting the hypothesis that Fyn can mediae
sorme o leptin’s actions in the thymos throagh IRS1, but
mdeprndently of JAK2, we performed  immunoprecipitation
assays to evaluate the sssociatons of Fvoowith the ObR and
IR51. As depicied m Figore 20, Fyn is constinuively associated
with both ObR and TRS1, However, fllowing leprin injection,
there is & tme-dependent inerease in the association of Fyn with
both bR and TRS1. FyndObR association was masimal w3
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Figure 2. Fyn activation in the thymus. (4] Thymuses from 10 21-, or 40-d rats were homagenized and samples containing 0.2 mg total pratein
were separated by 505-PAGE, transferred to nitrocellulose membranes and blotted with anti-Fyn or ObR antibodies; the specific bands are indicated
by the araws. (B) Rats were anesthetized and a single injection of leptin {100 pL, 107 °M) was given through the cava veing thymuses were obtained
after the times depicted in the figure and homogenized; samples containing 0.5 myg total protein were used in immunoprecipitation assays with anti-
JAKZ, IRS1 or STAT3 antibodies; immunocemplexes were separated by S05-PAGE, transferred to nitreceliulose membranes and blotted with anti-
phosphotyrosine antibodies; samples containing 0.2 mg total protein were separated by SD5-PAGE, transferred to nitrocellulose membranes and
blotted with anti-phospho ERK antibodies. (C-E) Rats were anesthetized and a single injection of leptin {100 pL, 10 5M) was given through the cava
vein; thymuses were obtained after the times depicted in the figure and homogenized; in C and E, samples containing 0.5 mg total protein were used
in Immunoprecipitation [P} assays with anti-Fyn () or phospho-(*'"TyriFyn (€], or phespha-C5"TyrlFyn (E) antlbadies; immunocomplexes were
separated by SD5-PAGE, transferred to nitrecellulose membranes and blotted (IB) with anti-ObR or IRST antibodies (C), or anti-ObR {E); In D, sampbes
containing 0.2 mg total protein were separated by SDS-PAGE, transferred to nitrocellulose membranes and blotted with anti-phospho-(" TyriFyn, or

phospho-( TyriFyn, The depicted blots are representative of n=5 MW, molecular mass,

doi:10.1 371 journal pone GO0F P07 g 002

min, while Fyn/TRS | assaciation was maximal at 10 min (Fig, 200,
The capacity of leptin 1o induce Fyno activation was further
demonstrared b the time-course of Fyne ryrosine phosphorvlation
at residue 46, which i an activating phosphorylagion site, and
327, which is an inactivating phosphorylation sie, As depicted in
Figure 20, leptin-induced Fyn-Tyr4 16 phosphorvlation peaked a
3 min and had almost vanished at 200 min, this was followed by
Fyn-Tyr327 phosphorylation peaking at 20 min, Interestingly,
Fyo-Tyr527 phosphorylation was present in the basal state, when
Fyn s inacteve, ondergoing a considerable reduction of phosphor-
vlation ar 5 and 10 min (Fig. 2013, Furthermare, it & insportant o
natiee that the highest Fynd ObR associaton coincides with the
peak of leptin-induced Fyn-Tyed 16 phosphorylation (ar 5 min)
anel, wsing the anti-Fyn-Tyr4 16 specific antibody, the Fyn-ObR
complex could be detected an fs highest level at 5 min (Fig, 2E),
Clonversely, ObR co-imumunepresipitates with Fyn=Tyr327 before
beptin wreatment or at 20 min atier leptin injection (Fig, 26,

Fyn Associates with the ObR in the Box1/Box2 Transition
Domain

Four peptides were designed o be used in binding-caompetition
assapys with the objective of delining the siee of Fyn interaction with
the OBR Fig. 341 As depicted in Figure 3B, only pepride 2 was
capble, oo dose-dependent manier, of disriapting the Fyn/ OLE
comples, Peptice 1 efficientdy competed with the JAK2 binding
site, while peptide 3 efficiently competed with the SHP2 binding
site (Fig. 300, Inverestingly, in dbddb miee, which kack most of the
b 2 clomain of the OBR, Fyn was still eapable of binding v the
ObR, although ina lowser amount than i contral mice (Fig, 3D,

@ PLaS OME | www.plosoneorg

In Zucker rats, which lack an extracelluar porion of the ObR, Fyn
was alsn bound o the receptor (Fig. 3E). Nevenheless, in both
animal models harboring defective OhRs. the ability of leptin o
promaste Fyvn ryrosine phosphorylation was virtoally  absen
(Fips. 5D and 3E).

Fyn Expression/Activity Is Inhibited by Twao Distinct
Methods

To provide the adequate tools to determine the role of Fyn in
leptin's action in the thymos, two methods were employved. Firsly,
Fyn egpression was reduced by treating living ras with @
phospherthicate: modified amtisense oligonucleotide, which pro-
vided a significant reduction of Fyn expression in doses off 2.0 and
A0 nmol freductions of 582 7% and 6625%, p=0,05 5. control,
respectively) (Fig. 4A)L Secondly, lepin-induced actvation of Fyn
was inhihited with the specilic inhibisor PP2, which completely
abrogated leprin-induced pyrosine phosphorviation of B, b
produced no changes in leptin-induced activation of JAKZ2 and
ERK (Fig. 4B

Fyn Is Mot Involved in Leptin-Dependent Control of
Apoptosis in the Thymus

Laptin exerts a potent anti-apoptotic effect on thyome cells [11].
To evaluate whether the inhibation of Fyn would result 0 the
modulation of the anb-apoptotic activity of leptin, rats were
treatid with the ant-Fyn antisense oligonueleatide or with PP2
and then meated with lepin. As depicted im0 Figure 34, the
inbabtion of Fyno oresulled i o modificaien of the leptin-
dependent reduction in the expression of the  pro-apoptolic
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Figure 3. Exploring the Fyn/ObR association. (A) Four different peptides, corresponding to the proteln sequence of the reglons of the ObR, as
depicted, were synthesized to compete with the receptor for Fyn binding; the binding sites for JAK2, SHP2 and STAT3 are depicted. (B~C) Thymus
total protein homogenate samples containing 1.0 mg protein were incubated with peptides 1-4 at concentrations ranging from 0-100 pg, as
depicted; immunoprecipitation (P assays were performed with the anti-ObR antibody: immunocomplexes were separated by SD5-PAGE, transferred
ta nitrocellulose membranes and blotted (1B} with the anti-Fyn (Bl or the anti-JAK2 (C), or the anti-5HP2 (C) antibodies. (D-E) Lean {Db/Db) or obese
{db/db} mice (D), or lean Wistar (Wil or obese Zucker [Zu) rats [E} were acutely treated with leptin (400 pl, 107 °M ip, for mice and 100 pl, 107 M via
cava vein, for rats) (+) or an equal volume of saling (—) and the thymuses were obtained, homaogenized and samples containing 0.5 mg protein were
used in immunaoprecipitation assays with the anti-ObR antibody; immunccomplexes were separated by SDS-PAGE, transferred to nitrocellulose
membranes and blotted with anti-Fyn antibody: or, 0.2 mg protein was separated by SD5-PAGE, transferred to nitrocellulose membranes and biotted
with anti-phospho Fyn antibody. The depicted blots are representative of n=5.
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Figure 4. Inhibiting Fyn. (A} Rats were treated once a day for three
days with a single 400 i ip dose of buffer containing 0-8 nmol Fyn
antisense (FynAS) or scrambled (FynSCR) phosphorthicate modified
oligonucleotides; at the end of the experimental period the thymuses
were obtained, homogenized and samples containing 0.2 mg total
protein were separated by SDS-PAGE, transferred to nitrocellulose
membranes and blotted with anti-Fyn or anti-IRS1 antibodies. [B) Rats
were pre-treated with a single dose of PP2 (5 nmol in 100 ul buffer, ip)
(+} or saline [—}, 30 min prior to leptin treatment. A single dose of leptin
(100 wl 10 B, wia cava wein) (+), or similar volume of saline (=) was
then injected; the thymuses were obtained for homogenization;
samples containing 0.5 mg total protein were used in immunoprecip-
tation assays with anti-Fyn or anti-JAK2 antibodies; immunocomplexes
were separated by SDS-PAGE, transferred to nitrocellulose membranes
and blotted (18] with anti-phosphotyrosine antibody; or 0.2 mg protein
was separatec by SDS-PAGE, transferred to nitrocellulose membranes
and blotted with anti-phospho ERK antibody. The depicted blots are
representative of n=35,

dol: 10,1371/ journal pone G007 7079004
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provein, Bax, nor in the modification of leptin-induced expression
of the ant-apoptotie protein, Bel-2. In addidon, the inhibition of
Fyn with PP2 had no impact on leptin-induced inhibinon of
apoptosis of solated thymoeytes (Fiz, 5B

Fyn Mediates the Effects of Leptin on Thymic Cytokine
Expression

Leptin is known to modulate cytokine expression in the thyvmos
[3]. To test the hypothesis that Fyn could mediate some of the
leptin’s eflects on the control of cytokine expression, rats were pre-
trested with PP2 and the effect of leptin on hasal and LPS-
stimulated cytokine expressions were determined by real-time
PCR. As depicted in Figures 5C and 3D, the inhibition of Fyn
resulted in signilicant reductions of basal and  LPS-stumulated
leptin-dlependent [L-10 and TNF-a expressions by thymic cells,

Fyn Undergoes Leptin-Induced Tyrosine Phosphorylation
in the Hypothalamus

Dhue w the classical hypothalamic actions of leptin in the control
of food mtake |7, we evaluated whether Fyn s expressed i the
hypothalamus of rats and f it becomes tyrosine phosphorylated
following an acute dose of leptin, As shown in Figure 64, both Fyn
and JAK2 are expressed in the hypothalamus and undergo rapid
tyrosine phosphorylation following leptin injection, In addition,
upon the inhibiton of Fyn activity, a reduction in leptin-incuoced
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Figure 5. Effects of Fyn inhibition on apoptosis and cytokine
exprassion. (A} Rats were treated ip for three days with Fyn antisense
phosphothicate modified oligonuclectide (FynAS) (400 1l 2 nmol) On
the fourth day, the rats were Injected via intra cava wvein elther with
100 i saline (C and FynAS) or with an equal volume of leptin (107 "M}
iLep and FynAS+Lepl: the thymuses were obtained, homaogenized and
0.2 mg protein was separated by SDS-PAGE, transferred o nitroceliu-
lose membranes and blotted with anti-Bax or anti-Bel-2 antibodies. (B}
lsolated mymocytes were treated with leptin 111]'”I'I.I'I:Iil_ep} or PP2
{107*M) or both together and apoptosis was determined by the
annexin method after 24h. (C-D} Rars were treated ip with a single dose
of 100 pL of saiine solution (Ch 100 uL of lipopolysaccharide (LFS)
1 mg/mL; 150 pL of PP2 5 nid; 100 pl of leptin 31.2 uM (Lep) or with
different combinations of these treatments; the sequence of treatment
was, PPZ, followed by leptin after 30 min and LPS after 30 min. Thymus
was obtained after 2 h and RNA was prepared for determination of
IL-Th {C) and THF-x expression by realtime PCR. In all experiments
=5 "p=005 vi. C #p0.05 wi lep; 5p<<0.05 v Lep+LPS.

dol:10.1 371/ |ournal pone. 3007 F07.g 005

Fyn tyrosing phosphorvlation is observed. The inhibiton of Fin
has no effect on JAK? cxpression or leptin-induced  JAK?2

phosphorylation (Fig. GH).

Discussion

The ObE belongs o the IL-Glike, dlass 1 eviokine recepior
family that contains an exwracellular lgand-binding . domain, a
transmembrans demain and an inmacellular ggnaling domain
dovoid of intrinsic caralyiic activity [10, 09, Upon ligand hinding,
the receptor undergoes 3 conformational change resulting in the
reansphosphorylation. and activation of a noncovalenly  bound
tyresing kinase JAKY |20), which catalyees the phosphorylation of
other pyrosine residues on JAK2, ObR aned additional proteins
mvelved i leptin sienal tansducion [21],

Most actions of leptin were studied m the hypothalamuns where
this hormaone/cviokine exerts potent anorexigenic/thermaogenic
effeces |7,22.23], Signal wansduction and functional studics in
meural tissue sugpest thar the activation of JAKZ = an obligatory
event linking the OLR 1o downsteeam ellectors of leptin action

Crt N
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Figure 6. Fyn expression and activation in the hypothalmus.
1A-B) Some rats were used without prévious treatment (A), or some rats
were treated with Fyn inhitor PP2 (5 nmaol in 100 gl buffer, ip) 30 min
before leptin injection (B). Anesthetized rats were injected via intra cava
vein either with 100 ul saline {C) or with an equal velume of leptin
{1071 {Lep and PP2+Lepl; the hypothalami were obtained, homog-
enized and sample-s l;ontaining 0.5 mg total protein were used in
immunoprecipitation assays with anti-Fyn or anti-JAX2 antibodies;
immunocomplexes were separated by SDS-PAGE, transferred to
nitrocellulose membranes and blotted with anti-phosphotyrosine
antibody; or 0.2 mg protein was separated by S05-PAGE, transferred
to pitrocellulose membranes and blotted with anti-Fyn or antl-JAK2
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antibodies. The depicted blots are represemtative of n=5 In all
experiments, n=5; *p<"0.05 vs. C

doi 10,1371 journal pone 0007 707,005

[19.22), However, i the thvmous, where leptin modulates

apaptosis and evtokine expression, JAK2 independent effects have
been described [11]. Since the functional characteristics of the
ObE relies on the recruitment of an independent terosine kinase
in order o appropriately deliver the  incoming signals, we
hvpothesized that, in the thymug, a tvrosine kinagze other than
JAKZ would play a vole in leptin activity,

A recent study has shown that, inoan solated cell system,
proteins of the Sre family can be activated in response to leptin in a
JAKZ-independeny fashion [17]. In the fivsr pan of the sy, we
showed that members of the Sre family are highly expressed inothe
thyms and respond 1w an acate dose of leptin by andergoing
rresine phosphorytation, Since the highest leptin-induced rosine
phosphorylation was observed in Fyn, and also, because Fyn has
Been implicated s an wmportam inermediate inoa number of
irmerienological TuneGons |24 ‘ETI. we decided 1o coneentrate our
elforts to explare the role of Fyin on leptin action in the thymns,

The dyvnamics of Fyn tvrosine phospharvlation, i response to
lepting were similar in riming o the activation of JAKZ, allhough
oceurring faster than the engagement of the substrates of JARS and,
therefore, suggesting that Iyn activaron exists as o parallel and
independent phenomenon with regard to the chesic JAKY signaling
pathway  [28.29]. Intercstingly, the tme-course and  protein
association experiments showed that, under basal conditions, Fyn
i= predominamly tvrosine phosphorvlated on the inhibitory "'3"1'}1.'
resicdue and is constitutively associated ata low level with the OhIR-
Upon leptn treatment, Fyn undergoes a mangent increase i
association with the OLK, which coincides with the induction of
wrosine phosphorvlaton at the activanng '"’I'\_.':' resiclue, Finafly,
the deactivating ™ Tyr phosphoration reinstalls and the levels of
Fyn bound o the ObR return 1o basal levels, While ryrosing
phukphf_l:'lh'lultd o the II"‘I'}-'l' resiclue, and I'Ijghl}' associated] with
the OLR, Fyn pssociates with TRS1 establishing o protein comples
that may drive JARZ-independent signals.,

Using a peptide competition assay we mapped the transition of
box| 1o box 2 as the binding site for Fym in the QbR This site lies
just bedow the JAK binding site and is approsimately 70 gesidues up
from the SHP2 binding site [22,30], Using two paural mutants of
thie OBR thar tesain the transition boexl o box2 region [31], in the
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diy/ dix mouse and the Zucker v, we could sull detect the association
of the recepror with Fyn, however most of the leptin-induced Fan
ryrosing phosphordation was lost in both cases, In facy, in dbddb
miee, where the OBR lacks most of the box? region, the basal
association of Fyn was considerably lower than in control mice.

In order o evaluate the role of Fyn in leptin actons in the
thymus we used two distinet methods o reduce Fyn aetiviey, in iz,
With the antisense oligonuclestide approach, we reduced Fin
expression 1o approximatele 40% of hasal levels, while asing the
chemical inhibitor PP2 we virally abolished leprin-indoced Fyn
activation. With these two methods we could then dewermine the
role of Fyn in two important phenomena modulated by leptin in
the thymus, apoptosis and cytokine expression [5.8,11].

The capacity of leptin 1o reduce the rate of apoptosis m o the
thymus has been evaloated m several studies [5.11.32). It is
believed that, by controlling the survival of certain mphocyte
subpopulations, leptin may impact o the mmune repertoire,
predisposing or gestraining the development of certain. diseases,
Oie sich example s the apparent role played by leptin e the
desvelopment of sutoimmunity [33], In additon, a gl connection
berween thymie fnetion in maluurrinon and leptin activity in this
tissne has been demonstrated, reinforcing the vole for leptin in the
connection between metabolic and immune function (6,12 32,

When we evaluated the role of Fyn in leptin-inhibited apoptosis
i the thvmog, we found no significant changes in the expression of
Bax and Bel-2 and alsa o the number of apoptetc cclls, as
determined by ow eytometry, These experiments were repeated a
number of times with vanatons i the doses and tmes of
rreatment with the respective inhibitars of Fvon and., consistently,
we could detect no changes in the raze of apoptosis nhibited by
leptin. Therelore, we believe that Fyn plays no important role in
this process,
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Regarding the elfects of leptin in the moduladon of cviokine
production, studies have shown that it can induce the expression of
inflammatory eyvtokines that plav a role e the development of
amoimmune diseazses [34]. Moveover, leprin deficient ob/ob mice
and humans lacking the functional of gene are immuonodeficient
and present o delective production of cyvtokines such as I1-2,
TNF-t, IFN-¢ and IL-1{ [8,10,33], Here, we observed that the
inhibtion of Fyn acthviry resulted in peduced TL-10 and TNF-2
expression, in response o lepting and also 1o the association off
leptin and LPS. Thus, we suspect tat Fyno plays @ more
immunomodulatory role i the acton of leptin in the thymus
rathier than in the control of cell survival, Finally, m the Lt past off
the siudy, we showed that Pyn i also expressed in the main site of
action of leptin, the hypothalamus, and responds (o leptin by
undergoing a rapid tvrosine phosphoryiation.

Az a whale, this study identifies a novel ryrosine Kinase than s
capable of associting and tansdoucing 1he leptn signal, indepen-
dently of JAKZ. This signaling pathway plays an immunemocds-
latory role in the thymuos, As Fyn also responds 1o leptin i the
hypothatamus, efforts o deline s role in the neural action of
leptin are reguired.
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4 — Conclusao



Conclusao

e A tirosina quinase Fyn esta associada constitutivamente ao ObR em

células timicas;

e Apébs estimulacao por leptina, a Fyn sofre ativagdo por fosforilagcao

em tirosina, e se associa mais intensamente ao IRS-1;

e Todos estes efeitos sdo independentes da ativagdo da JAK2;

e A inibicdo da Fyn ndo modifica o efeito da leptina na redugéo da
apoptose no timo, mas modifica sua atividade moduladora da expressédo de

citocinas.
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