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O hipotdlamo é um 6rgdo crucial na regulacio do balanco energético por
integrar sinais hormonais e nutricionais de 6rgdo periféricos. O hormonio produzido
pelo pancreas — insulina — e o hormoénio derivado de células adiposas — leptina-
reconhecidamente, agem no SNC controlando a ingestao alimentar e o gasto energético.
Recentemente foi demonstrado que a fosforilacdo em treonina 343 da proteina Cdc2-
like kinase 2 (Clk2) € induzida pela sinalizacdo de PI3-q/Akt no figado. Esta regulacdo
envolve a repressdo de genes que controlam a gliconeogénese e producdo de glicose
hepdtica, levando a hipoglicemia. Porém, nio ha informacdes de que a insulina ou a
leptina podem regular a Clk2 no hipotdlamo in vivo. Camundongos das linhagens Swiss,
db/db e C57/BL6J com oito semanas de idade foram utilizados nos experimentos.
Nossos resultados mostraram que a Clk2 € expressa e regulada por insulina e leptina em
hipotdlamo e também que a inibi¢do da Clk2 causou aumento da adiposidade e ingestio
alimentar, diminui¢io do gasto energético e alteragdes na expressio de neuropeptideos e
do metabolismo de glicose. Além disso, a fosforilac@o no sitio treonina 343 da Clk2 esta
diminuida em animais com obesidade induzida por dieta e geneticamente obesos
(db/db). A avaliacdo da gliconeogénese hepdtica em animais com a proteina Clk2
inibida via ICV mostrou uma tendéncia ao aumento da producdo hepatica de glicose,
revelando uma possivel participacdo da proteina Clk2 no controle hipotaldmico da
gliconeogénese hepdtica. Sendo assim, podemos sugerir que a Clk2 hipotaldmica €
importante no controle do balanco energético pois sua inibi¢cdo acarreta obesidade
acompanhada por aumento da ingestao alimentar e diminui¢cdo do gasto energético, e
também podemos sugerir um papel no controle hipotalamico da producdo hepatica de

glicose.
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Abstract



The hypothalamus plays an important role in the regulation of whole-body
energy balance by integrating nutrients and hormones signals from peripheral inputs.
The pancreatic hormone - insulin - and the adipocyte hormone - leptin — are known to
act in the CNS controlling food intake and energy expenditure. Leptin and insulin
signaling regulate anorexigenic neuropeptide expression. Recently, it was shown that
Cdc2-like kinase 2 (Clk2) threonine 343 phosphorylation is induced by PI3K/Akt
signaling in the liver. This regulation is involved in the repression of gluconeogenic
gene expression and hepatic glucose output leading to hypoglycemia. Thus, it was not
shown if insulin or leptin are able to regulate Clk2 threonine 343 phosphorylation in the
hypothalamus in vivo. Swiss, db/db and C57/BL6J mice eight-weeks-old were used to
proceed the experiments. Our data show that CIk2 is expressed and regulated by insulin
and leptin in hypothalamus and hypothalamic Clk2 inhibition increased adiposity and
food intake, decreased energy expenditure and disrupted neuropeptides expressions and
glucose metabolism. Indeed, Clk2 threonine 343 phosphorylation is impaired in the
hypothalamus of DIO and db/db mice. Hepatic gluconeogenesis was evaluated and
showed increase in ICV inhibited Clk2 mice, it is plausible that Clk2 participates of
hypothalamic control of hepatic gluconeogenesis. We suggest that hypothalamic CIk2 is
crucial to control energy balance because its inhibition triggers obesity accompanied by
increased food intake, decreased energy expenditure and increased hepatic

gluconeogenesis.
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AgRP — Agouti-related Protein

ARC — Arcuate nucleus
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CART — Cocaine-and-amphetamine-regulated transcript
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FoxOl1 — Forkhead transcription factor O1
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GLP-1 — Glucagon-like peptide 1

GSK — Glycogen synthase kinase
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IRS — Insulin receptor substrates

JAK?2 — Janus-kinase 2
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LH — Lateral hypothalamus

MAPK — Mitogen-activated protein kinase
MCH - Melanin-concentrating hormone

NPY — Neuropeptide Y

NTS — Nucleus tractus solitarius

PDK-1 — Phosphoinositide-dependent kinase 1
PGC-1a — Peroxisome proliferator-activated receptor-y coactivator

PI13-q — Phosphoinositide-3-Phosphate



POMC — Proopiomelanocortin

PVN — Paraventricular nucleus

siRNA — small interference RNA

SNC — Central Nervous System

STAT3 - Signal transducer and activator of transcription 3
TRH — Thyrotropin-releasing hormone

VMH — Ventromedial hypothalamus

DIO — Diet-induced obesity
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Introducado



Obesidade

A Organizacdo Mundial de Saide estimou em 2008 que 1,5 bilhdo de adultos
maiores de 20 anos e mais de 200 milhdes de homens e 300 milhdes de mulheres —
aproximadamente 10% dos adultos — eram obesos. Em 2010, aproximadamente 43
milhdes de criancas abaixo dos cinco anos apresentavam sobrepeso. A obesidade ndo é
um problema apenas de paises desenvolvidos. Houve um grande aumento da obesidade
em paises em desenvolvimento a partir da década de 80, particularmente na Oceania,

América Latina e norte da Africa [1].

No Brasil, a atual prevaléncia do sobrepeso é de 30% em criangas e 50% em
adultos. A obesidade atinge 16% da populag@o adulta brasileira, com a possibilidade de

chegar a 30% em 2025, de acordo com a Organiza¢do Mundial de Saude. [2]

O desenvolvimento da obesidade € indubitavelmente relacionado a fatores
genéticos, maternos, perinatais e sedentarismo, porém o recente aumento mundial da
prevaléncia da obesidade é devido ao aumento significativo do consumo de calorias,
principalmente de dieta rica em lipidios e carboidratos e deficiente em vitaminas e

outros micronutrientes [3-4].

Conjuntamente, estes fatores acarretam no surgimento de outras doengas como
Diabetes Mellitus tipo 2, doengas cardiovasculares, osteoartrite, apneia do sono e alguns

tipos de cancer [3].

Modificacdes no estilo de vida, dieta adequada e exercicio fisico t€ém sido
recomendados com efetividade, entretanto, a falta de regularidade em seguir as
recomendacdes alimentares e de atividade fisica resulta em re-ganho de peso. Além
disso, os medicamentos disponiveis para tratar a obesidade vém apresentando baixa

eficacia e efeitos colaterais indesejaveis [3].

Portanto, tornou-se imperativo buscar um entendimento dos mecanismos
moleculares que contribuem para a instalacdo da obesidade e de suas doencgas

associadas [5].

Balanco energético
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A manuten¢do da homeostase energética requer um balango entre a ingestao
alimentar e o gasto energético, e a ingestdo alimentar deve ser adequada a necessidade

energética (atividade fisica, metabolismo basal e termogénese) do organismo [6].

O hipotdlamo é conhecido como o centro de controle do balanco energético,
sendo responsdvel por funcdes fisioldgicas importantes como fungdes motoras,
emogdes, funcdes endberinas, ingestdo alimentar e hidrica. E um érgdo essencial para a
homeostase corporal por receber informacdes neurais, hormonais e nutricionais e fazer
regulacdes compensatdrias através da liberagdo de neuropeptideos. Estd localizado

centralmente na base do cérebro, intimamente relacionado com a glandula hipdfise.

O hipotdlamo também recebe inervagdo de vérias dreas, como do nicleo do trato
solitdrio (NTS) e area postrema, que enviam sinais do trato gastrointestinal. Outros
sinais a respeito de cheiro, sabor, memdria, visdo e contexto social sdo enviados para o

hipotdlamo e podem influenciar a ingestio alimentar [7].

O estdmago foi o 6rgdo primeiramente apontado como responsavel pelo controle
da ingestdo alimentar em 1927. Porém, Stellar, em 1954, identificou o hipotdlamo como
fonte de comportamentos motivacionais como o apetite, demonstrando que um 6rgao

central participava do controle do apetite [8].

Uma série de experimentos baseados em lesoes hipotalamicas foram executados
para demonstrar o papel crucial deste 6rgdo no apetite e no controle da ingestdao
alimentar. Nesta época ja se definia fome como um forte desejo ou necessidade por
alimentos e saciedade como a condi¢do de estar satisfeito apds a refeicdo. O hipotdlamo
lateral era considerado o “centro da fome”, pois lesdes neste local causavam hipofagia;
o hipotdlamo medial foi descrito como “centro da saciedade”, pois lesdes nesta regido

acarretavam em hiperfagia [9-10].
Acao da insulina e da leptina no hipotalamo

A descoberta dos camundongos com mutagdes espontaneas no gene “ob” e “db”
resultou na descoberta de um fator que poderia controlar o apetite, a leptina. A leptina é
produzida pelos adipdcitos, atravessa a barreira hemato-encefdlica e atua em estruturas
cerebrais como o hipotdlamo, onde sua acdo € crucial para a regulacdo do metabolismo
energético [6, 11-12]. Camundongos ob/ob que tém deficiéncia na produgdo de leptina

ou camundongos db/db que apresentam mutacdo dos receptores de leptina (LEPR) sdo
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obesos e hiperfagicos [13-14]. A delecio do LEPR em neur6nios do nicleo
ventromedial induz obesidade grave com reducdo de gasto energético em camundongos

[15-16].

Da mesma forma que a leptina, a insulina € implicada no controle da homeostase
energética. A inibic@o da expressdo dos receptores de insulina (IR) no hipotdlamo, com
oligonucleotideo antisense (ASO), aumenta a ingestdo alimentar e a adiposidade em
ratos [17]. Animais knockouts para IR em neurénios do sistema nervoso central (SNC)
sao hiperfagicos e apresentam aumento da adiposidade, hipertrigliceridemia,
hiperinsulinemia e hiperleptinemia. Injecdes ICV ou aplicagdes intranasais de insulina,
que mimetizam o aumento das concentracdes de insulina no SNC, diminuem a ingestao
alimentar e o peso corpéreo de camundongos, ratos, babuinos e homens [17-19].
Camundongos knockouts para IRS-2 sdo hiperfdgicos e obesos, assim como a inibi¢ao
da expressdo da PI3-q ou FoxO1l em hipotdlamo altera a ingestdo alimentar de formas
variadas [17-22].

Os hormodnios leptina e insulina sdo ativamente transportados ao liquido
cefalorraquidiano e agem em seus receptores especificos, principalmente no nucleo
ARC.A leptina se liga ao seu receptor (LEPR), levando ao recrutamento da Janus
quinase 2 (JAK2), que fosforila o LEPR. O transdutor-de-sinal-e-ativador-de-
transcrigdo 3 (STAT3) se liga ao LEPR ativado e € fosforilado pela JAK2. A STAT3
fosforilada transloca para o nicleo, onde aumenta a transcri¢do de genes que reduzem a
ingestdo alimentar e aumentam o gasto energético. E descrito que a leptina também
induz a ativacdo da enzima fosfatidilinositol-3-quinase (PI3-q), através de um crosstalk
com a via da insulina [23]. A inibicdo da PI3-q, por meio da administracdo de
LY294002 ou wortmannin por injecdes intracerebroventriculares (ICV), reduz o efeito
anorexigénico da leptina em ratos, sugerindo que a via PI3-q € central no controle da

ingestdo alimentar mediado por este hormonio [23-24].

A insulina sinaliza através do seu receptor que sofre uma modificacdo
conformacional, ativando sua subunidade B [25]. Uma vez ativo, este sitio catalisa a
fosforilagdao em tirosina de proteinas que contém o dominio SH2, como por exemplo, os
substratos do receptor de insulina (IRS), principalmente IRS-1 e IRS-2. A fosforilacdao
de IRSs promove a ligagdo e ativacdo da PI3q. Uma vez ativa, a PI3-q catalisa a
fosforilacdo dos fosfoinositideos na posi¢do 3 do anel de inositol produzindo

fosfatidilinositol-3-fosfato, fosfatidilinositol-3,4-difosfato e fosfatidilinositol-3.4,5-
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trifosfato. O produto fosfatidilinositol-3,4,5-trifosfato gerado pela PI3-q pode regular a
PDK-1 (phosphoinositide-dependent kinase 1), uma serina/treonina quinase que
fosforila e ativa a Akt. A Akt fosforilada migra para o nucleo celular, onde fosforila a
FoxO1 (forkhead transcription factor O1) que é excluida do nicleo. Este efeito altera a

expressao de neuropeptideos ligados ao balanco energético nos nicleos hipotalamicos.
Neuropeptideos que controlam o balanco energético

Nos dltimos anos alguns estudos demonstraram que a administragdo de
neuropeptideos hipotalamicos afetam a ingestdo alimentar e o ganho de peso em
animais. Além disso, modelos genéticos com mutacdes ou delecdes de genes
hipotalamicos ligados ao metabolismo energético demonstraram a importancia do
hipotdlamo no comportamento alimentar. Sinais periféricos que transmitem informacoes
sobre as condi¢Oes nutricionais, hormonais e metabdlicas sdo integradas pelos circuitos

hipotalamicos a fim de regular ingestao alimentar e gasto energético [6].

O hipotdlamo consiste em varios nicleos que comunicam entre si € com outras
dreas do SNC. Sao os nicleos: arqueado (ARC), paraventricular (PVN), ventromedial

(VMH), dorsomedial (DMH) e lateral (LH).

Duas populagoes distintas de neurdnios do nucleo ARC agem como sensores do
estoque de energia corporal e coordenam uma complexa rede de neurOnios que, de
acordo com a necessidade, controlam a ingestdo alimentar e termogénese. Esses
neurdnios de primeira ordem sdo equipados com receptores e sistemas moleculares
intracelulares capazes de detectar mudancas agudas e cronicas nos niveis de hormdnios
e nutrientes da circulacdo. A resposta a essas mudangas se baseia na modulacdo da
producdo de determinados neuropeptideos que sdo liberados por neurdnios especificos
[26].

As subpopulacdes dos neurdnios do nicleo ARC sdo caracterizadas pelos
neuropeptideos que cada uma produz e libera. Uma das subpopulacOes expressa os
peptideos orexigénicos NPY e AgRP, enquanto a outra subpopulacdo expressa POMC e
CART. Ambas as subpopulagdes se projetam aos nicleos LH e PVN do hipotdlamo,
onde eles controlam as fun¢des dos neurdnios de segunda ordem. No nicleo PVN, duas
subpopulagdes distintas de neurdnios produzem os neuropeptideos anorexigénicos e

pro-termogénicos, TRH e CRH. No LH, outras duas subpopulagdes de neurdnios
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produzem os neuropeptideos orexigénicos: orexina e o neuropeptideo anti-termogénico
MCH [26].

Durante o jejum ou quando os estoques de energia estdo baixos, a expressio de
NPY e AgRP sdo aumentadas, enquanto a expressao de POMC e CART estd reduzida.
Esta resposta coordenada € dependente da simultinea deteccdo de diminui¢do da
disponibilidade de nutrientes, reducdo dos niveis dos hormonios leptina e insulina,
reduc¢do dos niveis de hormodnios do intestino, CCK, GLP-1 e GIP e aumento nos niveis
do hormoénio gistrico grelina. Os neurdnios do tipo NPY/AgRP enviam sinais
inibitérios para o PVN, reduzindo a expressdo de TRH e CRH, e proje¢des estimulantes
para o LH, impulsionando a expressdo de orexina e MCH [26].

No periodo pés-prandial ou quando os estoques de energia estdo repletos, os
neurdnios NPY/AgRP sdo inibidos e os neurdnios POMC/CART sdo ativados. Neste
contexto, a disponibilidade de nutrientes e os niveis de insulina e leptina estdo
aumentados, assim como os de CCK, GLP-1 e GIP. Contrariamente, o nivel de grelina e

ativacdo da expressdao de CRH e TRH no PVN [26].
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As Clks (Cdc2-like kinases), também denominadas quinases LAMMER, sao
proteinas conservadas durante a evolucdo da familia das quinases CMGC [CDK (cyclin-
dependent kinase), MAPK (mitogen-activated protein kinase), GSK (glycogen synthase
kinase), e CDK-like] encontradas na maioria dos eucariotos. Embora haja pouco
entendimento do alvo, funcdo e regulacdo bioldgica das Clks, um estudo demonstrou
que um membro dessas quinases, a Clk2 € regulada em condicdes de jejum e
realimentacdo no figado. Neste mesmo estudo também foi demonstrado que a ativagdo
da via PI3-g/Akt induzida por insulina aumenta a fosforilacio da Clk2 no residuo
treonina 343 em tecido hepdtico e, este evento estd relacionado ao aumento da sua
atividade quinase. Uma vez ativa, a Clk2 torna-se mais estdvel, podendo fosforilar o
dominio SR da PGC-la, causando repressdo da atividade transcricional dos genes
responsaveis pela gliconeogénese, reduzindo assim, a producdo hepatica de glicose.
Adicionalmente, a super-expressdo de Clk2 em figado de animais db/db reduziu a
liberacdo de glicose pelo figado, diminuindo, assim, a glicemia de jejum destes animais

[27-28].

Em outro estudo, utilizando células HelLa foi demonstrado que a Clk2 é
diretamente fosforilada em treonina pela Akt. Quando estas células foram submetidas a
siIRNA (small interference RNA) para reduzir a expressdo de Akt houve uma menor
fosforilagdo da Clk2 apds estimulo com insulina, sugerindo que a fosforilacdo da Clk2

induzida pela insulina é dependente da Akt [29].

7z

Em conjunto estes dados sugerem que a Clk2 hepdtica é regulada por
realimentacdo apds jejum, € fosforilada em resposta a insulina, e esta fosforilagdao

depende da Akt.

Entretanto, ainda ndo foi demonstrado se a Clk2 é também expressa e regulada
por leptina e insulina em hipotdlamo e se esta proteina pode exercer algum efeito no

balango energético controlado pelo hipotdlamo.
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Objetivos




Os objetivos deste estudo foram:

1) investigar a expressdo e regulacio da proteina Clk2 no hipotdlamo de

camundongos controles.

2) investigar se a Clk2 hipotalamica participa do controle da ingestdao

alimentar, expressdao de neuropeptideos e do gasto energético.

3) investigar se a obesidade altera a regulacdo da Clk2 pela Akt em

hipotdlamo.

4) investigar se a Clk2 do hipotdlamo participa do controle da

gliconeogénese hepatica.
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Abstract

The hypothalamus plays an important role in the regulation of whole-body
energy balance by integrating nutrients and hormones signals from peripheral inputs.
The pancreatic hormone - insulin - and the adipocyte hormone - leptin — are known to
act in the CNS controlling food intake and energy expenditure. Leptin and insulin
signaling regulate anorexigenic neuropeptide expression. Recently, it was shown that
Cdc2-like kinase 2 (Clk2) threonine 343 phosphorylation is induced by PI3K/Akt
signaling in the liver. This regulation is involved in the repression of gluconeogenic
gene expression and hepatic glucose output leading to hypoglycemia. Thus, it was not
shown if insulin or leptin are able to regulate Clk2 threonine 343 phosphorylation in the
hypothalamus in vivo. Our data show that Clk2 is expressed and regulated by insulin
and leptin in hypothalamus and hypothalamic Clk2 inhibition increased adiposity and
food intake, decreased energy expenditure and disrupted neuropeptides expressions and
glucose metabolism. Indeed, Clk2 threonine 343 phosphorylation is impaired in the
hypothalamus of DIO and db/db mice. We suggest that hypothalamic CIk2 is crucial to
control energy balance because its inhibition triggers obesity accompanied by increased

food intake and decreased energy expenditure.

KEY WORDS: CIk2, hypothalamus, insulin, leptin, food intake, body weight, obesity.
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Introduction

Obesity is characterized by excessive lipid accumulation in adipose tissue and
other tissues. The World Health Organization estimated that in 2008, approximately
10% of adults were obese. In 2010, about 43 million children under five years of age
were overweight [30-33]. Obese individuals have a greater risk of developing type 2
diabetes, cardiovascular diseases and cancer compared with those of normal weight [32-
34].

The hypothalamus plays an important role in the regulation of whole-body
energy balance by integrating nutrients and hormones signals from peripheral inputs

[35-39].

The pancreatic hormone - insulin - and the adipocyte hormone - leptin — are

known to act in the CNS controlling food intake and energy expenditure [35-39].

The canonical leptin signaling involves the activation of Janus kinase 2 (Jak2)
which recruitto the leptin receptor (LEPR) where it phosphorylates several tyrosine
residues on the LEPR. Phosphorylated LEPR binds to and phosphorylates signal
transducer and activator of transcription (STAT) 3 proteins which translocates to the
nucleus where it is thought to bind to specific DNA sequences to regulate anorexigenic

neuropeptide expression.

Insulin acts through the insulin receptor (IR), which is a protein with
endogenous tyrosine kinase activity, and in the hypothalamus insulin signals through
IRS/PI3k/Akt/FoxO1 to control food intake [18, 36-37, 40-45]. Recently, it was shown

that Cdc2-like kinase 2 (Clk2) threonine 343 phosphorylation is induced by PI3K/Akt
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signaling in the liver. This regulation is involved in the repression of gluconeogenic

gene expression and hepatic glucose output leading to hypoglycemia [27].

The Cdc2-like kinases (Clk), also termed LAMMER kinases, are an
evolutionary conserved family of dual-specificity CMGC kinases ubiquitously
expressed in eukaryotes. They are putative high-level regulators of alternative splicing
through phosphorylation of SR domains on splicing factors [27]. However, there is an
extremely limited understanding of Clk targets, function, and regulation in a biological
context. Also, it was not shown if insulin or leptin are able to regulate Clk2 threonine
343 phosphorylation in the hypothalamus in vivo.

Thus, in the present study, we investigated whether insulin, leptin and obesity
may alter CIk2 threonine 343 phosphorylation (C1k2™3*)in vivo in the hypothalamus,
and the role of hypothalamic Clk2 in the regulation of energy balance and neuropeptide

expression.

Research design and methods

All experiments were approved by the Ethics Committee of the State University
of Campinas. Eight-week-old male Swiss, db/db e C57/BL6J mice obtained from the
University of Campinas, Sao Paulo, were assigned to receive a standard rodent chow or
a high-fat diet (HFD) as previously described [46-47], and water ad libitum. For fasting
and refeeding experiments, fasted (24h) mice were allowed to refeed for 1, 2, 4 or 8h
and hypothalami were dissected for protein studies, as described below. All feeding

tests were conducted between 0800 and 1000 A.M.
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Intracerebroventricular (ICV) cannulation. Anesthetized mice were
stereotaxically instrumented (Ultra Precise - model 963 - Kopf) to implant stainless
steel cannulas (26-gauge, Plastics One) in the right lateral ventricle. The coordinates
used from the bregma were: anterior/posterior: -0.34 mm, lateral: -1.0 mm,
dorso/ventral: -2.2 mm. Mice were single-housed following surgery and were allowed
to recover for 5-7 days. The correct implantation of cannulas was checked by 10ng
angiotensin II ICV injection, which elicits an intake of water [48]. Animals that did not

reach this criterion were excluded from the experiments.

Hypothalamic nuclei dissection. Arc, medial hypothalamus (ventromedial and
dorsomedial; MH), PVN, and LH were quickly dissected in a stainless-steel matrix with
razor blades as described previously [49], and frozen in liquid nitrogen for further

protein studies.

ICV injections. To determine if insulin or leptin induce CIk2 threonine 343
phosphorylation in vivo, overnight fasted mice on chow or HFD received an ICV
injection of insulin (human recombinant insulin, Eli Lilly and Co. Indianapolis, IN,
USA) or recombinant leptin (Calbiochem, San Diego, CA, USA), and hypothalami were
quickly dissected and frozen in liquid nitrogen for further protein studies. To investigate
whether PI3K/Akt and PI3K/Jak2 pathways were involved in Clk2 regulation, PI3K
inhibitor (LY294002), (2u1/40uM) and/or Akt inhibitor (AktVIID) (2ul/40uM) and Jak2
inhibitor (AG490) (2ul/50uM) and/or L'Y294002 (2ul/40uM) were injected ICV 1 hour
prior to insulin (2uL) or leptin (2uL) injections respectively in control mice. After 15
min hypothalami were dissected to investigate Clk2 phosphorylation by
immunoblotting. To inhibit Clk2 expression in the hypothalamus, we used TGO003
inhibitor (2uL/60 uM) injected ICV twice a daily (0800 and 0500 PM) for seven days in

control mice. In another group of mice we inhibited the expression of Clk2 by small
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interference RNA (siRNA) which was infused continuously by ICV micro-osmotic
pump Alzet 1007D (DURECT Corporation, Cupertino, CA, USA). Body weight, fat
mass, 4h and 8h food intake in response to ICV insulin and leptin, leptin and insulin
signaling in hypothalamus, O2 consumption, CO2 production, RQ, locomotor activity,
UCP-1 protein expression in BAT, PEPCK protein expression in liver and the pyruvate

test were measured.

Oxygen consumption/carbon dioxide production, and respiratory exchange
ratio determination. Oxygen (O2) consumption, carbon dioxide (CO2) production, and
respiratory exchange ratio were measured in fed mice through an indirect open circuit
calorimeter (Oxymax Deluxe System; Columbus Instruments, Columbus, OH), as
described previously [47]. Mice were allowed to adapt 2 days before. Measurements

were done on the last day of TG0OO03 or siRNA treatment.

Pyruvate test. Mice deprived of food for 12 h were injected intraperitoneally
with sodium pyruvate (2g/kg). Blood samples were collected from the tail vein
immediately before and at various time points (0—180 min) after the pyruvate load.

Immunoprecipitation (IP) and immunoblotting (IB). Hypothalami were
homogenized in extraction buffer. For IP experiments, the whole lysates were incubated
with Clk2 specific antibody and protein A-sepharose and the beads were washed three
times. Precipitated proteins were analyzed by SDS-PAGE. For IB, whole lysates were
directly analyzed by SDS-PAGE. The separated proteins were visualized by
autoradiography using specific antibodies after transfer to nitrocellulose membranes
[48]. CIk2, PCG-1a, UCP-1, Pepck, PHLPP1 and pJak2 antibodies were from Santa
Cruz Technology (Santa Cruz, CA, USA). pAkt, Jak2, Akt e PP2A from Cell Signaling

(Boston, MA, USA) and pThr343 from New England Peptide (Gardner, MA, USA).
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RNA Extraction and Real-Time PCR. Random fed or fasted (24h) mice
treated for seven days with siRNA, TG003 or vehicle received ICV insulin or leptin
injection, and the hypothalami or hypothalamic nuclei were harvested after 6h, quickly
frozen in liquid nitrogen and stored at -80°C for processing. Total RNA was obtained
using RNeasy® Mini Kit (Cat. 74106, Qiagenlnc.CA, USA). Real-time PCR was
performed using TagMan RT-PCR Master Mix (Applied Biosystems) in an Mx3000P
thermocycler (Stratagene). The Mx3000P software was used to calculate the cycle
threshold for each reaction. Relative expression levels were determined using the
comparative Ct method with normalization of target gene expression levels to 18s.
Primers and probes sequences were purchased from Applied Biosystems and were:
Clk2, Mm00432578_m1; NPY, Mm00445771_m1; POMC, Mm00435874_m1; MCH,
MmO01242886_g1 for mouse. The PCR conditions were 2 min at 50 °C, 10 min at 95
°C, followed by 40 cycles at 95 °C for 15 s and 60 °C for 60 s. Real time data were

analyzed using the engine provided by Applied Biosystems (Carlsbad, CA, USA).

Statistical analysis. Results are expressed as means + SD. Significance was
determined using two-tailed Student’s t test or one-way analysis of variance (ANOVA)
with Bonferroni post-test, as appropriate, and differences were considered significant if

P<0.05. We used GraphPad Prism (GraphPad Software, San Diego, CA, USA).

Results

CIk2 is expressed and regulated in the hypothalamus Previous study showed
that Clk2 was expressed in liver [27]. Here, we showed that Clk2 was expressed in
multiple hypothalamic nuclei as well as in the hippocampus and cortex of control mice
(Fig. 1A). We identified Clk2 as being regulated by nutritional status in the

hypothalamus. Clk2 threonine 343 phosphorylation were strongly induced after 1h of
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refeeding in the hypothalamus of control mice (Fig. 1B). Clk2 threonine 343
phosphorylation was induced in response to ICV insulin after 15 min in the
hypothalamus of control mice (Fig. 1C). Insulin ICV injection was able to induce Clk2
threonine 343 phosphorylation in ARC, LH, PVN, MH of control mice (Fig 1D). Clk2
threonine 343 phosphorylation was dependent of PI3K/Akt in Hypothalamus because
the inhibition of PI3K by LY294002 or Akt by Akt VIII was able to abolish

Clk2™*(Fig. 1E).

Similarly to insulin, leptin ICV injection was able to induce CIk2 threonine 343
phosphorylation in the hypothalamus of control mice after 15 minutes (Fig. 1F). The
inhibition of PI3K/Jak2 pathway resulted in decrease of leptin-induced Clk2 threonine
343 phosphorylation  (Fig. 1G). Thus, the leptin-induced Clk2 threonine 343

phosphorylation was dependent of PI3K/Jak2 pathway.

Hypothalamic CIk2 inhibition alters adiposity and energy expenditure.
siRNA treatment reduced the expression of Clk2 in neuro-2A cells culture (Fig. 2A).
Clk2™% in response to insulin was blunted in the hypothalamus of siRNA or TG003
treated mice (Fig. 2B). Mice treated with TG0O03 or siRNA for seven days had higher
body weight compared to vehicle-treated mice (Fig. 2C). Epididymal, retroperitoneal
and mesenteric fat pads were greater in TG003 or siRNA treated mice in comparison to
vehicle-treated mice (Fig. 2D).

The inhibition of CIk2 in the hypothalamus with TG003 or siRNA decreased O2
consumption, CO2 production and RER (Fig. 3 E-G). This result was consistently with
the decrease of UCP-1 and PGC-1alpha protein expression in brown adipose tissue in
TGO03 or siRNA treated mice (Fig. 3H and I).

The inhibition of Clk2 in the hypothalamus alters food intake and
neuropeptides expressions
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The treatment with siRNA and TGO0O03 increased food intake (Fig. 3A). Food
intake was lower in response to insulin or leptin in mice treated with vehicle. However,
TGO03 or siRNA treatment blunted the anorexigenic effect of insulin and leptin (Fig.
3B). Next we investigated whether TG0O03 and siRNA treatment for seven days affects
neuropeptides expressions in the hypothalamus. As expected, insulin decreased NPY,
orexin and MCH expression in the hypothalamus of vehicle-treated mice. However,
TGOO03 treatment blunted the effect of insulin (Fig. 3C-E). On the other hand, insulin
was able to increase POMC expression in the hypothalamus of vehicle-treated mice.
The inhibition of Clk2 with TG003 abolished the effect of insulin (Fig. 3F).siRNA or
TGO03 treatment did not impair insulin or leptin signaling, because Akt and Jak2
phosphorylation were intact in response to insulin and leptin respectively in

hypothalamus of mice(Fig. 3 G, H).

Clk2 threonine 343 phosphorylation is impaired in the hypothalamus of
DIO and db/db mice.

We investigated whether a high fat diet or a genetic obesity could alter Clk2
threonine 343 phosphorylation in response to insulin. As expected, acute ICV treatment
with insulin  or leptin increased Clk2 threonine 343 phosphorylation in the
hypothalamus of control mice. This effect was reduced in mice on HFD (Fig. 4A, B). In
agreement we observed that refeeding increased Clk2 threonine 343 phosphorylation in
the hypothalamus of control mice and this effect was blunted in db/db mice (Fig. 4C).
It 1s known that Akt can phosphorylate Clk2 [27], so, we investigated whether ICV
insulin increase Clk2 and Akt association. Clk2/Akt association in the hypothalamus
was higher in response to insulin in lean mice,, but this phenomenon did not occur in
mice fed with high-fat diet (Fig. 4D). Since PP2A and PHLPP1 dephosphorylates Akt in

threonine, we next investigated if insulin and leptin can induce an increase in
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Clk2/PHLPP1 and CIlk2/PP2A association in the hypothalamus, using co-
immunoprecipitation. Our data showed that there was an increase in Clk2/PHLPP1 and
Clk2/PP2A interactions in response to insulin and leptin in the hypothalamus of obese
mice (Fig. 4E,F).

siRNA or TG003 treatment impairs glucose metabolism. The inhibition of
CIk2 increased fasting glycemia and glucose production measured by pyruvate test
(Fig. 4A, B). PEPCK and PGC-1 alpha expression were higher in the liver of mice
treated with TGOO3 or siRNA (Fig. 4C, D). These results suggest that the inhibition of

CIk2 impaired glucose metabolism.
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Figure 1. (A) Blots of Clk2 protein expression in hypothalamic nuclei, including Arc
(arcuate nucleus), MH (medial hypothalamus), PVN (paraventricular nucleus), LH
(lateral hypothalamus), hippocampus (Hip) and cortex (CTX). (B) Effect of fasting
(24h) and refeeding on Clk2 threonine 343 phosphorylation in hypothalamus. Mice
were sacrificed at 1, 2, 8, 24h after refeeding. (C) Clk2 threonine 343 phosphorylation
in response to insulin in whole hypothalamus. (D) CIk2 threonine 343 phosphorylation
in response to insulin in hypothalamic nuclei after 15 minutes. (E) Clk2 threonine 343
phosphorylation in response to insulin with or without LY249003 or Akt VIII inhibitors.
(F) CIk2 threonine 343 phosphorylation in response to leptin in the hypothalamus. (G)
CIk2 threonine 343 phosphorylation in response to leptin with or without L.Y249003
and AG490 inhibitors. Data are presented as means +/- SD from 5 mice. One -way
analysis of variance (ANOVA) with Bonferroni post-test was used. *P<0.05 versus

other groups.
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Figure 02
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Figure 2. (A) Relative mRNA expression of Clk2 in neuro-2A cells induced Clk2
inhibition with siRNA. (B) ICV injection of TG0O03 or siRNA for 7 days decreases Clk2
phosphorylation in hypothalamus. ICV injection of TGO003 or siRNA for 7 days
increased body weight (C) and epididimal, retroperitoneal and mesenteric relative fat
mass (D). The TGO003 or siRNA treatment decreased O2 consumption (E), CO2
production (F) and RER (G). UCP-1(H) and PGC-1 (I) expression in BAT is decreased
in treated animals. Data are presented as means +/- SD from 5-7 mice. Two-tailed
Student’s t test or one-way analysis of variance (ANOVA) with Bonferroni post-test

were used. ¥*P<0.05 versus Vehicle or Vehicle-saline. 1P<0.05 versus Vehicle.
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Figure 3. (A) ICV injection of TG003 or siRNA increases food intake in 24 hours.
(B)The TGO0O03 or siRNA treatment blunts insulin and leptin induced anorexia. NPY
(C), orexin (D), MCH (E) and POMC (F) expression is disrupted in treated mice.
(G)(H) Insulin and leptin signaling after TG003 or siRNA. Data are presented as means

+/- SD from 5-7 mice. One-way analysis of variance (ANOVA) with Bonferroni post-
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test were used. *P<0.05 versus Vehicle or Vehicle-Saline.iP<0.05 versus Vehicle-
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Clk2/Akt. (E) High-fat diet and chow fed animals association of CIk2/PP2A in
hypothalamus. (F) High-fat diet and chow fed animals association of Clk2/PHLPPI in
hypothalamus. Data are presented as means +/- SD from 6 mice. One-way analysis of

variance (ANOVA) with Bonferroni post-test was used. *P<0.05 versus Chow-saline or
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Figure 5. (A)Glycemia after 7 days of TG003 or siRNA is higher compared to non-
treated animals. (B) Pyruvate tolerance test. PEPCK (C) and PGC-1(D) expression in
liver of treated animals. Data are presented as means +/- SD from 5 mice. One-way
analysis of variance (ANOVA) with Bonferroni post-test was used. *P<0.05 versus

Vehicle.
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Discussion

The results of the present study demonstrate that Clk2 is expressed and regulated
in the hypothalamus in response to refeeding, suggesting that CIk2 is regulated by

nutritional status.

Rodgers, et al (2010) demonstrated that hepatic Clk2 protein expression is
upregulated by refeeding [18]. Herein, we showed that the same result in the
hypothalamus.

Our data also shows that hypothalamic Clk2 is important to maintain energy
balance because its reduction triggers obesity in control mice. Higher adiposity induced
by Clk2 reduction was a reflex of enhanced food intake and reduced energy expenditure

in control mice.

Insulin and leptin receptors are broadly expressed in the central nervous system
(CNS), including in all hypothalamic nuclei. The signaling of these hormones in the

hypothalamus is key to induce anorexia and weight loss [21, 50-53].

The anorexigenic effects of insulin are, at least in part, due to its effects on the
PI3K/Akt pathway in the hypothalamus [35]. Here we observed that Clk2 threonine 343
phosphosphorylation was enhanced by insulin injection in a time depend manner. We
also observed that LY294002 or Akt VIII or both together blunted Clk2

phosphorylation in response to insulin in the hypothalamus.

Besides the effects of insulin in the hypothalamus, leptin acts through the JAK?2
and PI3K to decrease food intake and induce weight loss [35-39]. Here we observed an
increase in CIk2 threonine 343 phosphorylation in the hypothalamus in response to

leptin and the injection of LY prior leptin abolished this effect.
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Taking these results together it seems that Clk2 is regulated by insulin and leptin
and is downstream to PI3K. Rodgers, et al (2010) also found that Clk2 phosphorylation

in liver was dependent of PI3K [27].

High fat diet is known to impair insulin and leptin in the hypothalamus [54]. It is
demonstrated that obese db/db mice (Lepr®/Lepr™) had a striking downregulation of
hepatic CIk2 protein expression and overexpression of Clk2 in db/db mice dramatically
reduced glucose production [27] . By analogy, we investigate whether Clk2 was
downregulated in obese mice. We found that in mice fed with a high fat diet and in
db/db mice Clk2Th343 phosphorylation was reduced in response to refeeding or ICV
insulin in the hypothalamus. This reduction may contribute to hyperphagia observed in

those mice.

The impairment of Clk2 Thr343 phosphorylation may be due to negative
modulators such as threonine phosphatases as PP2A and PHLPP1 [55-60]. We observed
an increase in Clk2/PP2A and Clk2/PHLPPI association in animals fed with high fat
diet which may suggest an interaction of Clk2 with those phosphatases. This

phenomenon deserves more studies.

PHLPP1 is a Ser/Thr protein phosphatase that has been implicated in negatively
regulate Akt by selectively dephosphorylating its Serd73 (pAKT473) site. In human
subcutaneous fat and skeletal muscle it was shown increased abundance of PHLPP-1 in
obese patients with insulin resistance. In the brain PHLPP1 has been linked to the

control of neuronal Akt and apoptosis [61-64].

PP2A plays important roles in regulation of cell cycle, signal transduction, cell

differentiation, and transformation. Its activity is related to several diseases, including
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neurodegenerative diseases, obesity and cancer. PP2A is another Ser/Thr protein
phosphatase that can dephosphorylate T308 and S473 sites on Akt [65-66]

Insulin and leptin mediate their effects on body weight and fuel metabolism by
acting on specific neurons [35]. POMC-expressing neurons in the ARC is increased by
insulin and induce anorexia, and increase energy expenditure [35]. We observed that the
inhibition of Clk2 with TG003 blocked the effect of insulin in enhance POMC mRNA
expression. NPY is also expressed in ARC, however, it induces hyperphagia. In this
study, insulin was not able to decrease NPY mRNA expression after chronic TG003
treatment. Similarly, insulin did not reduce orexin and MCH mRNA expression in the
hypothalamus of mice treated with TG003. Together, these results suggest that the
inhibition of Clk2 in the hypothalamus impaired insulin to induce increase in

anorexigenic and decrease in orexigenic signals.

POMC mRNA levels are critical to regulate energy expenditure via a-MSH [67].
Herein, we showed impairment in insulin increased POMC mRNA levels which may
contribute to lower energy expenditure observed in mice treated with TG003 or siRNA.
In accordance to reduced energy expenditure it was a decreased in UCP-1 and PGC-1

alpha protein expression in BAT.

Beyond that, hypothalamus plays a role regulating hepatic gluconeogenesis [68].
During CIk2 inhibition we observed an increased in fasting glycemia and glucose
production. Furthermore, PEPCK and PGC-1 alpha protein expression were higher in
the liver of mice treated with TGOO03 or siRNA. These results suggest that hypothalamic

CIk2 may has a role regulating glucose metabolism in liver.

In summary, our data provide evidence that hypothalamic Clk2 protein is

expressed and regulated in the hypothalamus. Refeeding, insulin and leptin induced
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CIk2 Threonine 343 phosphorylation which is dependent of PI3K pathway. Obesity
states impair insulin or leptin induced Clk2 phosphorylation. We also suggest that
hypothalamic CIk2 is crucial to control energy balance because its inhibition triggers

obesity accompanied by increased food intake and decreased energy expenditure.
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Conclusdo



A proteina Clk2 € expressa em hipotdlamo de camundongos Swiss e que a
realimentacdo, injecdo ICV de insulina ou leptina induzem a fosforilacio da Clk2 em
treonina 343, sitio importante para atividade desta proteina. Esta modula¢do da fosforilagio
da CIk2 por insulina acontece de maneira dependente da via PI3-q/Akt e a leptina age na
fosforilagao da Clk2 através do crosstalk entre Jak2 e PI3-q. A inibi¢ao crdonica da Clk2 via
ICV por TG0O03 ou siRNA acarretou em aumento de peso corporal, adiposidade, ingestdo
alimentar, reducdo dos efeitos anorexigénicos de insulina e leptina, desregulagdo da
expressao de neuropeptideos, menor gasto energético e menor termogénese. Em animais
obesos (DIO ou db/db) a fosforilagdao de Clk2 apds realimentagdo e injecao ICV de insulina
e leptina estd diminuida, levando assim a sugerir o papel da Clk2 para a manutencdo do

balanco energético.
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