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Resumo

Prions sdo agentes etiologicos das encefalopatias espongiformes
transmissiveis, doencas que acometem tanto homens quanto animais. A protefna
infecciosa, PrPsc, ¢ uma isoforma de uma proteina celular normal denominada
PrPc.

As fungdes de PrPc ainda causam controvérsia na literatura, mas ja foi
demonstrada a participacdo de PrPc em uma variedade de fendmenos biol6gicos,
como homeostase de ions cobre, protecdo contra estresse oxidativo, sinalizacdo
celular e neuritogénese entre outros.

A interacdo de PrPc com laminina, uma proteina de matriz extracelular,
leva a formagao e manutenc¢io de neuritos em neurdnios hipocampais. Seguindo
este caminho, demonstramos no presente trabalho a interacao de PrPc com outra
proteina de matriz extracelular, vitronectina (Vn). Esta interacdo também leva ao
crescimento neuritico, tanto em células do sistema nervoso central quanto do
sistema nervoso periférico. No sistema nervoso periférico, a auséncia de PrPc é
compensada por integrinas, no fendmeno da neuritogénese. |

Relatamos também que a interacdo de PrPc com STI1, uma co-
chaperonina, leva tanto a neuritogénese quanto a neuroprotecdo por vias de
sinalizacdo distintas.

A ligacao de PrPc com Vn e STI1 se da através de dominios contiguos, de
modo que as interacdes sdo excludentes sendo aquela com Vn mais favoravel,
como observado em ensaios de ligacdo in vitro, quanto através do fendmeno de
neuritogénese.

Ja a ligacdo de laminina se d4 em um dominio distante daqueles de
ligacao a Vn e STI1. Assim, pode ser observada cooperatividade entre laminina e
STI1 no fendmeno da neuritogénese. Por fim, demonstra-se que a interagao PrPc-

laminina in vivo é importante para os mecanismos de consolidacdo da memoria.



Abstract

Prions are involved in numerous neurodegenerative diseases in humans
and animals called transmissible spongiform encephalopathies. PrPsc, the
infectious protein, is an isoform of a normal cellular protein named PrPc.

PrPc functions are still under debate, among them Cu** homeostase,
protection against oxidative stress, cell survival signaling and neuritogenesis.

PrPc interaction with laminin (Ln), an extracellular matrix protein, leads
to neurite growth and maintenance. PrPc interaction with another extracellular
matrix protein, vitronectin (Vn) is here demonstrated. This association leads to
neurite growth in hippocampal and dorsal root ganglia cells. In dorsal root
ganglia cells, PrPc ablation can be compensated by integrins, at least in the
neuritogenesis phenomenon.

PrPc is also a cellular ligand for STI1, a co-chaperone, mediating
neuritogenesis or neuroprotection, depending on the activated cell signaling
pathway.

" Vn and STI1 binding sites at the PrPc molecule are localized in contiguous
domains what makes their binding to PrPc mutually exclusive. The first is more
favorable, as observed in vitro and ex vivo.

On the other hand, Ln binding site at PrPc is confined to a domain distinct
from those where Vn or STI1 associate. Furthermore, laminin and STI1 have
additive effects on neurite outgrowth. The importance of PrPc-Ln interaction is
also observed in vivo, since the complex participates in memory consolidation

mechanisms.



Prefacio

Esta tese somente pode ter sido realizada através da unido entre a pos-
graduacdo do Instituto de Quimica da Universidade de Sao Paulo e o Instituto
Ludwig de Pesquisa sobre o Cancer. Seguindo o espfirito destes Institutos, a
colaboragao com outros colegas foi marca deste trabalho e resultou num ntimero
de resultados bastante relevantes no entendimento do modelo de estudo. Muito
disto ndo seria atingido sem a participacdo de varios colegas e colaboradores que
serdo citados ao longo deste trabalho.

Assim sendo, esta tese compreende cinco trabalhos independentes. Os
dois primeiros constituem-se no que foi o principal objeto de estudo desta tese e
os demais apresentam projetos colaborativos para os quais esta autora
apresentou significativa contribuicdo. Além disso, estes trabalhos contribuem
para que se possa ter uma visdo mais ampla dos fenOmenos estudados pelo
grupo: a biologia da proteina prion celular. Por estas duas razdes, incluiu-se
nesta tese trabalhos que ndo formam seu objetivo inicial.

O primeiro trabalho estd apresentado sob a forma de manuscrito
submetido para publicacdo, o segundo apresenta resultados qué ainda ndo
formam um conjunto ideal para ser convertido em manuscrito, mas que, no
entanto, enriquece o conhecimento sobre o fendmeno biologico que gostariamos
de aqui demonstrar. O terceiro trabalho é um manuscrito ja publicado em revista
cientifica e os dois dltimos estio na forma de manuscritos submetidos a
publicagao.

A formatacdo desta tese foi feita da seguinte forma: uma introdugio
completa, objetivos, e um capitulo que agrupa resultados e discussdo, onde se
encontram os trabalhos descritos acima. Uma conclusdo sobre o conjunto dos
cinco trabalhos e o panorama até agora tracado sobre a biologia da proteina
prion celular sera feita no capitulo final. A fim de poupar os leitores desta tese de

repeticoes desnecessarias os materiais e métodos somente serdo descritos nos



manuscritos que aqui se encontram. As referéncias bibliograficas de cada
manuscrito acompanham-no e aquelas que sdo parte do texto integral da tese

agrupam-se no capitulo de referéncias bibliograficas.

10



Abreviaturas

BSE- encefalopatia espongiforme bovina

cAMP - adenosina monofosfato ciclico

CREB -~ “cAMP response element binding protein”
CJD- doenca de Creutzfeld-Jakob

DNA- 4cido desoxirribonucléico

DRG - ganglio da raiz dorsal

ECM - matriz extracelular

FAK - “focal adhesion kinase”

FFI- insonia familial fatal

FGF - fator de crescimento de fibroblastos

GFP- proteina fluorescente verde

GPI- glicosil-fosfatidil-inositol

GSS- doenca de Gerstmann-Straussler-Scheinker
Hop - “human heat shock cognate protein 70”
Hsp70 - proteina de choque térmico de 70kDa
Hsp90 - protefna de choque térmico de 90kDa
IGFs- “insulin-like growth factors”

kDa- kiloDalton

Ln - laminina

MAPK- proteina quinase ativada por mitégenos
nCAM- “neural cell adhesion molecule”

NMR - ressondncia nuclear magnética

nNOS- 6xido nitrico sintase neuronal

p53- protefna de 53 kiloDaltons

PAI-1 - inibidor do ativador de plasminogénio 1
PKC -proteina quinase C

PDGF - fator de crescimento derivado de plaquetas



PI3K- fosfatidil-inositol-3 quinase

Pint1- “Prion interactor 1”

PKA - proteina quinase dependente de AMP ciclico
PrPc- proteina prion celular

PrPsc - proteina prion scrapie

PrPres - proteina prion resistente a protedlise limitada
Prnp- gene da proteina prion celular

RGD - tripeptideo arginina- glicina -acido aspértico
RNA- 4cido ribonucléico

SAF- fibrilas associadas a Scrapie

SOD- superoxido dismutase

STI1- “Stress Inducible Protein 1”

vCJD - nova variante da doenca de Creutzfeld-Jakob
Vn - vitronectina |
TNF - fator de necrose tumoral

TSEs- encefalopatias espongiformes transmissfveis
uPA- ativador de plasminogénio tipo uroquinase

uPAR - receptor de uPA
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I. Introducao

Prions sdo conhecidos como particulas infecciosas exclusivamente
protéicas e sua importancia reside principalmente no préprio conceito de sua
existéncia, que provoca a quebra do dogma central da biologia molecular, o qual
diz que o DNA e o RNA sdo as Unicas moléculas a transmitir informagoes

hereditarias.

Outro fator que coloca os prions em um grau elevado de importancia é o
seu papel como agente causador de muitas doencas neurodegenerativas tanto
hereditéarias quanto transmissiveis, que sdo denominadas TSEs ou encefalopatias
espongiformes transmissiveis, que acometem tanto homens quanto animais.

A literatura a respeito dos prions, as doengas relacionadas, mecanismos de
disseminacdo e sobre sua isoforma celular normal tém crescido muito nos
ultimos anos. Esta avalanche de estudos sobre o tema (a entrada “prion” no
sistema de busca PubMed nos traz 6.149 trabalhos sobre o tema, em pesquisa
realizada no dia 7 de Outubro de 2004) o que torna muito dificil abordarmos
nesta tese profundamente todos os aspectos que se conhece hoje sobre a biologia
dos prions. Sera feita uma breve introdugdo sobre as doengas prionicas, seu
mecanismo de transmissdo e um histérico sobre a descoberta dos prions como
proteinas capazes de transmitir informagdo de um organismo para outro. O foco
desta tese, no entanto, serd& dado para a proteina prion celular, PrPc. Esta
proteina, de funcdo desconhecida até a alguns anos atrds também foi
amplamente estudada e nos dias de hoje, suas fung¢des revelam-se mais amplas e
complexas do que se imaginava, passando por protecdo contra estresse
oxidativo, neuroprotecdo, apoptose, neuritogénese, proliferacdao celular,

metabolismo de ions cobre e cancer.
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1.1- Prion e Prion Celular

O estudo das doengas pridnicas e dos prions comegou no inicio do século
XX, mas até hoje nem todas as questdes encontram-se esclarecidas. Na tabela 1,
estdo citados os trabalhos que mais contribufram para criar o modelo que temos

hoje.

O mecanismo de ag¢do dos prions comecou a ser estudado a partir da
cria¢do de um modelo experimental de transmissdo de scrapie, uma doenga
neurodegenerativa que atinge ovelhas e cabras e que é conhecida h4 cerca de 300
anos. Isto se deu primeiramente com a transmissdo experimental de scrapie para
cabras e ovelhas (Cuille and Chelle, 1939), seguido pela criagdo de um modelo
murino da doenga (Chandler, 1961). O modelo murino das doengas pridnicas deu
impulso as pesquisas na area, pela facilidade de manipulagdo destes animais e

por abreviar significativamente o curso da doenga.

A partir da criagdo dos modelos experimentais, 0s avan¢os na pesquisa
foram dados pela purificacdo e caracterizagdo do agente infeccioso a partir de
extratos de cérebros de animais infectados. Na década de 1980, Prusiner e
colaboradores conseguiram obter uma fragdo muito enriquecida do agente
infeccioso através de centrifugacdo diferencial, extra¢des com detergentes,
protedlise limitada, precipitacdo com sulfato de amoénio e eletroforese (Prusiner
et al, 1980). O material obtido mostrou-se insoltivel e com caracteristicas de
material amil6éide (coloracdo por vermelho Congo e birrefringéncia sob luz
polarizada). Em microscopia eletronica da transmissdo o agente infeccioso
mostrou-se como pequenos agregados fibrilares conhecidos como SAF (scrapie
associated fibrils) ou “prion rods” (Merz et al., 1981;Prusiner et al., 1983). Estes
agregados também foram observados em material proveniente de CJD e kuru

(Merz et al., 1984). A caracteristica mais marcante, no entanto, deste material, é

14



sua resisténcia a prote6lise limitada, que origina um fragmento protéico de peso

molecular aparente de 27-30 kDa (Bolton et al., 1982;McKinley et al., 1983).

A partir destes dados e da observacdo de que a infectividade de extratos
contendo o agente infeccioso causador do scrapie ndo é sensivel a agentes que
sabidamente inativam DNA (Alper et al., 1967), Stanley Prusiner prop6s a
hip6tese de infeccdo mediada apenas por proteina (protein only hypothesis). Esta
diz que o agente causador do scrapie seria uma particula protéica infecciosa,
denominada “proteinaceous infectious particle” ou prion (Prusiner, 1982).
Embora esta hipétese ja tivesse sido sugerida uma década antes (Griffith,
1967;Gibbons and Hunter, 1967), ela tomou for¢a somente ap6s as purificacdes

do agente infeccioso realizadas por Prusiner e seus colaboradores.

O agente infeccioso purificado foi entdo utilizado para a produgdo de
anticorpos. Estes foram capazes de, assim como esperado, reconhecer uma
proteina de 27-30kDa em extratos de cérebro de animais infectados e submetidos
a protedlise limitada que estava ausente nos extratos de animais néo infectados.
Curiosamente, nos extratos protéicos ndo submetidos a proteo6lise, os anticorpos
reconheciam uma banda com cerca de a 30-35kDa, tanto de animais infectados
quanto de animais ndo infectados. Isto indicava que em animais normais havia
algum homologo do agente infeccioso (Oesch et al., 1985). O sequenciamento da
proteina reconhecida pof este anticorpo tornou possivel a sintese de
oligonucleotideos e a clonagem de um gene que codifica para este homélogo do
agente infeccioso. Assim, a proteina infecciosa foi denominada proteina prion
scrapie, ou PrPsc, e sua isoforma celular normal protefna prion celular ou PrPc

(Basler et al., 1986).

Posteriormente, verificou-se que ambas possuem a mesma seqiiéncia de
aminoécidos (Turk et al., 1988) no entanto com conformagdes diferentes; PrPc é
rica em w-hélices e pobre em folhas B, enquanto PrPsc é rica em folhas e pobre

em o-hélices (Pan et al, 1993). A proteina normal é solavel e susceptivel a

15



digestdo com proteases, j@ a forma infecciosa apresenta-se muito insoldvel e

resistente a proteodlise limitada (Meyer et al., 1986).

Essas propriedades bioquimicas de PrPsc favorecem a formacao de
agregados insoltiveis e corroboram a teoria da transmissdo mediada somente por
proteinas proposta por Prusiner, onde a isoforma infectante formaria dimeros
com a isoforma normal mudando sua estrutura. De acordo com este modelo,
moléculas de PrPsc seriam exponencialmente geradas a partir de PrPc, e se
depositariam lenta e progressivamente causando morte neuronal (Prusiner,

1989).

Uma das principais evidéncias que suporta esta hipétese é a de que
animais deficientes para o gene que codifica PrPc ndo tém deposicao de PrPsc no
cérebro nem apresentam sintomas de doencas neurodegenerativas quando
inoculados com extratos cerebrais de animais infectados. Além disso, a
reintroducdo do gene de PrPc restaura a susceptibilidade a infecgdo (Bueler et al.,
1993).

Recentemente, outro trabalho acrescentou dados a favor da hipétese dos
prions. Foram construidos animais que expressam o gene de PrPc na vida
embriondria mas que, a partir de 9 semanas ap6s o nascimento deixam de
expressar a protefna somente nos neurdnios. Quando animais que ainda
expressam PrPc sdo infectados com scrapie, eles adquirem a doenca mas a partir
do momento em que o gene de PrPc deixa de ser expresso nos neurdnios, todos
os sintomas da doenca sa@o revertidos. Isto ocorre apesar de um grande actimulo
de particulas amil6ides em todo o cérebro, demonstrando que a progressao da
infeccdo nas células da glia ndo é capaz de levar a neurodegeneracéao (Mallucci et

al., 2003).

A conversio de moléculas de PrPc recombinantes em moléculas
resistentes a digestdo proteolitica (PrPres) ja havia sido conseguida ha algum

tempo (Kocisko et al., 1994). No entanto, o achado recente de que estas moléculas

16



podem causar infeccdo transmissivel, é uma das provas mais contundentes a
favor da teoria que supde que o agente infeccioso seja constituido apenas de

proteina (Legname et al., 2004).

As moléculas de prion ndo apresentam wm comportamento uniforme no
que se refere ao tempo de incuba¢do necessario para produzir doencas, a
distribuicdo das lesdes e dos dep6sitos amil6ides (Bruce, 2003). Este fendmeno
levou a defini¢do de cepas de prions e verificou-se também que estas se
diferenciam por padréo eletroforético e por estrutura secundaria (Aucouturier et
al.,, 1999). A cepa original é transmitida para o hospedeiro que ird reproduzir as
caracteristicas do in6culo, assim, um mesmo animal é capaz de reproduzir véarias
cepas e apresentar os sintomas caracteristicos de cada doenga inoculada (Telling

etal., 1996).

Um ponto muito discutido e pesquisado é de que forma os prions
ingeridos na dieta chegam até o cérebro. Acredita-se que o prion deve se replicar
em 6rgaos linféides como bago e linfonodos antes de atingir o sistema nervoso,
mas isto pode variar entre cada cepa de prions. Diferentes cepas podem levar a
diferentes rotas de replicacdo periférica. Ap6s a administracdo oral, hd um
acamulo de PrPsc no ileo distal e nas placas de Peyer no intestino. Elementos do
sistema imune como as células dendriticas foliculares e os linfécitos B também
sao importantes na propagacao da infec¢do, e neste caso, haveria a transferéncia
de PrPsc do sistema imune para o sistema nervoso periférico (Aguzzi et al,
2004). Além disso, foi recentemente demonstrada a passagem direta de PrPsc

pela barreira hemato-enceféalica (Banks et al., 2004).
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Tabela 1: Histérico das descobertas mais relevantes na biologia dos prions.

Ano

Descoberta

1898
1920
1939
1957
1959
1961
1961
1963
1966
1967
1968
1980
1982
1985
1986

1987

1989
1992
1993
1993
1994
1996
1996
1996
1997
2000
2003
2004

Primeira descrigdo cientifica do scrapie (Besnoit and Morel, 1898)

Primeira descrigdo cientifica de CJD (Creutzfeldt, 1920;Jakob, 1921)
Transmissdo experimental de scrapie (Cuille et al., 1939)

Primeira descrigio cientifica do kuru (Gajdusek and Zigas, 1957)

Similaridades entre kuru e scrapie sdo observadas (Hadlow, 1959)

Multiplas cepas do agente causador do scrapie (Pattison and Millson, 1961)
scrapie é transmitido experimentalmente para camundongos (Chandler, 1961)
Transmissdo experimental de kuru para chimpanzés (Gajdusek et al., 1966)
Agente do scrapie é resistente a irradiagio (Alper et al., 1966;Alper et al., 1967)
Hipotese da transmissio através de proteinas (Griffith, 1967)

Transmissfo de CID para chimpanzés (Gibbs, Jr. et al., 1968)

Extrato de scrapie é rico em proteina resistente a digestdo (Prusiner et al., 1980)
Surge o conceito de prion (Prusiner, 1982)

Clonado o gene que codifica PrPc (Oesch ef al., 1985;Chesebro et al., 1985)
PrPc e PrPsc sdo codificados pelo mesmo gene (Basler ef al., 1986)

Primeira descrigdo de BSE (Wells et al., 1987)

MutagSes no gene de PrPc causam GSS (Hsiao et al., 1989)

Construgdo de camundongo deficiente para PrPc (Bueler et al., 1992)
Camundongos sem PrPc¢ ndo sfo infectados por scrapie (Bueler et al., 1993)
Diferengas estruturais entre PrPc e PrPsc (Pan et al., 1993)

Transformagdo de PrPc em PrPres em sistema acelular (Kocisko ef al., 1994)
Descrigdo de vCID (Will et al., 1996)

PrPsc de BSE possui padriio de glicosilagdo Ginico (Collinge et al., 1996)

NMR de PrPc (Riek et al., 1996)

vCJD ¢é causado por infecgdo de BSE (Bruce et al,, 1997;Hill et al., 1997)
Transmissdo experimental de BSE via transfuséo de sangue (Houston et al., 2000)
Deple¢do de PrPc em neurdnios reverte smtomas de TSEs (Mallucci ef al., 2003)

PrPc recombimante pode ser convertido em infeccioso (Legname ef al., 2004)

Adaptado de (Aguzzi and Polymenidou, 2004).
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1.2- Prion e Doencas Priénicas

Entre os animais, o scrapie é a doenga conhecida ha mais tempo, sendo que
sua primeira descri¢do cientifica data de 1898 (Besnoit et al., 1898) mas foram
encontrados relatos da doenca que datam do império romano (Narang,
1987a;Narang, 1996). Os animais afetados apresentam excitabilidade, coceira,
ataxia e paralisia, sendo seu curso até a morte do animal acometido, muito curto
ap6s o aparecimento dos sintomas (Narang, 1987b). Assim como todas as demais
doengas pridnicas, o scrapie € incuravel e fatal em 100% dos casos. O tecido
nervoso apresenta modificagGes histopatolégicas importantes, com a formagao
de extensos vactiolos, gliose e intensa perda de células neuronais. Além disso,
também podem ser observados depoésitos de amiléides (Wells and Wilesmith,
1995).

A encefalopatia espongiforme animal mais popular, entretanto ¢ a bovina
ou BSE, também chamada de “doenca da vaca-louca”. Os sintomas iniciais s&o:
ansiedade, nervosismo, comportamento apreensivo e agressdo. Sdo seguidos por
alteracdes de marcha, dificuldade de se levantar, ataxia das patas posteriores e
perda de peso. As alteracdes histopatoldgicas sdo as mesmas que as observadas
em ovelhas com scrapie, sendo a extensa vacuolizacdo do cérebro a caracteristica

mais marcante (Narang, 1996).

A BSE é uma doenga relativamente nova, sendo os primeiros 10 casos
descritos no sul da Inglaterra em 1986. Sua causa mais provavel é a introducao
de carcacas de ovelhas contaminadas com scrapie na manufatura de ragOes
comerciais para o gado bovino. A modificacdo no processo de manufatura das
carcagas para ra¢dao na década de 70, resultou na ndo eliminagdo das particulas
de prions que eram entdo ingeridas pelo gado bovino (Wilesmith et al.,, 1991).

Deste fato resultou uma epidemia de BSE na Inglaterra na década de 80, com
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quase 400.000 animais afetados (Wells et al., 1995). A grande preocupagdo, no
entanto, se relaciona com o longo curso da fase assintomatica das doencas
pridnicas, que fez com que muitos animais fossem abatidos para o consumo

antes do aparecimento dos primeiros sinais clinicos.

Além destes animais, outras espécies também sdo afetadas pelas
encefalopatias. Gatos domésticos (Wyatt et al, 1991) e grandes felinos em
cativeiro (“transmissible feline encephalopathy”), ruminantes em cativeiro além
de primatas ndo humanos sdo acometidos por doencas pridnicas de origem
claramente relacionada a alimentacdo com carcacas de animais contaminados.
Por outro lado, cervos e antilopes selvagens (“chronic wasting disesase”) e
martas em cativeiro (“transmissible mink encephalopathy”) sdo acometidos por
encefalopatias de origem desconhecida, sendo que nos primeiros animais estas
doengas tém ocorréncia natural na populacdo, assim como o scrapie (Sigurdson

and Miller, 2003).

Em humanos as doencas pridnicas possuem carater adquirido, esporadico
ou hereditéario. Entre as doengas pridnicas adquiridas a primeira a ser descrita foi
o kuru. Esta foi observada na década de 1950, entre nativos da Papua Nova
Guiné. Vérias evidéncias apontam para que a doenca tenha se disseminado
devido aos costumes de canibalismo das tribos locais, especialmente de mulheres
e criancas que ingeriam o cérebro de parentes mortos (Gajdusek et al., 1957).
Suspeita-se que a transmissdo tenha sido devida a ingestdo de carne de algum
portador de doenga pridnica esporadica ou hereditdaria. Com a extingdo do
canibalismo nesta regido na década de 1960, a incidéncia de kuru diminuiu

radicalmente (Gajdusek, 1977).

Esta enfermidade de curso clinico que varia de trés a seis meses manifesta-
se por ataxia progressiva, tremores no corpo, alteragdes emocionais, perda da

locomogdo e do controle de vérios musculos do corpo. As alteracGes
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histopatol6gicas presentes no cérebro dos individuos afetados incluem

vacuolizagdo, astrogliose e deposicdo de placas amildides (Gajdusek et al., 1957).

A doenca pridnica que afeta 0 maior niimero de individuos é, sem davida,
a doenca de Creutzfeldt-Jakob (CJD), assim denominada pois os primeiros casos
desta enfermidade foram descritos por Creutzfeldt em 1920 e por Jakob em 1921.
CJD pode possuir carater esporadico, adquirido ou hereditario, sendo a tGltima
forma responsével por aproximadamente 15% dos casos (Masters et al., 1981).
CID acomete homens e mulheres na faixa etaria dos 60 anos, sendo
diagnosticado um caso por 1.000.000 de pessoas por ano. A sintomatologia inclui
desordens visuais, perda de memoria e movimentos mioclénicos, sendo que o
curso da doenca é em geral de 12 meses ap6s o aparecimento dos sintomas
(Richardson, Jr. and Masters, 1995). As alteracdes histopatologicas sdo as mesmas

observadas nas outras doengas priodnicas.

As formas adquiridas de CJD sdo as mais comuns e se caracterizam pelo
aparecimento da doenca por contaminagdo iatrogénica. Ja foi verificada a
transmissdo através do tratamento de criancas com hormoénio de crescimento,
retirado da glandula pituitdria de cadédveres de individuos portadores desta
doenca. Vérios casos foram relatados no mundo todo (Collinge et al., 1991) e
inclusive no Brasil (Caboclo et al., 2002).

A transmissdo de CJD por transplante de dura-mater e coOrnea de
individuos com doengas prionicas (Lang et al., 1998;Croes et al., 2001), além
daquela causada por material cirargico contaminado, ja foram demonstradas
(Flechsig et al., 2001). Mais recentemente, foi sugerida a possibilidade da
transmissdo de CJD por transfusao de sangue ou hemoderivados (Llewelyn et al.,
2004;Peden et al., 2004).

Ja a via oral de transmissao também foi documentada através do contagio
experimental para animais (Prusiner et al., 1985;Bons et al., 1999;Herzog et al,,

2004). Esta via seria a responséavel pela transmissdo de BSE para humanos,
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criando a mais nova forma de doenga pridnica humana, denominada nova
variante de CJD ou vC]D. As caracteristicas moleculares de vC]JD (padrdo de
migracdo eletroforética) sdo muito diferentes daqueles apresentados nos casos de
CJD esporadicas ou hereditarias, no entanto sao muito parecidas com a BSE
transmitida experimentalmente para camundongos, felinos e macacos (Collinge
et al, 1996). Além disso, tanto a transmissido de BSE quanto de vCJD para
camundongos (Scott et al., 1999) ja foi documentada, sendo a sintomatologia e o
fen6tipo molecular de BSE transmitida para camundongos idénticos ao de vC]D
(Asante et al., 2002b).

A forma esporadica ou espontanea de CJD é assim chamada por acreditar-
se em conversdes espontdneas da protefna celular para a forma infecciosa, pois
nestes casos nao foi possivel associd-la a mutagdo genética, exposicdo ao agente

infeccioso ou a qualquer outro fator que indique sua causa (Will, 2003).

As formas hereditarias das doencas pridnicas podem ser causadas por
uma das cerca de 20 mutagdes ja descritas no gene que codifica a molécula de
PrPc, como pode ser observado na tabela 2. Elas causam as doencas CJD,
Gerstmann-Straussler-Scheinker (GSS) ou Insénia Familial Fatal (FFI) em caréter

mendeliano autossémico dominante com penetrancia completa.

GSS, assim como as outras doencgas prionicas hereditarias, é autossomica
dominante e se caracteriza por anormalidades que incluem ataxia, tremores
dificuldades de locomocgdo, distirbios da fala, irritabilidade, comportamento
descontrolado e reducédo da capacidade intelectual. Os achados histopatol6gicos
mostram deposicdo de placas amil6ides e degeneracdo espongiforme (McKintosh
et al., 2003).

A FFI manifesta-se em média aos 48 anos de idade e causa disttrbios do
sono, do sistema endécrino e motor. As mutagdes que levam a esta doenca
ocorrem nos residuos 178 Asp-> Asn ou 200 Glu=> Lys, interessantemente estas

duas mutagdes também podem levar ao aparecimento de CJD. O fator
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determinante, de uma doenga e ndo da outra é um polimorfismo na molécula de

PrPc situado no aminoacido 129, que pode ser valina ou metionina. A mutagéo

no cédon 178 acompanhada do genétipo V129V ou M129V predispde para o

desenvolvimento de CJD, enquanto que acompanhada de M129M predispde a

FFI (Medori et al., 1992).

Tabela 2: Principais mutagdes descritas no gene de PrPc associadas a doengas.
As referéncias sdo as dos autores que citaram as mutagées em associagdo com as

doencas pela primeira vez.

Cédon Mutagio Doenga Associada Referéncia

51-90 Inser¢do de 482216 pb CID/GSS {Goldfarb et al., 1993)
102 Pro/Leu GSS (Doh-ura et al., 1989)
105 Pro/Leu GSS (Yamada et al., 1993)
117 Ala/Val GSS (Doh-ura et al., 1989)
131 Gly/Val GSS (Panegyres et al., 2001)
145 Tyr/STOP GSS (Ghetti et al., 1996)
171 Asn/Ser Esquizofrenia (Samaia et al., 1997)
178 Asp/Asn FFI/CID (Medori et al., 1992)
180 Val/lle CJD (Kitamoto et al., 1993)
183 Thr/Ala CJD (Nitrini et al., 1997)
187 His/Arg GSS (Cervenakova et al., 1999)
188 Thr/Lys Deméncia (Finckh et al., 2000)
196 GlwLys CID (Peoc'h et al., 2000)
198 Phe/Ser GSS (Hsiao et al., 1992)
200 Glu/Lys CID/FF1 (Inoue et al., 1994)
202 Asp/Asn GSS {(Piccardo et al., 1998)
208 Arg/His CID (Mastrianni et al., 1996)
210 Val/lle CID (Pocchiari et al., 1993)
211 Glw/Gln CJD (Peoc'h et al., 2000)
212 Gln/Pro GSS (Piccardo et al., 1998)
217 Gln/Arg GSS (Hs1iao et al., 1992)
232 Met/Arg (Kitamoto ef ai., 1993)

Fonte: (Castro, 2004)

23




Os relatos acima entdo nos levam a conclusao de que as doencgas pridnicas
possuem o carater singular de se apresentarem de forma infecciosa e hereditaria
ao mesmo tempo. Além disso, é praticamente estabelecida a importancia da
proteina PrPsc no mecanismo de formacéo e transmissdo das doengas pridnicas.

Ja o papel de sua isoforma celular, PrPc, é ainda bastante controverso.

Na hipé6tese de ganho de funcdo, imagina-se que PrPc seria um mero
receptor para PrPsc, cuja tinica fungao seria converter-se em isoforma patogénica.
Neste caso, o aparecimento de uma doenca seria devido ao acamulo de
isoformas toxicas. Na hipotese de perda de fungdo, PrPc estaria exercendo
alguma funcdo essencial na célula. Neste caso, sua conversio na isoforma
patogénica estaria prejudicando as fun¢des normais e desencadeando a doenga.
Foi acreditando nesta hip6tese que muitos grupos passaram a estudar a protefna

prion celular, que hoje se revela envolvida em diversos fendmenos biol6gicos.

L3- PrPc - Estrutura e Padrao de Expressao

PrPc é uma sialo-glicoproteina altamente conservada codificada por um
gene (Prnp) presente no cromossomo 20 em humanos e 2 em camundongos
(Oesch et al., 1985;Chesebro et al., 1985). Sua conservacdo evolutiva pode ser
demonstrada apés sua clonagem em vérios mamiferos, inclusive marsupiais,
além de aves (Gabriel et al., 1992), répteis (Simonic et al., 2000), anfibios (Strumbo
et al,, 2001) e peixes (Oidtmann et al., 2003). O gene de PrPc em camundongo,
ovelha, rato, e gado contém 3 exons, e a fase aberta de leitura inicia-se no exon 3,
de modo que ndo podem haver variantes provenientes de “splicing” alternativo

(Basler et al., 1986).

A proteina PrPc de varias espécies possui aproximadamente 250

aminoacidos, dos quais os primeiros 22 na extremidade amino-terminal
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constituem em sinal de localiza¢do para membrana que é removido da proteina
madura. Os ultimos 23 aminoacidos, na extremidade carboxi-terminal também
sdo clivados, durante a adicdo de uma ancora de glicosil-fosfatidil-inositol (GPI)
na molécula. Como a maioria das proteinas de superficie celular, PrPc é
sintetizado pelos ribossomos concomitantemente com seu transporte para o
reticulo endoplasmatico (Kim and Hegde, 2002). L4 ele sofre modificacdes pos-
traducionais, como adicdo da ancora de glicosil-fosfatidil-inositol (GPI), N-
glicosilacdo nos residuos 181 e 197 (em hamster) (Prusiner, 1998) e é transportado
até a membrana extracelular por meio de vesiculas. Na membrana celular PrPc
estd localizado em dominios de membrana ricos em colesterol denominados
“rafts” (Madore et al., 1999) e passa por um ciclo que inclui sua internalizacio e
reciclagem para a membrana (Harris, 1999;Lee et al., 2001). Este mecanismo de
internalizacdo esta sujeito a muita controvérsia, sendo alguns autores favoraveis
a um mecanismo promovido por clatrina (Shyng et al, 1993;Shyng et al.,
1994;Sunyach et al., 2003) ou e outros por cavéola (Kaneko et al., 1997;Marella et
al., 2002;Peters et al., 2003). A internalizacdo de PrPc também pode ser
estimulada pela adicdo de ions cobre ao meio de cultura celular (Shyng et al.,
1994), fazendo com que as moléculas sejam internalizadas para. endossomos
iniciais que contém transferrina e para compartimentos do complexo de Golgi

(Magalhaes et al., 2002;Brown and Harris, 2003).

A seqiiéncia de aminoacidos de PrPc demonstra a existéncia de uma
regido repetitiva entre os residuos 51 a 91, com 5 octapeptideos PHGGGWGQ
adjacentes (denominada regido de “octarepeats”), além de uma regido central
altamente hidrofobica entre os residuos 106 a 126 (Harris, 1999). Através de
estudos de modelagem molecular também foi possivel predizer a presenca de
quatro alfa-hélices (Gasset et al., 1992;Huang et al., 1994). Entretanto, estudos de
NMR (ressonancia nuclear magnética), comprovaram a existéncia de 3 a-hélices e

duas folhas beta antiparalelas (Riek et al., 1996). Na membrana celular, PrPc sofre
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clivagem proteolitica fisiologica mediada por duas desintegrinas nos
aminoacidos 110/111->112 (Vincent et al., 2001).

A expressdo de PrPc comegou a ser estudada por Basler e colaboradores
(Basler et al., 1986), que verificaram a expressdo constitutiva de seu RNA
mensageiro no cérebro de animais adultos. Também foi vista a expressdo na
medula espinhal, em ganglios periféricos e nervos (McKinley et al., 1987). No
entanto, desde entdo ha muitos outros trabalhos relatando a expressao de PrPc
nas mais diferentes condi¢cdes; seja durante o desenvolvimento, na localizacdo
mais precisa dentro de um tecido ou mesmo na distribuicdo sub-celular.

Durante o desenvolvimento, o RNA mensageiro de PrPc pode ser
encontrado a partir do sexto dia de vida embriondria em galinhas, em neurdnios
de virias regides do sistema nervoso central, retina e ganglios da raiz dorsal
(Harris et al., 1993). J4 em camundongos, foi detectado no tubo neural a partir do
décimo terceiro dia de vida uterina (E13,5) (McKinley et al., 1987). Publica¢tes
recentes, no entanto, apontam uma atividade do promotor de PrPc a partir de
E12,5 no cérebro e medula (Asante et al, 2002a), além disso encontrou-se
expressio do mRNA de PrPc a partir de E9,5 em cérebro e medula espinhal
(Miele et al., 2003). Em linhagens celulares a regulacdo do prombtor de PrPc
depende do grau de condensagio da cromatina, de modo que este fator torna-se
0 mais importante regulador da expressio celular deste gene (Cabral et al., 2002).

Apo6s o nascimento a expressdo da proteina aumenta até atingir um pico
no dia 14 pés-natal. Dependendo da regido do cérebro, estes niveis se mantém ou
diminuem no animal adulto. No bulbo olfatério e no hipocampo a expressdo de
PrPc mantém-se alta, enquanto diminui em outras areas, como o cOrtex (Sales et
al, 2002). A expressdo também ¢é diferencial de acordo com o tipo neuronal,
enquanto neurdnios gabaérgicos expressam grandes quantidades de PrPc,
neurdnios dopaminérgicos apresentam baixas concentracdes da proteina. Esta
regulacdo parece ocorrer no nivel pos-transcricional, ja& que 0 RNA mensageiro é

bastante abundante na maioria dos neurénios (Ford et al., 2002a). No animal
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adulto, além do cérebro, PrPc foi visto em nervos periféricos, ganglios simpéaticos
e células componentes do sistema imune, como células dendriticas (Ford et al.,
2002b).

Em relacdo a distribuicdo sub-celular, a proteina foi vista em membranas
celulares pré-sinapticas (Herms et al., 1999), em ax0nios em crescimento (Sales et
al., 2002) e no citoplasma de alguns tipos neuronais (Mironov, Jr. et al., 2003). Sua
reciclagem entre a membrana plasmatica e o complexo de Golgi ocorre através
endossomos classicos que apresentam a proteina Rab5, de maneira dependente

de dinamina (Magalhaes et al., 2002).

1.4- PrPc- Funcoes

Nos dltimos anos a proteina PrPc, cuja fungéo era desconhecida, foi sendo
revelada como mais complexa do que se esperava, com muiltiplas funcdes e
parceiros envolvidos nos mais diferentes processos fisiologicos. Ha desde
associacdo com estresse oxidativo até ativacdo de linfocitos, passando por
funcdes em células neuronais (Martins and Brentani, 2002).

Muitas proteinas estdo associadas diretamente com PrPc cofno a proteina
distroglicana, ou indiretamente, como a enzima nNOS (6xido nitrico sintase)
(Keshet et al, 2000) e a molécula de adesdo n-CAM (“neural cell adhesion
molecule”) (Schmitt-Ulms et al., 2001). Através de ensaios de duplo-hibrido em
leveduras, também foi verificada a interacdo de PrPc com sinapsina Ib, a proteina
sinalizadora Grb2 e a entdo desconhecida Pint1 (Prion interactor 1) (Spielhaupter
and Schatzl, 2001). Também foi descrita a associacdo de PrPc com heparina e
heparan-sulfato (Warner et al., 2002).

Além disso, é sabido que PrPc associa-se a0 fon cobre na regido dos
“octarepeats”, sendo esta ligacdo importante na estabilizacdao estrutural da
molécula (Miura et al.,, 1996;Brown et al., 1997a). O dominio de “octarepeats”
também ¢é importante no fendémeno de internaliza¢do da molécula em resposta a
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adicdo de fons cobre (Perera and Hooper, 2001). Em recente trabalho do nosso
grupo (Lee et al., 2001), foi empregada a constru¢ao GFP-PrPc, onde a proteina
fluorescente verde, GFP, foi fusionada a molécula de PrPc, com a intencdo de se
obter dados quanto ao trafego e localizacao celular de PrPc. Esta quimera possui
localizacdo idéntica ao PrPc endégeno e também é internalizada em resposta a
adicido de ions cobre. Além disso, dois mutantes com auséncia dos aminoacidos
32 ao 121 e 32 ao 134 ndo sdo internalizados. Animais transgénicos expressando
os mesmos mutantes apresentam disfungdes neurologicas graves quando adultos
(Shmerling et al., 1998).

O cobre é um elemento importante para varias enzimas envolvidas com a
protecdo contra estresse oxidativo e, de fato, foi observado que PrPc possui uma
atividade semelhante a da enzima superoxido dismutase (Brown and Besinger,
1998). Além disso, foi visto que células de animais deficientes para PrPc sdo mais
sensiveis a radicais livres que células normais (Brown et al., 1997a;Brown et al.,
1997b;Brown et al., 2002). O que, associado ao fato da reintroducdo do gene de
PrPc reverter o fen6tipo de sensibilidade (revisado por (Vassallo and Herms,
2003), levavou a proposta que PrPc faca parte de um sistema de protecdo contra
o estresse oxidativo. Este, no entanto, é um ponto controverso e recentemente foi
visto que animais deficientes para PrPc ou que super-expressam PrPc nao
possuem nenhuma alteracdo na atividade de superoxido dismutase, SOD (Hutter

et al., 2003).

PrPc foi recentemente descrito por seu envolvimento no estimulo das vias
de sinalizacdo de Fyn quinase, fosfatidil-inositol-3 quinase (PI3K), proteina
quinase dependente de cAMP (PKA) e proteina quinase ativada por mitégenos
(MAPK), em cultura de células granulares do cerebelo, o que resultou em
crescimento neuritico (Chen et al., 2003a).

A relacao de PrPc com apoptose celular também foi estudada, mostrou-se
que células deficientes de PrPc possuem niveis diminuidos de p53 e, deste modo,

sdo menos susceptiveis a este tipo de morte celular programada (Paitel et al.,
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2002;Paitel et al., 2003a;Paitel et al., 2003b). Contraditoriamente, relatou-se uma
expressao aumentada de PrPc em linhagens de tumor de mama resistentes a
apoptose induzida por TNF (fator de necrose tumoral) (Diarra-Mehrpour et al,,
2004). Essa contradicdo reflete o panorama atual de conhecimento e sugere que
ainda sdo necessarios mais estudos para que se possa compreender os
mecanismos pelos quais PrPc participa do processo de morte celular
programada.

De maneira surpreendente, também foi observada a importancia de PrPc
no mecanismo de infeccdo de mamiferos por patégenos, quando mostrou-se que

PrPc é necessario para a internalizacao de Brucella abortus (Watarai et al., 2003).

Trabalhos com animais deficientes para determinada proteina podem
gerar muitas informactes sobre sua funcdo fisiologica. Algumas linhagens de
animais deficientes para o gene PrPc foram geradas, no entanto, estas ndo
apresentaram nenhum fenétipo grosseiramente modificado (Bueler et al.,
1992,Manson et al, 1994). Por outro lado, Sakaguchi e colaboradores
desenvolveram uma linhagem de camundongos deficientes para PrPc que
apresentavam ataxia em conseqiiéncia de degeneracdo progressiva de células de
Purkinje (Sakaguchi et al, 1996). Mais tarde, o conflito entre fenétipos de
diferentes cepas foi resolvido quando se encontrou a superexpressio de uma
proteina denominada Doppel nos animais de Sakagushi. A superexpressdo
ocorreu devido a remocdo de grandes extensdes de DNA durante a construgdo
do animal deficiente de PrPc e que acabou por gerar uma quimera onde a
proteina Doppel encontrava-se sob controle do promotor de PrPc (Moore et al.,

1999).

Pesquisas mais minuciosas mostraram que animais deficientes de PrPc
apresentaram alguns problemas como alteracgdes eletrofisiologicas (Collinge et
al.,, 1994), elevada atividade motora (Roesler et al., 1999), maior sensibilidade a
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agentes convulsivantes (Walz et al., 1999) e deficiéncia de memoria de longa e
curta duracao em idades avancadas (Coitinho et al., 2003).

L5 - PrPc e Laminina

Os primeiros trabalhos relacionando PrPc a matriz extracelular foram
realizados pelo nosso grupo e descrevem a ligacdo de PrPc a laminina com alta
afinidade e especificidade, sendo esta interac¢do verificada tanto in vitro quanto ex
vivo. Além disso, foi observado que esta interacdo é importante no processo de
neuritogénese em linhagens celulares e culturas primarias de neur6nios (Graner
et al., 2000a;Graner et al., 2000b) e no mecanismo de consolida¢do da memoéria
em ratos (Coitinho et. al., manuscrito em anexo). Outro trabalho descreve a
interacdo direta e via glicosamiglicanos entre PrPc e o receptor de laminina de
37kDa/67kDa, que seria indispensavel no processo de internaliza¢do da proteina
PrPc (Gauczynski et al., 2001;Hundt et al., 2001). Este fato reforca ainda mais a
hip6tese da existéncia de grandes complexos macromoleculares envolvendo
PrPc.

Laminina é a principal proteina ndo colagénica da matriz extracelular e é
importante para uma grande quantidade de processos biol6gicos, como por
exemplo, embriogénese, formacdo de tecidos, fendmenos imunolégicos entre
outros. Esta é constituida de trés cadeias, a, B e y, que se arranjam em forma de
cruz, com os bragos mais longos de cada cadeia formando uma hélice (Beck et al.,
1990). Até o presente momento foram descritos cinco tipos diferentes de cadeias
a, trés de cadeia B e trés de cadeia Y o que possibilita a formacao de 45 tipos
diferentes em potencial desta molécula, sendo que até hoje 15 tipos ja foram
descritos (Colognato and Yurchenco, 2000). No hipocampo, a forma

predominante ¢ a laminina 10, composta por o581yl (Indyk et al,, 2003). Em
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ganglios da raiz dorsal de animais adultos ha uma alta expressdo da subunidade
Y1 (LeBeau et al., 1994), que aumenta ap0s lesdes (Le Beau et al., 1995).

Durante o desenvolvimento do sistema nervoso periférico, ha expressao
proeminente de varias de cadeias de Ln no trajeto a ser seguido pelos axonios em
crescimento, sendo a cadeia y1 presente em todos os momentos (Lentz et al,
1997).

O papel da laminina no sistema nervoso é extremamente vasto e muito
bem documentado (Luckenbill-Edds, 1997). Sabe-se por exemplo que a
sobrevivéncia neuronal (Chen and Strickland, 1997;Chen and Strickland,
2003;Chen et al., 2003b) e o crescimento neuritico sdo dependentes da expressdo
de laminina e podem ser vistos tanto em neurdnios do sistema nervoso central
quanto periférico (Manthorpe et al., 1983;Liesi et al., 2001).

No braco longo da cadeia y1 também ha um dominio ativo que participa
na inducdo de crescimento de neuritos, na migracdo neuronal e na regeneragao
do sistema nervoso (Liesi et al., 2001;Liebkind et al., 2003;Wiksten et al., 2003).
Este ¢ o dominio de laminina responsavel pela ligacio a PrPc, como
demonstrado nos trabalhos do grupo (Graner et al., 2000a;Graner et al., 2000b).

Um dos principais receptores celulares para laminina e ouﬁas proteinas
da matriz extracelular sdo as integrinas. Estas moléculas sao compostas pela
interacdo heterofilica e nao covalente de duas subunidades denominadas o e B.
Estdo envolvidas em uma variedade de fendmenos biologicos de integracdo da
célula com a matriz extracelular que a rodeia. Entre estes estdo os processos de
adesao e migracado celulares, formacio de contatos focais e sinalizacdo (Hynes,
1992,;Hynes, 2002). No sistema nervoso também sdo conhecidas por sua
participacio nos mecanismos de plasticidade neuritica (Letourneau et al,
1988; Tomaselli et al., 1988;Condic and Letourneau, 1997;Yip and Siu, 2001).

Vérias combinacdes de subunidades sdo capazes de interagir com
laminina como por exemplos, alf1 (Tomaselli et al., 1990), a3p1 (Gehlsen et al.,
1992;Tashiro et al., 1999;Shang et al., 2001), a6p1 (Sonnenberg et al., 1991), avf3
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(Sasaki and Timpl, 2001). Além disso, a maioria dos trabalhos mapeia o dominio
de ligacdo a integrinas na subunidade o de laminina, porém, o dominio de
ligacao ndo é o conhecido peptideo RGD, tripeptideo arginina-glicina-acido
aspértico responsével pela ligacdo de fibronectina ou vitronectina as integrinas.
Por outro lado, também foi descrita a ligacdo de avB3 ou a5B1 na cadeia y1 da
laminina (Ponce et al., 2001).

1.6 - Vitronectina

Levando-se em consideragdo que a interacdo de PrPc com Ln, observada
previamente em trabalhos de nosso grupo, possuia um papel importante na
extensio e manuten¢do de neuritos em células hipocampais (Graner et al,
2000a;Graner et al., 2000b); decidimos investigar se a interacdo PrPc-Vn também
poderia exercer algum papel biol6gico no sistema nervoso.

Vitronectina (Vn) é uma glicoprotefna abundante em diversos tecidos que
esta envolvida em varios processos metab6licos como adesdo celular, mecanismo
de defesa humoral e invasdo celular.

Foi purificada a partir de soro em 1967, por Holmes, e denominada
“serum-spreading factor” por ser capaz de provocar adesdo celular, de modo
semelhante a fibronectina (Preissner, 1991). Com o desenvolvimento de
anticorpos especificos tornou-se possivel verificar a presenca de Vn em mtsculo
esquelético, rins, tecido conjuntivo e membranas fetais (Hayman et al., 1983). A
maior parte da Vn encontrada no plasma é proveniente do figado, mas células do
misculo liso arterial e gliobastomas também sé@o capazes de produzi-la e secreta-
la. Foi detectada sua presenca também em plaquetas, macréfagos (Preissner,
1991) e células do sistema nervoso, como astrécitos e neurdnios, principalmente
células de Purkinje (Martinez-Morales et al, 1995;Martinez-Morales et al.,
1997;Seiffert, 1997;Walker and McGeer, 1998). Também foi descrita em areas de
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fibrose e necrose em vérios tecidos, incluindo doencas do sistema nervoso
(Seiffert, 1997).

A fase aberta de leitura do gene de Vn codifica para uma proteina de 459
aminoacidos e peso molecular aparente de 75 kDa. Um peptideo sinal de 19
aminoacidos sinaliza a secre¢do de Vn para o meio extracelular e trés sitios
consenso sdo sinais de glicosilagdo, sendo que os agticares podem contribuir com
cerca de 30% da massa da protefna. A vitronectina humana possui cerca de 80%
de homologia com coelho e camundongo (Schvartz et al., 1999).

A molécula inteira de Vn nunca foi cristalizada e sua estrutura secundaria
foi proposta recentemente por Xu e colaboradores (Xu et al., 2001). Com base em
modelos computacionais, foi proposta uma estrutura com trés regides principais:
um dominio com homologia a somatomedina B (residuos 1 a 53), um dominio
central rico em folhas B (residuos 131 a 342) e um dominio carboxi-terminal
responsavel pela ligacdo a heparina e colageno (residuos 347 a 359); além de um
dominio com estrutura de “loop” que serve de ligagdo entre o dominio
somatomedina B e o central. Recentemente, porém, foi cristalizado o dominio de
somatomedina B, que corresponde a uma pequena porgao arrﬁno-términal da
molécula (Zhou et al., 2003).

Ha duas formas de Vn presentes no sangue: uma ftnica cadeia
polipeptidica de 75 kDa, e outra de duas cadeias de 65 e 10kDa interligadas por
uma ponte dissulfeto (CysZ4-Cys®3). As duas parecem ser produtos de dois
genes distintos e diferem somente no aminoédcido 381. Uma metionina nesta
posicdo da origem a forma de 75 kDa, enquanto uma treonina cria no local um
sitio de clivagem que gera a forma de 65+10 kDa. Recentemente foi descrito que
este sitio seria clivado por uma serina endoprotease denominada furina, ainda

durante a via secretéria do figado para o plasma (Seger and Shaltiel, 2000).

A forma predominante de Vn na circulagdo é a forma monomérica. No
entanto, quando submetida a desnaturacdo, ha modificagdo de suas

propriedades, o que induz a formacdo de multimeros. A proteina em sua forma

33



nativa praticamente nao apresenta sulfidrilas livres, enquanto a forma
desnaturada apresenta duas, de modo que a desnaturacdo aumenta a tendéncia
de formag&o de pontes dissulfeto entre moléculas e, conseqiiente oligomerizagao.
Acredita-se que esta seja a forma da proteina preferencialmente encontrada na

matriz extracelular. (Preissner, 1991;Zhuang et al., 1996a;Zhuang et al., 1996b).

Assim como a fibronectina, Vn possui multiplos sitios ativos: um sitio de
ligacao a integrinas, um sftio de ligacdo a glicosaminoglicanos e um sitio de
ligacdio ao complexo trombina-antitrombina. Além disso, aparenta ser o
precursor de um peptideo do soro, somatomedina B (Suzuki et al,
1985;Ruoslahti and Pierschbacher, 1987).

A primeira fungéo biol6gica atribuida a Vn foi sua capacidade de provocar
adesdo celular, configurando-se na principal proteina de adesdo presente no
soro, sendo capaz de substitui-lo no papel de indutor da adesdao (Hayman et al,,
1983). Esta propriedade advém tanto da ligacdo com heparina quanto da
interacdo do dominio RGD com integrinas. As integrinas ligam-se as proteinas
de matriz e formam “clusteres” na membrana celular, o que leva a interagao com
proteinas de citoesqueleto e ao mesmo tempo dispara cascatas de sinalizagao
intracelulares. A ligacdo de uma protefna de matriz a diferentes integrinas
depende do tipo e do ambiente celular e faz com que diferentes cascatas de
sinalizagdo possam emergir a partir da ligacdo de uma molécula, levando a
célula a processos metabélicos distintos. Por outro lado, uma mesma integrina
pode ligar-se a mais de uma proteina de matriz, resultando em perda de
especificidade e redundancia (Hynes, 1992;Giancotti and Ruoslahti, 1999;Hynes,
2002).

A seqiiéncia RGD de Vn, estd localizada na posicdo 45 a 47 (Preissner,
1991) e esta encerrada no interior da Vn em sua forma monomérica de modo que
a ligacdo a integrinas s6 ocorre na presenca da proteina em sua forma
multimérica (Seiffert and Smith, 1997). Foi observado que peptideos do dominio
RGD sdo capazes de inibir adesdo celular a Vn (Germer et al., 1998) e diminuir a
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resposta de células endoteliais a FGF (fator de crescimento de fibroblastos),
inibindo a redistribui¢ao de c-Src e a ativagdo de MAPK nos complexos de
adesdo focal (Shono et al., 2001). As principais integrinas associadas a Vn sido
asBs3, oPs € amPs A integrina of3 é capaz de ligar-se tanto a Vn quanto a
fibronectina, sendo a liga¢do a fibronectina independente de sinalizacdo celular e
a ligacdo a Vn dependente da fosforilagdo da cadeia B da integrina (Boettiger et
al., 2001).

No que diz respeito a sua ligacdo com integrinas, Vn é capaz de promover
0 espraiamento celular de maneira dependente de a3 e mediada pela via de
MAPK (Roberts et al., 2003). J4 a migragdo estimulada por PDGF (fator de
crescimento derivado de plaquetas) depende da ligacao de Vn com a.fs através
do aumento da atividade de Lyn quinase (Ding et al., 2003). Também foi visto
que a proliferagao celular e a motilidade de células de cancer de ovério sao muito
aumentadas pela interagdo Vn- avf3, em um processo que envolve a translocacao
de FAK (“focal adhesion kinase”) e a ativagdo de MAPK (Hapke et al., 2003). Foi
demonstrado recentemente também a translocagdo de paxilina para o ntcleo em
resposta a Vn, mas ndo a fibronectina ou a Ln. Esta translocagdo é dependente da

fosforilagdo de paxilina por MAPK (Ogawa et al., 2003).

A regido carboxi-terminal da proteina apresenta cerca de 40 residuos
cationicos e possui incluida a seqiiéncia consenso de ligacado a heparina (aa 347-
361), X-B-B-X-B-X (B: aminoécido bésico). Interessantemente, a proteina
purificada do soro em sua forma nativa apresenta baixa ligacdo a heparina. A
forma multimérica, porém, possui afinidade de ligacao a heparina muito maior.
Isto indica que este sitio deve encontrar-se encerrado no interior da proteina em
sua forma monomérica. A ligacdo a heparina é fundamental no mecanismo de
adesdo, pois o complexo liga-se a superficie celular com razoavel afinidade por
um mecanismo dependente de glicosaminoglicanos. A Vn multimérica ligada &

superficie celular via glicosaminoglicanos pode seguir dois caminhos: ser
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endocitada e degradada ou ser aproveitada na matriz extracelular; a decisdo
entre estes dois caminhos pode ser dependente da associagdo a diferentes
integrinas (Francois et al., 1999). De fato, foi visto que Vn adicionada a cultura de
fibroblastos interagia com owfs sendo a seguir endocitada em vesiculas de

clatrina e degradada (Memmo and McKeown-Longo, 1998).

Vn possui também dois sitios de ligacdo a coldgeno, um adjacente ao sftio
RGD, outro adjacente ao sitio de ligagdo a heparina. Ha também um sitio sujeito
a “crosslinking” por transglutaminase (GIn%), o que sugere a presenca de matriz
extracelular rica em colageno em tecidos que conttm Vn (Gebb et al,

1986;Preissner, 1991;Schvartz et al., 1999).

Vn apresenta também vérios possiveis sitios de fosforilacdo. Ela é um
importante alvo de PKA extracelular, secretada por plaquetas ap6s estimulo com
trombina. E fosforilada no residuo Ser’” e em conseqiiéncia, diminui sua
afinidade pela proteina inibidora do ativador de plasminogénio (PAI-1). A
fosforilacao de Vn por PKC reduz sua clivagem por plasmina. Além destas duas
quinases, foi demonstrado que os residuos Thr%7 e Thr® podem ser fosforilados
por caseina quinase II (também presente no plasma), o que modifica a atividade
da protefna, aumentando sua capacidade de promover adesédo celular. Também
foi visto que a proteina Vn fosforilada dispara cascatas de fosforilacdo

intracelular diferentes da Vn nao fosforilada (Seger et al., 1998;Seger et al., 2001).

Apesar de suas importantes funcdes no organismo, camundongos
deficientes do gene da Vn possuem fenétipo normal, ndo apresentando nenhum
distarbio de crescimento ou fertilidade. A teoria mais aceita é de que este fato
seria devido a redundéncia na ligacdo com integrinas, que na auséncia de Vn
poderiam estar sendo ativadas por outras proteinas de matriz (Zheng et al.,
1995).

Além de mediar a adesdo celular, a Vn participa da regulagdo dos

mecanismos de migragdo e invasdo celulares. Foi verificado recentemente, que

36



vitronectina é capaz de estimular a protrusdo celular através da ligacdo a
proteina uPAR, que foi identificada inicialmente como receptor do ativador de
plasminogénio tipo uroquinase (uPA). Quando uPAR interage com Vn, ha
aumento da motilidade celular, com consideravel niimero de protrusdes, sendo
demonstrado também que este mecanismo ocorre através de sinalizagdo pela
proteina Rac (Kjoller and Hall, 2001). Em células de musculo liso tanto Vn quanto
uPA promovem migragao e reorganizagdo ativa do citoesqueleto, efeito mediado
tanto por uPAR quanto pela integrina a.B;. Além disso, o efeito provocado por
Vn utiliza a via de sinalizacao de cAMP (Degryse et al., 2001). uPAR ¢é ancorada
na membrana celular por uma molécula de GPI (da mesma maneira que PrPc) e é
capaz de elicitar respostas intracelulares por associagdo com outras proteinas

transmembrana, como por exemplo, as integrinas.

Vn também interage, através de seus residuos 24 a 37, diretamente com
PAI-1 (inibidor do ativador de plasminogénio), uma protefna inibitéria do
sistema plasminogénio, que provoca prote6lise para a remodelagem dos tecidos
(Royle et al., 2001). A ligacdo é de alta afinidade sendo Vn o principal ligante
deste inibidor. Como conseqtiéncia, a matriz extracelular que contém Vn retém
grandes quantidades de PAI-1 e estd mais protegida contra protedlise mediada
por plasminogénio. A laminina, por outro lado, foi vista como um dos substratos
na degradacdo da matriz extracelular de neurdnios pelo sistema plasminogeénio,
0 que culminava com a morte celular (Chen et al., 1997). Nesse aspecto, regides
do cérebro que apresentam predominantemente Vn a laminina na matriz
extracelular deveriam possuir maior resisténcia contra degradacdo da matriz e
perda neuronal.

Sdo de particular interesse as propriedades neurotréficas da Vn. A
aderéncia celular e a expansao de neuritos foi observada tanto em linhagem
celular (Grabham et al.,, 1992) quanto em culturas primérias de células nervosas
de retina (Martinez-Morales et al., 1995), tubo neural (Martinez-Morales et al.,
1997) e células de Purkinje do cerebelo (Walker et al., 1998).
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1.7 - PrPc e STI1

Com o intuito de caracterizar ligantes para PrPc , nosso grupo baseou-se
em alguns dados da literatura (Forloni et al., 1993);(Gabriel et al., 1992;Shyng et
al., 1993) e na teoria da hidropaticidade complementar (Brentani, 1988);(Blalock,
1990); (Baranyi et al., 1995) para desenhar um peptideo que teoricamente deveria
apresentar a mesma hidropaticidade que o dominio de ligacdo de uma proteina
receptora/ligante de PrPc ou PrPsc (Martins et al, 1997). O peptideo foi
sintetizado e geraram-se também anticorpos contra 0 mesmo.

Na tentativa de identificar a proteina a qual pertencia este peptideo,
proteinas provenientes de extratos de cérebro de camundongo foram separadas
em gel bi-dimensional. O anticorpo gerado contra o peptideo foi utilizado para
identificar a banda de interesse através de ensaios de “imunoblotting”. A
proteina reconhecida pelo anticorpo foi entdo seqiienciada e revelou 100% de
identidade com a proteina STI-1 ou "stress inducible protein 1".

STI1 é uma fosfoproteina induzida por estresse primeiramente descrita em
Saccharomyces cerevisine (Nicolet and Craig, 1989). A STI1 murina é uma co-
chaperonina que possui homologia com a proteina humana Hop ()’human heat
shock cognate protein 70 /heat shock protein 90 -organizing protein”). Como a
proteina foi inicialmente identificada em células transformadas pelo virus de SV-
40, sugeriu-se que Hop pudesse ter um papel importante na proliferagdo e
regulacao génica, (Honore et al., 1992;Blatch et al., 1997). Tanto STI1 quanto Hop
foram identificadas como componentes de complexos multiprotéicos de
chaperoninas envolvendo as protefnas Hsp70 e Hsp90 (Smith et al,
1993;Schumacher et al.,, 1994;Chang et al.,, 1997). O transcrito de STI1 murino
contém 2.079 pares de bases que codifica para uma seqiiéncia de 543
aminoacidos resultando em peso molecular de aproximadamente 66 kDa.

Ensaios de ligacdo e de competicdo in vitro permitiram ainda identificar os

sitios de ligac¢do tanto em PrPc quanto em STI1 (Zanata et al., 2002). Nossos
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dados demonstraram ainda que SII1 é capaz de induzir um efeito protetor
contra morte celular programada em um modelo ja estabelecido de neurdnios
pos-mit6ticos da camada neuroblastica da retina. STI estimula tanto a via de
MAPK quanto a PKA, no entanto somente esta dltima é relevante para o
fendmeno de neuroprotecdo (Chiarini et al., 2002).

Além disso, modelos de estudo apontam para a participacdo de
chaperoninas, como STI1, na cura de prion de levedura. Os prions de leveduras
sdo varias proteinas, que de modo similar a prions de mamiferos, podem sofrer
rearranjo conformacional catalitico. A mais estudada das proteinas prion de
levedura ¢é o fator de terminagdo de tradugdo Sup35, cujo estado “prion-like” ¢
caracterizado por sua agregacdo, formacdo de fibras amilbides e inativacdo
parcial (Patino et al., 1996). Um estudo que pretendia encontrar novos fatores
capazes de promover a cura de prions de leveduras, mostrou que a
superexpressdo de SI11 pode interferir com a propagacdo e manifestacdo do

fenotipo “prion-like” de Sup35 (Kryndushkin et al., 2002).

1.8 - O sistema nervoso

Como ja descrito anteriormente, alteracdes na proteina PrPc levam ao
surgimento de muitas doengas neurodegenerativas. Além disso, seus ligantes de
matriz extracelular, Ln e Vn, também exercem grande impacto sobre o tecido
nervoso. Desta forma, os neurdnios constituem um modelo de estudo muito
interessante e apropriado para observar o papel biol6gico da interacdo entre PrPc
e seus ligantes. Entretanto, como hé vérios tipos neuronais distintos, a relagao
entre estas moléculas e os eventos desencadeados por elas podem variar com o
tipo neuronal estudado.

Os neurdnios sdao a unidade bdasica do sistema nervoso e podem ser
classificados de diversas maneiras diferentes, mas todas seguem a mesma
arquitetura bésica, com quatro regides morfologicamente definidas: o corpo

celular, os dendritos, 0 axonio e os terminais pré-sinapticos. O corpo celular é o
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centro metabdlico da célula, onde se localiza o nitcleo e o reticulo
endoplasmatico. Este pode emitir dois tipos de prolongamentos: os dendritos e
um axonio. Os dendritos, processos mais curtos que os axonios ramificam-se
muito e sdo a principal via para o neurdnio receber os estimulos enviados por
outras células. Ja 0 ax0nio apresenta-se como uma protrusdo longa e delgada do
corpo celular com pouca ou nenhuma arborizacédo e é responsavel por conduzir
0s sinais elétricos para outras células. Proximo a sua extremidade, o axdnio
divide-se em ramificacdes menores que fazem o contato com outro neurdnio, esta
regido ¢ denominada de sinapse. Os sinais sdo transmitidos a outra célula pelos
terminais das ramificagdes do axdnio, que sdo denominados terminais pré-
sindpticos (Kandel et al., 2000).

O principal método de classificacdo dos neur6nios leva em conta o
numero e forma dos processos que a célula emite. De acordo com este critério os
neurénios podem se classificados em unipolar, bipolar e multipolar. Os
neurdnios unipolares sd3o os mais simples e possuem somente um processo
principal que se divide, sendo uma ramificagdo responsavel por emitir e a outra
por receber os impulsos elétricos. Este tipo de neurdnio estd presente em

invertebrados e em vertebrados encontra-se no sistema nervoso autdnomo.

Os neurdnios bipolares possuem dois processos, um dendrito e um
axOnio, e representam a maioria das células sensoriais. Os neurdnios
mecanoreceptores transmitem sensacdes como toque, pressdo e dor para a
medula espinhal, sdo de um tipo denominado pseudo-unipolar. O corpo celular
fica localizado nos géanglios dorsais e se desenvolve inicialmente como um
neurdnio bi-polar, mas durante o desenvolvimento os dois processos fundem-se
para formar um s6 axonio saindo do corpo celular. Este axonio depois se ramifica
em duas partes, a primeira vai para a periferia (pele e juntas) e recebe
informacdes desses locais, a segunda segue para a medula espinhal transmitindo

os impulsos recebidos.
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Os neurdnios multipolares sdo a maioria no sistema nervoso de
vertebrados, possuem um axonio e muitos dendritos que surgem do corpo
celular. Eles variam muito na forma, comprimento do ax6énio e nimero de
dendritos, que normalmente varia com o ndmero de conexdes sindpticas do
neurdnio. As células piramidais do hipocampo e as células de Purkinje no
cerebelo sao bons exemplos de células multipolares (Kandel et al., 2000).

N&do é surpresa perceber que, durante o desenvolvimento, os muitos
efeitos do ambiente embrionario no crescimento dos prolongamentos neuronais
sdo mediados por centenas de moléculas diferentes. O direcionamento dos
prolongamentos é feito por promogao ou inibi¢dao do crescimento, e as moléculas
que o fazem podem ser encontradas na propria célula, na superficie de outras
células, na matriz extracelular ou ainda na forma solivel. Por outro lado, nem
sempre ¢ possivel categorizar os efeitos desse modo, pois em alguns casos, uma
molécula pode ser promotora de neuritos para um tipo neuronal e inibitoria para
outro tipo. Caso classico é o das semaforinas, uma familia de moléculas com
representantes soluveis e ligados a membrana, que agem de maneira especifica
com o tipo neuronal promovendo ou inibindo o crescimento axonal. Assim, foi
extremamente importante utilizar em nosso estudo mais de um tipo neuronal,
pois a resposta celular frente a proteinas e peptideos testados pode variar entre

eles (Kandel et al., 2000).

A idéia de que a matriz extracelular também pode influenciar o
crescimento de neuritos surgiu da observacdo de que muitos axonios periféricos
crescem no tecido conectivo acompanhando a lamina basal. A partir daf foram
feitos estudos recobrindo superficies com diferentes moléculas de matriz e
verificando a influéncia destas sobre a direcdo e a taxa de crescimento dos
neuritos. Muitas destas substancias ja foram identificadas, incluindo fibronectina,
colageno e alguns proteoglicanos, mas a familia de protefnas com a maior
importancia ¢ a de lamininas (Kandel et al, 2000). Vn também é capaz de

estimular a extensdo de neuritos (Grabham et al., 1992;Martinez-Morales et al.,
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1995;Martinez-Morales et al., 1997;Walker et al, 1998), e de promover a
diferenciacdo de células granulares do cerebelo através da ativacdo de CREB
(“"cAMP responsive element binding protein”) (Pons and Marti, 2000;Pons et al.,
2001).

As células expressam receptores que reconhecem moléculas promotoras
de crescimento na matriz. Muitos deles, em destaque as integrinas, ja foram
identificados na superficie celular estdo envolvidos no crescimento e manuten¢io
de neuritos (Giancotti & Ruoslahti, 1999). Nosso grupo demonstrou que PrPc é
mais um destes receptores de proteinas de matriz extracelular que tem papel
fundamental na neuritogénese mediada por laminina. Dessa forma nosso
objetivo foi verificar se PrPc é capaz de interagir com Vn e mediar neuritogénese

em tipos neuronais distintos.

In vivo, a neuritogénese estd relacionada com a correta formacdo das
conexdes nervosas durante a embriogénese. No animal adulto, no entanto, a
maioria das conexdes nervosas ja estd estabelecida e a plasticidade neuronal sera
resultante de processos de remodelagem dos axdnios e dendritos em resposta a

estimulos externos como aprendizagem e memoria.

A formacdo da memoria é dependente de transformacdes fisiol6gicas na
transmissdo sindptica, que podem ser transitérios ou permanentes. Mudangcas
reversiveis sdo comumente referidas como memoria de curta duracdo (STM ou
“short term memory”) e se referem as formas de memoria que o individuo retém
por um curto periodo de tempo. As formas de memoéria em que o individuo
retéem uma lembranga por longos periodos de tempo é chamada memoria de
longa duracio (LTM ou “long term memory”) e acredita-se que seja gerada pela
estabilizacdo das transformacdes sindpticas da STM (Lamprecht and LeDoux,
2004). Deste modo, se PrPc esta intimamente ligado aos processos de plasticidade
neuronal, é interessante investigar se um processo in vivo que depende deste

fendbmeno, como a consolidagdo da memoria, teria a participacdo desta proteina.
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Assim, PrPc se constituiria em um ligante de superficie celular para varias

proteinas, envolvido em mecanismos de plasticidade neuronal in vitro e in vivo.
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I1. Objetivos

IL1  Os objetivos principais deste projeto sdo:

I1.1.1- a caracterizagdo da interacdo PrPc/Vn, o que inclui determinar a

constante de afinidade in vitro entre estas duas moléculas.

II.1.2- mapear os dominios de interagdo entre as duas moléculas, com o
auxilio de peptideos sintéticos, visando conhecer se o dominio de ligacdo a PrPc
coincide com dominios de ligacdo a outras proteinas conhecidas. Do mesmo
modo deseja-se saber qual o dominio na molécula de Vn responsavel pela ligacéo
a PrPc, o que poderia informar sobre a possibilidade da ligacdo do complexo a

integrinas ou outras proteinas da matriz extracelular.

I1.1.3- estabelecer se outros ligantes de PrPc sdo capazes de competir pela

interacdo PrPc-Vn e vice-versa.

I1.1.4- caracterizar o papel de PrPc na neuritogénese mediada por Vn, em
culturas primdrias de células de neur6nios de ganglios da raiz dorsal
provenientes de animais normais ou deficientes para PrPc. Pretende-se também
comparar estes resultados com aqueles obtidos em ensaios semelhantes

realizados com culturas de hipocampo.

I1.1.5- verificar a influéncia de outros ligantes de PrPc na neuritogénese

mediada por Vn.

1.2 - Os objetivos dos projetos em colaboragédo sdo:

I1.2.1 - caracterizar in vitro a proteina STI1 (“Stress Inducible Protein 1”)
como um novo ligante de PrPc bem como os sitios de ligacdo em ambas as

proteinas.
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I1.2.2 - estudar a implica¢ao da interacdo PrPc/STI1 em mecanismos de

neuritogénese e protecdo contra morte celular programada.

I1.2.3 - caracterizar o envolvimento da ligacdo PrPc-Ln no mecanismo de

consolidacdo da memoria de curta e longa duracéo.
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III. Resultados e Discussio

Este capitulo sera divido em cinco partes, estando quatro representadas
por manuscritos ja publicados e manuscritos recém submetidos para publicacio
e uma parte apresentando resultados que ainda nao sao suficientes para gerar
uma publicacdo, mas sdo de grande contribui¢do para o fendmeno biologico que
queremos demonstrar nesta tese.

A parte 1 deste capitulo dedica-se a descrever o que foi principal alvo de
estudo deste trabalho, a interacao entre PrPc e a proteina de matriz extracelular
Vn.

Na parte 2 serdo apresentados dados referentes a conservacao evolutiva
da ligacdo PrPc-Vn, além de alguns dados sobre os efeitos de Vn em neurdnios
do sistema nervoso central. Também serao vistos os efeitos da combinacao dois a
dois, dos ligantes de PrPc (Vn e Ln, Vn e STI1, Ln e STI1) sobre culturas de
neurdnios da raiz dorsal.

A descricao da proteina STI1 como um ligante de PrPc, observado em
ensaios bioquimicos e seus efeitos biologicos de neuritogénese e neuroprotecao
serdo apresentados nos itens 3 e 4 deste capftulo. Por fim, na parte 5 descrevemos
a interacdo PrPc-Ln como importante evento na consolidagio da memoéria de
curta e longa duragdo em ratos.

A ordem de apresentacdo dos itens pretende ressaltar os dois primeiros
trabalhos, que sdo o principal assunto desta tese; no entanto, esta nao é a ordem
cronolégica de realizacdo dos experimentos. Este fato talvez gere alguma
dificuldade na compreensdao do item 2.3, que descreve as interagbes entre os
varios ligantes de PrPc. Isto porque a descri¢do do ligante STI1 s6 é apresentada
no item que vem a seguir, 3. Contando com a compreensao e atengdo dos leitores

a respeito deste fato, seguem-se os trabalhos.
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Trabalhos Principais desta Tese

1.1
Caracterizagdo Bioquimica ¢ Funcional da Interagdo PrPc-Vn
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Este trabalho constitui o principal projeto de estudo desta teses e iniciou-
se em uma linha de pesquisa do grupo que ja havia identificado a intera¢do entre
PrPc e outra proteina de matriz extracelular, a laminina. Ensaios preliminares de
“overlay” mostraram que além de laminina, PrPc ligava-se também a Vn.

ApOs observar que havia uma interacdo forte e especifica entre as
proteinas PrPc e Vn, o primeiro passo deste trabalho foi determinar a constante
de afinidade entre estas duas proteinas e para isso foram realizados ensaios de
ligacdo in vitro. Através de grafico de Scatchard (Scatchard, 1949) obtido com os
dados da curva de ligacdo, o Kd determinado foi da ordem de 10-# M. Também
foram realizados experimentos de competi¢do in vitro com outros ligantes de
PrPc e os peptideos especificos de seus sitios de ligacéo.

Confirmada a interacdo de PrPc e vitronectina e estabelecido o Kd desta
ligacdo, o proximo objetivo deste trabalho foi o de mapear os sitios de interagao
tanto na molécula de PrPc quanto na molécula de vitronectina.

Na tentativa de mapear a regido especifica do PrPc que se liga a Vn, foi
examinado, através de ensaios de competi¢do, o efeito inibitério de vinte
peptideos correspondentes a seqiiéncia completa de aminoacidos de PrPc. Dois
peptideos foram capazes de competir pela interacdo PrPc-Vn mostrando que o
sitio de ligacdo a Vn na molécula de PrPc localiza-se na regidao dos aminoéacidos
105-125 (Figura 1). Para tentar confirmar entdo, se o sitio de ligacdo a Vn na
molécula de PrPc, é aquele determinado pelos ensaios de competicdo com os
peptideos e ainda restringir o sftio de ligacdo a menos aminoacidos, foram
construidas moléculas de PrPc recombinante com pequenas dele¢des (PrPc A105-
112, PrPc A113-119, PrPc A120-125, PrPc A105-128) que foram utilizadas em
ensaios de ligacdo a Vn. Os mutantes PrPc A105-112, PrPc A113-119 e PrPc A105-
128 ndo apresentaram ligacio a Vn, enquanto o mutante PrPc A120-125
comportou-se como a molécula selvagem. Estes resultados, portanto,

delimitaram o sitio de ligacdo de Vn entre os aminoéacidos 105 a 119 de PrPc.
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Para mapear na Vn o dominio de ligacao a PrPc foi utilizado um programa
de computador Hidrolog que calculou se havia, na vitronectina, regides com
perfil de hidropaticidade complementar a seqiiéncia de PrPc 105-125. Foram
encontrados dois dominios cujo perfil hidropatico era complementar a seqiiéncia
mencionada. Os peptideos correspondentes a estas regioes foram sintetizados e
utilizados em ensaios de competicdo. Somente um deles competiu pela intera¢do
demonstrando que o sitio de ligacdo de PrPc deve localizar-se entre os residuos
309 a 322 de Vn (Figura 1). Para confirmar que este ¢ mesmo o sitio de ligacao a
PrPc, o peptideo Vn 309-322 foi utilizado em ensaios de ligacdo, onde
demonstrou-se que este era capaz de ligar-se a PrPc selvagem, mas ndo aos

mutantes de PrPc contendo dele¢des mapeadas no dominio que interage com Vn.

PrPe Vitronectina
Dominio de ligagdo a cobre O Somatomedina B
# Dominio Neurotoxico B Ligagao a colageno e heparina
e
==
Vn 309-322

Figura 1: Desenho esquematico das proteinas PrPc e Vn, mostrando a localizag@o dos principais
dominios destas moléculas e dos peptideos especificos da interagdo PrPc-Vn (P9, P10, e
Vn309-322). H- estrutura em «-hélice, B - estrutura em folha g, GPI- ancora de glicosil-fosfatidil-
inositol, B rich — dominio rico em folhas B, RGD — dominio de ligagdo a integrinas.

A seguir, mostramos que as duas proteinas apresentam o mesmo padrdo
de expressdo durante o desenvolvimento embriondrio, em particular em uma
drea do sistema nervoso periférico, nos chamados ganglios da raiz dorsal
Através de microscopia confocal observou-se grande padrao de co-localizacédo de
ambas as proteinas.

Em ensaios ex vivo, Vn foi capaz de promover o crescimento de axonios de
ganglios da raiz dorsal (DRG), evento que pode ser inibido por anticorpos anti-
PrPc ou mimetizado pelo peptideo Vn 309-322.
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Vn, no entanto, é capaz de promover crescimento de ax6nios de DRG
provenientes de animais deficientes para o gene de PrPc de uma maneira similar
aquela vista em animais selvagens. Entretanto, observamos que nos animais
deficientes para PrPc, hd uma ativagdo maior de integrinas, que compensariam a
auséncia de PrPc, fazendo com que o fen6tipo do animal mantenha-se inalterado.
Assim, foi possivel determinar nesta etapa do trabalho, que PrPc é um ligante
especifico para Vn, importante nos mecanismos de plasticidade neuronal, cuja

auséncia gera mecanismos compensatorios mediados por integrinas.
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ABSTRACT

The cellular prion (PrPc) physiological functions as a cell surface pleiotrophic receptor
are under debate. Here, we report that PrPc interacts with vitronectin (Vn) albeit no
association with fibronectin or collagen was observed. Binding sites were mapped at
amino acids 105 to 119 of PrPc and residues 307-320 in Vn from mouse molecules. In
wild-type mice embryonic dorsal root ganglia (DRG), both proteins co-localize and Vn
induces axonal growth which was abrogated by anti-PrPc antibodies or mimicked by the
Vn peptide 307-320. PrPc null mice (Prnp”®) DRG neurons axonal growth is also
stimulated by Vn while no effect was accounted for Vn peptide 307-320. Conversely,
functional assays demonstrated that Prnp®® DRG neurons were more responsive to Vn
RGD peptide, the binding site for integrins, than wild-type cells and exhibit a higher o33
activity. Thus, PrPc plays an important role in axonal growth which is compensated by

integrins in Prap”® neurons.

Keywords: prion protein/ Vitronectin / Extracellular matrix / Dorsal Root Ganglia
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INTRODUCTION

Prions have been implicated in the pathology of several transmissible spongiform
encephalopathies. The infectious protein converts its cellular normal isoform, PrPc, into a
misfolded, protease-resistant and disease associated protein (Prusiner, 1998). Nowadays,
the characterization of the biological functions of PrPc is of particular importance to
understand the possible loss-of-function associated to prion diseases (Hetz and Soto,
2003).

PrPc, whose physiological function started to be deciphered, is very conserved
among species and 1s expressed in the majority of tissues but mostly in the central
nervous system and lymphoid tissues (Oesch et al., 1985). During development, gene
promoter activity was detected in mice as early as embryonic day 12.5 (E12.5) in brain
and medulla (Asante et al., 2002) and mRNA was seen in E9.5 in brain and spinal cord
(Miele et al., 2003).

PrPc is located on the outer cell membrane and has been related to copper binding
(Brown et al., 1997a), protection against oxidative stress (Brown et al., 1997b; Brown
and Besinger, 1998) and signaling against neuronal apoptosis by its interaction with the
Stress Inducible Protein 1 (STI1) (Chiarini et al., 2002; Zanata et al., 2002b). Moreover,
the extracellular matrix (ECM) protein laminin (Ln) binds PrPc, promoting neurite
outgrowth and maintenance (Graner et al., 2000b; Graner et al., 2000a). Thus, PrPc
resembles a cell surface receptor connecting the extra and intra cellular milieus.

The classical ECM receptors, integrins, can bind several molecules and have been
associated to neurite outgrowth (Hynes, 2002; Liddington and Ginsberg, 2002). The core
recognition sequence for several integrins is the tri-peptide arginine-glicine-aspartic acid
(RGD), present in numerous ECM proteins such as collagen, vitronectin (Vn) and
fibronectin (Fn). RGD has been shown to be active and replace ECM proteins in a variety
of phenomena (Hynes, 1992; Pierschbacher and Ruoslahti, 1984; Ruoslahti and
Pierschbacher, 1987).

Therefore, since PrPc binds Ln we decided to evaluate if PrPc could act as a broad
ECM receptor and our data showed that PrPc binds Vn but not Fn or type IV collagen.

Vn 1s expressed during development since E10 in mice, mainly in the central nervous
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system (Seiffert et al., 1995) and supports proliferation and differentiation of cultured
retinal neurons (Martinez-Morales et al., 1995). In dorsal root ganglia (DRG) neurons,
this molecule mediates neurite extension, which can be inhibited by anti-Vn antibody or
RGD peptide (Isahara and Yamamoto, 1995). Vn 1s also capable of inducing motor
neuron differentiation and antibodies against Vn, when injected into chicken embryos,
reduce the number of motor neurons generated in vivo (Martinez-Morales et al., 1997;
Pons and Marti, 2000). Furthermore, the o.f3; integrin was described as a receptor
involved in the Vn mediated neurite extension (Neugebauer et al., 1991).

This work reports that PrPc interacts with Vn inducing axon outgrowth, which
can be inhibited by anti-PrPc antibodies. In the presence of Vn, neurons from wild-type
and PrnpO/o mice presented the same axon growth pattern. Vn peptide mimicking PrPc
binding site promotes neurite extension similarly to the whole molecule in neurons from
wild-type but not in those from Prnp®® mice. Conversely, Prnp”® DRG cells are more
responsible than wild-type ones to the axonal outgrowth induced by Vn RGD peptide and
presented higher o35 activity. Thus, data presented here show that PrPc is an important
player in DRG axonal growth and compensatory mechanisms due to a functional

redundancy mediated by integrins, present in PrPc null mice.
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RESULTS
PrPc-vitronectin interaction

The first evidence of the PrPc-Vn interaction was obtained with an overlay
experiment (Figure 1a) which showed that PrPc binds Vn although it does not associate
to Fn or type IV collagen. Binding assays demonstrated that His¢-PrPc binding to Vn is
dose dependent and saturable (Figure 1b) with a Kd of 1.2 x 10*M (Figure 1b, insert).
Furthermore, His¢-PrPc refolded in the presence of copper, (Zanata et al., 2002b)
presented a similar binding to Vn (data not shown).

PrPc interaction with '’I-Vn can be competed by increasing concentrations of
unlabeled Vn as well as by other PrPc ligands, such as STI1 (Zanata et al., 2002b) and Ln
(Graner et al., 2000b; Graner et al., 2000a) but not by BSA (Figure 1c). This shows that
specific PrPc ligands can disrupt the interaction whereas a random protein (BSA) is
innocuous. The peptide representing the specific PrPc binding site at the STI1 molecule
(STI1 peptide), (Zanata et al., 2002b; Chiarini et al., 2002) but not the one from Ln (Ln y-
1 peptide) (Graner et al., 2000a), was able to compete for the PrPc-Vn interaction (Figure
1d). These data suggest that STI1 and Vn share the same binding site at PrPc, while Ln

must interact with another PrPc domain.
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Figure 1. Vn binds PrP¢ in vitro and this interaction is competed by other PrP° ligands.

(A) Overlay assay. The indicated amounts of fibronectin (Fn), vitronectin (Vn), collagen (Col)
and bovine serum albumin (BSA) were adsorbed onto a membrane, which was then allowed to
bind with '~ I-Hise-PrP°. The figure shows the autoradiogram obtained.

(B) Binding of Vn to immobilized PrP°. PrP® coated wells were incubated with  I-Vn at the
indicated concentrations. Wells were washed and radioactivity was measured. The Scatchard plot
derived from the data is represented in the insert. The Kd obtained was 1.2 x 10°M.

(C) Competition assay where '*’I-Vn was incubated in PrP° coated wells in the presence of
increasing concentrations of unlabeled Vn, STI-1, Ln or bovine serum albumine (BSA). After
washing, the amount of radioactivity bound to the wells was determined. (D) Competition assay
where '*’I-Vn was incubated in PrP° coated wells in the presence of increasing concentrations of
unlabeled STI-1 peptide or Ln peptide. After washing, the amount of radioactivity bound to the
wells was determined. p<0.02 Student's T test.
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Vn binding site within PrPc molecule

To search for the Vn binding site at the PrPc molecule we used a peptide
competition-based approach (Zanata et al., 2002b). Twenty peptides from PrPc covering
the whole protein sequence were used to compete the PrPc interaction to Vn. Two of
them, corresponding to PrPc amino acids 103 to 122 and 113 to 132, were able to block
the proteins interaction by 80% (Figure 2a). This implies that the amino acid sequence
shared by both peptides might be the putative binding site for Vn in the PrPc molecule.
The peptide concentration used in this competition was about 104 higher than that for Vn,
similarly to what had been previously observed using Ln peptides (Graner et al., 2000a)
or RGD peptides (Pierschbacher and Ruoslahti, 1984). This condition seems to be
dependent on the low proportion of peptide assuming the conformation presented at the
intact protein (Pierschbacher and Ruoslahti, 1984).

In order to confirm the binding site for Vn at PrPc, four PrPc deletion mutants
were used to perform binding assays with B AV (Figure 2b). PrPc mutants A105-128,
A113-119 or A105-112 do not bind to Vn, while the mutant A120-125, has a binding
capacity similar to the wild-type molecule, corroborating the region comprising the PrPc
residues 105-119 as the binding site for Vn. As this domain is inserted into the amino-
terminal random coil of the PrPc molecule (Riek et al., 1996) these deletions are not

expected to disturb PrPc secondary or tertiary structure.
PrPc binding site within Vn molecule

In order to determine the binding site for PrPc in the Vn molecule, we used the
complementary hydropathy theory (Baranyi et al., 1995; Brentani, 1988; Blalock, 1990;
Heal et al., 2002), which states that peptides presenting opposite hydropathy profiles can
bind one another. The computer program HYDROLOG (data not shown) searched for Vn
sequences whose hydropathy profile presented more than 70% complementary to PrPc
105-119 peptide. Two Vn domains presented this profile, one from residues 262-275
(Figure 2c¢) and another from residues 309-322 (Figure 2d). We performed competition

assays using both peptides and, as controls, two peptides randomly chosen in the Vn
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sequence (Vnyei1-174 and Vipge302) along with a peptide containing the RGD sequence (Vn
rGD) (Ruoslahti and Pierschbacher, 1987). The peptides Vn3gg.3zo1u (from the human
molecule) or Vnzp7320m0 (from the mouse Vn) are able to compete for the PrPc-Vn
interaction thus mapping this domain as the putative binding site for PrPc.

We also performed binding assays using 25 Vnsp7-320M0 peptide and wild-type
Hisg-PrPc or PrPc¢ deletion mutants A105-128, A113-119 and A105-119. Vnzg7.320M0
peptide binds to wild-type PrPc while very low binding is observed in all of the deletion
mutants. These data point for a specific interaction between PrPc domain 105 to 119 and
Vn 307 to 320 (mouse molecule).
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Figure 2. Mapping the binding sites in Vn and PrP°.
(A) Inhibition of PrP*-Vn binding by PrP° peptides. '*’I-VN was incubated in PrP° coated wells in
the presence of an excess of PrP° peptides. Afier washing, the amount of radioactivity bound to
wells was determined. Binding to PrP° alone was set 100% and binding in the presence of
peptides was expressed as percentage thereof. *- Statistically different from control, Student’s t-
test, p<0.01.
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(B) Wells were coated with wild-type, A105-112, A113-119, A120-125 or A105-128 Hiss-
PrPc proteins, incubated with '*’I-Vn and the radioactivity bound to the wells was
measured. The binding to PrPc wild-type was set 100% and binding to mutant molecules
was expressed as percentage thereof. *- Student’s t-test, p<0.01.

(C and D) Deducing PrPc binding regions in Vn molecule using complementary
hydropathy theory. The hydropathy plots represent the mouse PrPc amino acid sequence
from amino acids 104 to 127 and Vn peptides with complementary hydropathy pattern:
(C) Vnyer275 and (D) Vnsgo.322.

(B) "®I-Vn was incubated in PrPc coated wells in the presence or absence of the indicated
concentrations of Vn peptides and radioactivity bound to the wells was determined.
Binding to PrPc alone was set as 100% and binding in the presence of peptides was
expressed as percentage thereof. *- Student’s t-test, p<0.01.

(F) Binding of peptide Vnzg7.320m0 to immobilized PrPc. Wells were coated with wild-
type, A105-119, A113-119 or A105-128 Hiss-PrPc proteins and incubated with 'I-Vnsgr.

320Mo at the indicated concentrations. Wells were washed and radioactivity was measured.
PrPc and Vn expression in dorsal root ganglia from embryonic mice

The next approach was to validate the biological relevance of the PrPc—Vn
interaction. Since Vn and PrPc have been detected early in development (Seiffert et al.,
1995; Miele et al., 2003) we performed immunohistochemistry assays in E12.5 mice
embryos and the DRGs have caught our attention because of the similar expression
pattern for both proteins.

Figure 3 presents the immunohistochemistry assay performed in Prup™* (Figures

3ato 1) and PrnpO/O

(Figures 3m and n) E12.5 mice embryos using anti-PrPc (Figures 3a,
b, ¢, g, h, i, m and n) and anti-Vn antibodies (Figures 3d, e, £, j, k and 1) in two different
types of sections: sagital (Figures 3a to f) and coronal (Figures 3 g to 1). The antibodies
used have been extensively tested in Western Blotting assays, and show specificity for
PrPc (Zanata et al., 2002b) or Vn (data not show). Controls with irrelevant mouse or
rabbit serum, were also performed and show no staining (Figure 3 inserts in a and j

respectively).
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In accordance to previous data (Asante et al., 2002), we noticed a good level of
PrPc expression in the developing brain, medulla (Figure 3g) and DRG (Figures 3a and
g). It was also possible to observe the absence of stained nuclei and poor labeling of
neuronal bodies in DRG (Figures 3b, ¢, h, i), while axons and forming axonal fibers were
heavily labeled. Prup™® mice embryos were not stained, proving the specificity of the
immunohistochemistry reaction (Figures 3m and n).

Vn exhibits a stronger expression when compared to PrPc, but with a similar
pattern, in the brain, medulla (Figure 3j) and DRG (Figures 3d and j). Even in higher
magnifications of the DRG, we can also visualize the same pattern of PrPc and Vn
expression, markedly in the growing axons and nerves (Figures 3e, f, k, 1I).
Immunofluorescence confocal images confirmed that PrPc and Vn presented a great level

of co-localization in DRG cells (figures 4a and 4b) and in the growing nerve (Figure 4c).
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Figure 3. PrPc and Vn expression in mice embryos.

E12.5 mice sagital (panels a to f) or coronal (panels g to 1) sections reacted with anti-PrPc
mouse serum (panels a, b, ¢, g, h, 1), rabbit serum anti-Vn (panels d, e, f, j, k, I) or non-
immune mouse or rabbit serum (inserts panels a and j respectively). E12.5 PrnpO/0 mice

sagital sections reacted with anti-PrPc mouse serum (panels m and n).
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Figure 4. PrP® and Vn co-localize in embryonic DRG.

E12.5 mice embryos were sliced into sagital sections and reacted with anti-PrP° mouse serum
(anti-PrP°, red) and anti-Vn rabbit serum (anti-vitronectin, green). Images were acquired in a
confocal microscope and superimpose of the images is indicated in (merge). Panel (a) shows
three ganglia in a low magnification (as indicated by the dotted lines), panel (b) indicates a
ganglion in a higher magnification and in panel (c) is presented a region of growing nerve.
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PrPc—Vn interaction mediates DRG axonal growth

PrPc and Vn are expressed in elongating axons from DRG and medulla, and both
are related to neuronal differentiation (Sales et al., 2002; Graner et al., 2000b; Graner et
al., 2000a; Martinez-Morales et al., 1997; Martinez-Morales et al., 1995; Pons et al.,
2001; Grabham et al., 1992), thus we investigated the possible role of this interaction in
sensory neurons axonal growth. DRG explants from E12.5 mice expressing PrPc
(Pmp+/+) (Figure Sa insert) cultured in the presence of Vn for 36 hours produce neurites
of 0.9 + 0.1mm long (Figure 5a). This growth rate ranges are near of that obtained by a
previous report (Isahara and Yamamoto, 1995).

An antagonist anti-PrPc antibody previously described (Chiarini et al., 2002), was
able to completely abrogate neurite growth in cultures from wild-type animals (Figures
5¢ and 5k) while a non-immune purified IgG had no effect (Figure 5k). Vn peptide,
Vn307.320M0, COTTESponding to the PrPc binding site at mouse Vn molecule elicits the same
effect as the one triggered by the whole molecule (Figure 5b) while Vn peptides Vnig1-174
(Figure 5d) and Vnpse30, (Figure 5¢) have no activity even in concentrations 20 times
higher than peptide Vnsg7.320m0 (data not shown).

Prap™® mice (Bueler et al., 1993) DRG neurons plated over Vn presented neurite
growth rates similar to the wild-type ones (compare Figures 5g and a respectively).
Nevertheless, in opposition to what has been demonstrated for wild-type DRG, anti-PrPc
antibodies (Figure 5h) had no effect on Vn stimulated Prup®° ganglia neurite growth.
Furthermore, Vn peptide Vnso7.320m0 (Figure 51), which mimics the PrPc binding site, is
unable to induce neuritogenesis in Prup”® DRG neurons. Data representing the average
neurite length from each treatment is showed in Figure 5k.

We also carried out dissociated DRG cell cultures in the presence of Vn in order
to measure the percentage of cells with neurites and observed that responsiveness to Vn is
the same in Prnp™" and Prnp™ neurons (Figure 51).

Although experiments using anti-PrPc antibodies or Vnso7.320 peptide demonstrate
a specific axonal growth supported by PrPc-Vn interaction, the whole Vn molecule
induces the same axonal outgrowth pattern in wild-type and PrnpO/O neurons. Therefore, it

1s possible that another Vn receptor is compensating the PrPc deficiency.
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Figure 5. PrP°-Vn interaction mediates axonal growth in DRG from E12.5 mice embryos.
(A) DRG explants from Pru-p*™* (panels a to ) and Pru-p”° (panels g to ;) E12.5 mice embryos
were cultured in coverslips containing poly-L-lysine (panels fand ;), Vn (panels a and g), Vn plus
anti-PrP° (panels ¢ and #), peptide Vnggrmmse (panels b and i), peptide Vnye.44 (panel d) or
peptide Vg 30, (panel e). Ganglia were fixed and stained and photographs were taken. Insert in
panel a shows an immunohistochemistry performed with anti-PrP° in DRG cultured in the
presence of Vn.
(B) The axonal growth was measured in 3 different points of the ganglia and the mean value was
used as the neurite length of each DRG. Values indicate the average of at least 12 ganglia per
condition from three independent experiments. *- Statistically different from poly-L-lysine,
Mann-Whitney test p<0.001 64



(B) Axonal growth was measured and used as the neurite length of each DRG. Values
indicate the average of at least 12 ganglia per condition from three independent
experiments. *- Statistically different from poly-L-lysine, Mann-Whitney test p<0.001

(C) Dissociated DRG cells were stimulated with increasing concentrations of Vn. Cells
were fixed, stained and the percentage of cell with neurites was counted. *- Statistically

different from poly-L-lysine, Mann-Whitney test p<0.05.
Integrin participation in Vn induced axonal growth is enhanced in PrPc absence

As the results so far point out, there must be a compensatory mechanism by which
Vn is able to promote neurite extension in the absence of PrPc. The obvious targets for
this compensatory mechanism are the integrins, the classical Vn receptors that interact
with this molecule through the RGD peptide.

We performed functional assays using RGD peptide which has an advantage over
antibodies, since it can trigger or halt several integrin dimers at once (Monier-Gavelle
and Duband, 1997; Isahara and Yamamoto, 1995). RGD peptide can be used for
inhibition or stimulation of the neuritogenesis depending on its presentation form. When
used in solution, the peptide is not able to bind the coverslip and it can be used to perform
competition assays since it binds integrin but does not support cell adhesion to the
substrate (Pierschbacher and Ruoslahti, 1987). Conversely, when coupled to BSA the
peptide can adhere to the coverslip and becomes supportive for cell adhesion (Danilov
and Juliano, 1989; Brandley and Schnaar, 1988).

This peptide was firstly used to inhibit axonal growth promoted by Vn in Prap™*
or PrnpO/  DRG. Figure 6a shows that peptide VnRGD is able to inhibit Vn stimulated
axonal growth in a dose dependent manner reaching poly-L-lisine levels (50% of growth
obtained with Vn) Prnp”™® DRG, while in Prnp™* neurons a significant effect of about
15% can only be observed at the highest peptide concentration. The peptide Vnys;-174 had
no effect on both cultures.

Additionally, we measured the axonal growth induced by Vngrgp-BSA and

0/0

observed that Prnp”® DRG are more responsive than Prap*’* ones (Figure 6b), the first

extended axons in 0.5 nmol of adsorbed peptide, while the last did not present any growth
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even with 20 times higher peptide amount. Thus, Pranp”° DRG cells are more responsible
than Prup™* to the RGD peptide, demonstrating a greater integrin dependence for axonal
outgrowth in the PrPc ablated cells.

We next verified if there were any alterations in the activation state of the Vn
binding integrins. o83 is one of the most well known Vn receptors and the only one to
which an antibody against the activated heterodimer is available. Therefore, we measured
the level of active af3; integrin in adhering cells through an immunofluorescence assay
with WOW antibody (Pampori et al., 1999). PrnpO/O DRG neurons showed a 30% higher
level of a.f; activation when compared to Prup”" ones (Figure 6¢), indicating that this

integrin is more active after PrPc ablation.
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Figure 6. Prnp”® mice compensate PrP absence with more activated integrins.

(A) DRG explants from Prn-p’ ~ and Prm-p°° E12.5 mice embryos were cultured in Vn and
increasing concentrations of peptides Vnyg,.174 or Vnggp. Ganglia were fixed and photographs
were taken. The axonal growth was measured in 3 different points of the ganglia and the mean
value was used as the neurite length of each DRG. The length obtained in Vn alone was set 100%
and length in the presence of peptides was expressed as percentage thereof. Values indicate the
average of at least 12 ganglia per condition from at least three independent experiments. *-
Statistically different from control, Students T test.
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as 100% and that in the presence of peptides was expressed as percentage thereof. Values
indicate the average of at least 12 ganglia per condition from at least three independent
experiments. *- Statistically different from control (Vn). Student’s t test p<0.02.

(B) Prup*™* and Prup®® DRG were cultured in the presence of increasing concentrations
of Vnggp peptide. Ganglia were fixed, images obtained and the neurite length of each
DRG was measured. Values indicate the average of at least 12 ganglia per condition from
at least three independent experiments. *- Statistically different from poly-L-lysine,
Mann-Whitney test, p<0.001.

(C) Prop*™ or Prnp®® dissociated DRG cells were plated in coverslips for 2 hours, fixed
and stained with an anti-activated avf3 integrin (WOW antibody). Fluorescent images
were acquired and fluorescence of each cell within these images was measured. The
average fluorescence of Prap™* cells was set as 1 and Prap™ average fluorescence is

relative to it. *-Statistically different from Prap™”*, Student’s t test, p<0.05.
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DISCUSSION

In the last few years, many PrPc binding proteins have been identified and it is of
particular interest its association to the ECM protein Ln, laminin receptor and
glycosaminoglycans (reviewed by Lee et al., 2003). These data led us to wonder if PrPc
acts as a wide-range receptor at the cell surface and may bind other ECM proteins. Data
presented here shows that PrPc binds Vn with high affinity, nevertheless, PrPc interaction
with ECM proteins is not a broad-spectrum phenomenon since no binding to fibronectin
and type IV collagen was observed.

We had proposed some years ago that PrPc may participate in a multi-protein
complex whose biological responses would be dependent both on the affinity and
accessibility of each member of the complex (reviewed Martins and Brentani, 2002). The
competition experiments conducted here demonstrated that PrPc-Vn interaction in vitro
has a higher affinity, Kd 10® M, than that between PrPc and STI1, Kd 10”7 M (Zanata et
al., 2002b). Furthermore, Vn binding domain at PrPc (mapped between residues 105 to
119, Figures 1c and d) overlaps with the STI1 one (Zanata et al., 2002b), indicating that
PrPc interactions to Vn or STI1 are mutually exclusive, with the first being more
favorable and conditioning the latter to local protein availability and levels. PrPc
interaction with STI1 mediates neuroprotection against programmed cell death (Chiarini
et al., 2002) and with Vn promotes axonal growth, this provides another example of cell
environment being implicated 1n the cell fate control.

PrPc domain 105-128, which contains the Vn and also STI1 binding site, 1s highly
conserved among species (Gabriel et al., 1992) and presents no differences between mice
and humans. It also encloses proteolytic sites (Jimenez-Huete et al., 1998; Chen et al.,
1995) and mutations associated to hereditary prion diseases (Mastrianni and Roos, 2000),
which indicates that this domain, and probably its interaction with Vn and STI1 must
have a role in the protein biology in vivo.

Although PrPc-Ln and PrPc-Vn present a similar Kd (Graner et al., 2000a) lower
concentrations of Ln than Vn are needed to disrupt PrPc-Vn interaction. Nevertheless, Ln
Y1 peptide (PrPc binding site at Ln) is ineffective in disrupting PrPc-Vn complex, since
Ln binding site is mapped in PrPc amino acids 173-183 (Coitinho el al., in preparation).
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Thus, it is plausible to believe that in vitro Ln molecule interacts with PrPc disturbing
PrPc-Vn binding by sterical hindrance. On the other hand, sterical hindrance may not
occur in vivo due to the matrix organization or to the presence of biologically active
proteolitic fragments from Ln molecule (Chen et al., 2003b). Indeed, the signals triggered
by each of these PrPc ligands may have cooperative roles in some biological events. In
fact, in developing cerebelar granule cells, the presence of Ln induces proliferation, while
during the migration process these cells find Vn and differentiate (Pons et al., 2001).
Therefore, we believe that PrPc has pleiotrophic functions that will be dependent on its
cellular expression and on the neighboring cellular context.

We made use of the complementary hydropathy theory and mapped amino acids
309 to 322 as the binding site for PrPc at the Vn molecule. Today, there are more than
forty examples of protein-protein interactions that comply with this theory (Barany: et al.,
1995), including Vn and fibrinogen interaction with the integrin ollf3 (Gartner et al.,
1991) and the PrPc-STI1 interaction (Martins et al., 1997; Zanata et al., 2002b). This Vn
region is located in an area known to have six hemopexin domains (Schvartz et al., 1999)
however, no other ligand was described to bind this site. According to the three-
dimensional theoretical model of Vn (Xu et al., 2001) this mainly hydrophobic peptide is
partially buried. On the other hand, it should be considered that the threading algorithm
(Xu and Xu, 2000), used to create this model, makes use of an energy function that
penalizes the exposure of hydrophobic side chains, whereas it 1s known that protein
binding sites are generally hydrophobic (Gallet et al., 2000; Tsai et al., 1997). Protein
interactions were not taken into account in these calculations (Xu et al., 2001) since it
was not considered that this particular region could be a binding site.

As we know, there are many Vn receptors in the cell surface, such as integrins
omBs, oPr, owPs and oyBs, all found in various cell types (Hynes, 1992; Felding-
Habermann and Cheresh, 1993). Each one of these heterodimers bind to the Vn RGD
domain with different affinity and induce specific signals within cells (Wayner et al.,
1991; Takagi et al., 2002). We demonstrated here that PrPc binds to Vn in a different
domain than that used for integrins since RGD peptide is not able to compete for the

PrPc-Vn interaction.
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Vn is able to stimulate axonal growth and as described here, this effect is at least
partially, mediated by PrPc. It is important to note that anti-PrPc antibodies completely
block Vn induced axonal growth in wild-type but not in Prnp”® DRG. Thus, we may
speculate that docking of PrPc to Vn is the nucleating event which must be followed by
integrin binding to Vn RGD domain. Also, high concentrations of Vn peptide containing
the PrPc binding site are able to reproduce the biological effects elicited by the whole Vn

%0 DRG, suggesting that PrPc is the unique

molecule in the wild-type but not in the Prap
ligand for the Vn 307-320 domain. The fact that Vn3o7.320m0 (Fig. 6) and Vnggp (Danilov
and Juliano, 1989; Letourneau et al., 1988) are both able to substitute the whole Vn
molecule in the axonal growth phenomena strengthens the idea that PrPc and integrins
may act by the same signal transduction pathway.

In spite of the important functions for PrPc described over the past few years
(reviewed by Martins et al., 2002), PrnpO/O mice have only minor defects (Bueler et al.,
1992) despite of a very high sensitivity to convulsant agents (Walz et al., 1999). One
explanation is that PrPc ablation may be compensated by proteins with redundant
functions (Bueler et al., 1992). This seems to be the case here, since the whole Vn
molecule induced DRG axonal growth either in wild-type and Prnp”® neurons.

On the other hand, Prnp™ mice DRG axonal growth is more sensitive to RGD
than wild-type neurons, indicating that the cellular signaling involved in this phenomenon
is highly dependent on integrins in the first animals. Additionally, there is 30% more
activated o33 in DRG from PrPc ablated mice than in wild-type counterparts. This may
represent a compensatory mechanism developed by the Prnp0/ O animals, where the use of
proteins already involved in this specific phenotype will prevent the malformation of
nerves.

Numerous examples of compensatory mechanisms can be seen in the literature
(Lei et al, 2004; Schwarz et al., 2002; Kitami and Nadeau, 2002) and cell signaling
transduction pathways are potential targets for this molecular redundancy, since there are
several proteins which can substitute for a missing pathway (Xian et al., 2001; Morikawa
et al., 2003). Following that observation, it has been reported that PrPc null mice present
over activation of MAPK in retinae (Chiarini et al., 2002), embryonic hippocampus
(unpublished data) and adult brain and cerebellum (Brown et al., 2002). PrPc (Chen et al.,
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2003a; Zanata et al., 2002b) and integrins (Roberts et al., 2003) are upstream MAPK
effectors, which means that at least in this matter, an integrin could replace PrPc
signaling.

An interesting point, however, is how a GPI anchored protein can perform
signaling roles, integrating the ECM with the cellular cytoskeleton. One example of a
GPI anchored raft associated protein capable of such phenomena is the urokinase type
plasminogen activator receptor (WPAR), which performs complex signaling involving cell
adhesion, proliferation and migration in response to several ligands including Vn. This
protein is also implicated in events as wide as host response to infection, inflammatory
disorders, tissue regeneration and cancer (Blasi and Carmeliet, 2002). The signals have to
be passed through the membrane via several transmembrane adaptors, such as integrins,
G-protein-coupled receptors or caveolin (Aguirre Ghiso et al.,, 1999). Yet, uPAR null
mice have a normal phenotype (Bugge et al., 1995), therefore, although PrPc is a GP1
anchored protein it should be skilled to perform regulatory tasks.

In summary, the characterization of PrPc as a receptor for Vn and their
involvement in axonal growth allowed us to demonstrate the biological relevance of PrPc
in the development of peripheral nerves. Additionally, as expected for an important
cellular player, compensatory mechanisms occurring during embryogenesis are turned on
when PrPc is ablated. Thus, at least for this event, redundancy resides within the integrin
pathway.

Finally, peripheral nervous system is target for PrPc conversion to the infectious
isoform, PrPsc, and is also involved with the prion neuroinvasion mechanism (Glatzel et
al., 2004). Furthermore, PrPc importance in the peripheral nervous system has been
increasing for quite some time, with the observation that amyotrophic lateral sclerosis, a
disease which also contains protein amyloids, presents a reduction in PrPc especially in
the areas affected by the disease. In this way more attention should be drawn to PrPc

physiological functions in peripheral nerves (Ross and Poirier, 2004).
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MATERIALS AND METHODS

Proteins

Vn and Fn were purified as described (Yatohgo et al., 1988; Engvall and
Ruoslahti, 1977) and Hise-PrPc was cloned (Zanata et al., 2002b) and expressed (Zahn et
al., 1997) as described. Type IV collagen and albumin were purchased from Sigma Co.
Four PrPc mutant molecules were constructed using the wild-type cDNA by sequential
PCR ampilification (Ausubel et al., 1993), cloned in pRSET A plasmid (Invitrogen). The
internal primers used for sequential PCR amplification were:
A105-112R-CCAGCTGCCGCAGCCCCTGGTTGGCTGG;
A105-112F-CCCAGCAAACCAGGGGCTGCGGCAGCTGG;
A113-119R-CCCCATTACTGCCACATGCTTGAGGTTG;
A113-119F-AAGCATGTGGCAGTAGTGGGGGGCCTT,
A120-125R-CAGCATGTAGCCTGCCCCAGCTGCCGC;
A120-125F-GCAGCTGGGGCAGGCTACATGCGGGAGC;
A105-128F-GGAACAAGCCCAGCAAACCACTGGGGAGCGCCATGACGG;
A105-128R-GTCCATGGCGCTCCCCAGTGGTTTGCTGGGCTTTGTTCC.

The external primers used were the same for all mutants: forward
AGAGAATTCTCAGCTGGATCTTCTCCCGTC and reverse GAGGGATCCAAAAA
GCGGCCAAAG.

Peptides

The 20 peptides covering the whole mouse PrPc (23-231) (Zanata et al., 2002b)
were used in competition assays.

STI1 peptide (Zanata et al., 2002b), laminin y-1 peptide (Graner et al., 2000a) and
six Vn peptides were synthesized by Neosystem Inc (Strasbourg, France). The subscript
numbers indicate amino acid position in the molecule, first five follow the human Vn

sequence and the last one follows Mo sequence:
Vingep (KPQVTRGDVFTMPE);
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Viue117 (AEEELCSGKPFDAF);
Vo275 (AHSYSGRERVYFFK);
Viogs 102 (SQEECEGSSLSAVF);
V093220 (QRDSWEDIFELLFW);
Vii307-320m0 (QRDSWENTFELLFW),

Overlay assay

The indicated amounts of Fn, Vn, collagen and BSA were adsorbed onto
nitrocellulose membrane. Blocking was performed in 5% nonfat milk in TBST (TBS
0.05% pH 7.4 Tween-20) for 2 hours at room temperature and washed. Hiss- PrPc (7 ug)
was labeled with 0.5 mCi of Na'*’I (Amersham) using 1 iodobead (Pierce). The labeled
protein was incubated with the membrane for 16 hours at 4°C. Afier washing with TBST,

an X-ray film was exposed to the membrane.
Binding assays

Binding experiments were conducted as previously described (Graner et al,
2000a; Martins et al., 1997). Briefly, Hise-PrPc or Hiss-PrPc deletion mutants (2ug) were
adsorbed in polystyrene wells overnight at 4°C and blocked with 2% BSA. Vn or Vnso7.
120M0 coupled to BSA, were labeled with 0.5 mCi Na'*’I (Amersham) using 1 iodobead
(Pierce) and incubated for 3 hours at 37°C. The wells were washed and bound protein
was determined by measuring the radioactivity in a gamma counter (Mini gamma counter

LKB-Wallac). Data were analyzed by the Scatchard Method (Scatchard, 1949).
Competition assays

Unlabeled PrPc peptides (3.2 x 10° M) were pre-incubated with 3.8 x 10® M of

'51-Vn for 2 hours at room temperature. After that, the peptides and '*’I-Vn were added

into the His¢-PrPc coated wells and incubated for 3 hours at 37°C. The wells were then

washed and radioactivity was measured.
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Vn, STI1, Ln whole proteins or STI1 and Ln peptides were pre-incubated with
coated Hisg-PrPc for 2 hours at room temperature followed by 3 hours at 37°C with 3.8 x

10 M of '*’I- Vn. After washing the radioactivity was measured.
Dorsal Root Ganglia Explants

Ganglia from E12.5 mice (Bueler et al., 1992) were dissected in HBSS (Gibco)
and transferred to a poly-L-lysine coated glass coverslip and cultured in Neurobasal
Media (Gibco) supplemented with 2mM glutamine, 100IU penicilyn, 100pg/ml
streptamicyn, B-27 (Gibco) and 50ng/ml NGF (Sigma). Treatments were performed with
200nM of Vn in the presence or absence of 13pug/ml of an antagonist rabbit polyclonal
IgG raised against Hise-PrPc (Chiarini et al., 2002) or an equal concentration of irrelevant
rabbit IgG (Sigma). Cells were also treated with 0.4uM. Vn peptides or with Vngep
coupled to BSA peptide adsorbed into poly-L-lysine coated glass coverslips which was
washed off before the addition of the ganglia. Ganglia were cultured for 24 or 36 hours,
then fixed in 4% paraformaldehyde/ 0.12M sucrose and stained with haematoxylin. The
neurite length was measured as the distance from the edge of the DRG to the tip of
neurites in three different points and the mean value was used as the neurite length for
each DRG (Zanata et al., 2002a). At least 12 ganglia from three independent experiments
were considered for each individual data point.

Dissociated cultures were made by enzymatic digestion of the dissected ganglia
for 30 minutes with 1% trypsin in Neurobasal Medium. After mechanical dissociation
5x10* cells per 13mm’* well were plated in the presence of Vn for 6 hours. Cells were
fixed and stained as described above and the percentage of cells presenting a neurite

longer than one cell body was calculated.
Immunohistochemistry
DRG explants grown in the presence of Vn were fixed and incubated for 4 hours

at 4°C with 1:250 anti-PrPc (Chiarini et al., 2002) followed by Alexa 568 anti mouse IgG
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(Molecular Probes), for 40 minutes at room temperature. Ganglia were viewed in an
Olympus IX70 microscope equipped with epifluorescence.

E12.5 mice embryos were formalin fixed and paraffin embedded and sections (3-5
um) were deparaffinized, re-hydrated and submitted to epitope retrieval (Martins et al.,
1999). The endogenous peroxidase was blocked with 0.3g/l hydrogen peroxide. Sections
were then incubated overnight at 4°C with 1:1,000 anti-PrPc (Chiarini et al., 2002) or
1:250 anti-Vn (polyclonal serum raised in rabbit) antibodies followed by incubation for
60 minutes at room temperature with Dako EnVision Labeled Polymer peroxidase. Color
was developed using DAB (3,3’diaminobenzidine tetrahydrochloride - Sigma, USA) and
counterstained with haematoxylin. Sections were visualized in an Olympus IMT2-NIC

microscope.
Confocal Immunofluorescence

E12.5 mice embryos were immediately frozen and 3pum cryostat sections fixed in
ice cold acetone for 30 minutes, re-hydrated and blocked with TBS 0.1% Triton-X100,
10% non-immune goat serum. Sections were incubated with anti-PrPc mouse serum
(1:250) and anti-Vn rabbit serum (1:100) at room temperature for 16 hours followed by
anti-mouse Alexa-568 (Molecular Probes) 1:3,000 or anti-rabbit FITC (Pharmingen)
1:1,000 for 1 hour at room temperature. Sections were mounted with Fluoromount G
(Southern Biothech) and images acquired in a Nikon microscope with a Bio-Rad confocal

system.

o, 3 activity assays

Dissociated DRG cells (5 x 10*) were plated in poly-l-lysine coated coverslips and
incubated at 37°C in 5% CO, for 2 hours, fixed and blocking as described above.
Immmunofluorescence reaction with 1:4 WOW antibody (Felding-Habermann et al.,
2001; Pampori et al., 1999) was procedure for 16 hours at room temperature followed by
1:3,000 Alexa 568 anti-mouse IgG (Molecular Probes). Coverslips were mounted in

Fluoromout G (Southern Biotechnologies) and images were acquired in an Olympus
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IX70 microscope equipped with epifluorescence. To acquire the images an Olympus
DP70 digital camera exposure was set in a way that no fluorescence could be observed in
cells incubated with secondary antibody only. At least five fields of each coverslip were
tmaged and fluorescence of each cell was measured through the Image-Pro Plus 4.1
(Media Cybernetics) computer program. At least one hundred cells per coverslip were
considered. The average fluorescence of Prnp” " cells was set as 1 and the PrnpO/0

average fluorescence is relative to it.

Statistical analysis

Figures show mean values of at least three independent data sets and error bars
represent standard deviation. The statistical significance of peptide inhibition assays and
mutant PrPc proteins was tested by single mean Student’s t-test. Quantification of DRG
axonal growth was statistically evaluated by non- parametric Mann-Whitney test or
Student’s t test.
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I11.2
Ensaios Adicionais do estudo da Ligacdo PrPc-Vn
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Nesta parte do trabalho serdo apresentados alguns dados que ainda néo se
encontram em forma de manuscrito mas que sdo importantes para a contrucao
de um modelo que possa agrupar as interagdes descritas nesta tese.

De inicio iremos demonstrar alguns dados referentes a conservacao
evolutiva da ligacdo PrPc-Vn, no que diz respeito a alteracdes de aminoacidos
entre as espécies e conservacao da ligagao.

A seguir, mostraremos também alguns dados obtidos em colaboragdo com
a Dra. Marilene H. Lopes sobre os efeitos de Vn em neurdnios do sistema
nervoso central. Também serdo vistos os efeitos da combinagdo dois a dois, dos
ligantes de PrPc (Vn e Ln, Vn e STI1, Ln e STI1) sobre culturas de neurdnios da
raiz dorsal. Neste sistema, ligantes de PrPc que interagem com dominios
distintos da molécula (Ln e STI1; Ln e Vn), apresentam efeito aditivo. No entanto,
ligantes para o mesmo dominio da molécula de PrPc (Vn e STI1) possuem efeito

competitivo.
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II1.2.1 - Estudos sobre a conservagao evolutiva da ligacdo PrPc-Vn

Durante o andamento dos trabalhos relatados no item III.1, notamos que
enquanto a seqiiéncia de ligacdo de Vn em PrPc é extremamente conservada
(residuos 105-128, ver item III.1 discussdo), a seqiiéncia de Vn em que PrPc se
liga, 0 dominio 309-322, varia um pouco entre as vdrias espécies nas quais a
molécula foi sequenciada (Figura 2). Em camundongos e ratos a asparagina3!®
(nameros de acesso “GenBank” BC018521 e NP062029) mostra-se alterada para
aspartato®®® em humanos (nimero de acesso “GenBank” NM000638) sendo que
esta substituicdo néo altera substancialmente as caracteristicas do peptideo, pois
ambos aminodcidos possuem tamanho semelhante e o mesmo indice de
hidropaticidade. Ha também uma substituicio do glutamato®’® na seqiiéncia
humana para lisina’8 em coelhos (namero de acesso “GenBank” M55442); e
arginina? em porcos (namero de acesso “GenBank” JC5139). Em nenhum dos
casos as mudancas foram substanciais do ponto de vista da hidropaticidade.
Portanto, para os exerimentos abordados no presente estudo, utilizamos
principalmente o peptideo baseado na seqiiéncia de camundongo, o que nos
pareceu mais relevante levando em conta que a molécula de PrPc que utilizamos

€m nossos ensaios é murina.

Ha ainda duas substitui¢Ges, de glutamato®8-lisina3® em humanos, para
lisina®16-serina®’ na proteina de galinhas (ntmero de acesso “GenBank”
CAA71914). Isto faz com que o perfil de hidropaticidade seja interrompido.
Desta forma, o peptideo com base na seqiiéncia de galinha também foi
sintetizado e utilizado em ensaios de competi¢do (estes ensaios foram realizados
do mesmo modo que aqueles da figura 2 do item IIL.1). Na figura 3 percebemos
que os trés peptideos de Vn contidos no sitio de interagao com PrPc, baseados em
sequéncias de humanos (Vnsoss2n.), camundongos (Vnsor-302mo) € galinha (Vnaor.

320ck), foram capazes de competir pela ligagdo PrPc-Vn, enquanto um peptideo
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irrelevante pertencente a outra regiio de Vn (Vnze2275) ndo mostrou nenhum
efeito, o que sugere fortemente que a ligacio PrPc-Vn é conservada
evolutivamente. Além disso, o peptideo de Vn que contém o sitio de interagdo
desta molécula com integrinas (Vnrep) também ndo interferiu com a ligagéo
PrPc-Vn, demonstrando que os sitios de interacdo sdo distintos.

VN309-322 humana - QRDSWEDIFELLFW

VN307-320 camundongo - QRDSWENIFELLFW

VN307-320 rato ~ QRDSWENIFELLFW
VN309-322 coelho - QRDSWEDIFKLLFW
VN286-299 porco - QRDSWEDIFRLLFW
VN309-322 galinha - NRDSWEDIFLSLFG

Figura 2: Sequiéncia do peptideo da regido dos aminoacidos 309 a 322 de vitronectina humana e
suas variagbes na sequéncia de outros animais.

Para evidenciar o carater evolutivo da ligacdo PrPc-Vn extraiu-se Vn de
plasma de galinhas e realizou-se ensaios de ligacdo com esta proteina marcada
radioativamente. Na figura 4 podemos observar que Vn de galinha, assim como
Vn humana, ligam-se igualmente a PrPc (o ensaio foi realizado do mesmo modo
que o ensaio da figura 1b, item 1). Demonstra-se desta maneira que esta interaco

mantém-se conservada desde aves até mamiferos.
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Figura 3: Ensaio de competicdo com peptideos da VN. PrPc foi adsorvide a pogos de polistireno
e, para bloquear reag¢des inespecificas, foi adicionada solugéo de albumina. Para a competigéo,
os pogos foram pré-incubados com as concentragbes indicadas de peptideos antes da adigéo de
"SIVN. Os pocos foram lavados e a radioatividade do material foi medida. A ligag@o entre PrPc
e VN (sem a adicdo de nenhum peptideo) foi considerada 100% para cada experimento e os
resultados da ligagéo produzida pela competicdo com cada peptideo estdo expressos em
percentagem relativa. Os valores representam a média de 3 experimentos e as barras verticais
representam o desvio padrdo. * - estatisticamente significativo, p<0,01.

O gréfico da curva de ligacdo da figura 4 mostra valores de ligacdo a PrPc
que chegam ao dobro daqueles apresentados na figura 1b do manuscrito
“Cellular prion is a vitronectin receptor supporting axonal growth: redundancy
mediated by integrins” (pag. 56) . Este ndo chega a ser um fator preocupante
levando-se em conta que a Vn utilizada é obtida através de varias purificagoes
independentes, partindo de plasma humano. Assim, dependendo da purificagado
pode-se observar alguma variacio na atividade biol6gica desta proteina.
Entretanto, a constante de afinidade obtida a partir da figura 4 permanece com a
mesma ordem de grandeza do que a obtida no item IIL1. Desta forma,
considerando que este método de avaliacdo da afinidade de duas proteinas ndo é
fisiologico nem leva em conta outras interacdes das proteinas envolvidas,
acreditamos que uma estimativa da afinidade entre PrPc-Vn da ordem de
grandeza de nM é suficiente para compreender o fendmeno que queremos

demonstrar.
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Figura 4. Ensaio de ligagdo entre PrPc e Vn humana ou de galinhas. PrPc foi adsorvido a pogos
de polistireno e, para bloquear reaces inespecificas, foi adicionada solugéo de albumina. Os
pogos foram incubados com concentracbes crescentes 12f’I-Vn, lavados e a radioatividade do
material foi medida.

.22 - O efeito de Ln e Vn sobre neurdnios do sistema nervoso central ou

periférico

Outro ponto importante deste projeto é saber se o papel fisiol6gico de Vn
é igual tanto no sistema nervoso central quanto no periférico.

Como estabelecemos bem o papel de Vn no sistema nervoso periférico
(ganglios da raiz dorsal), partimos para o estudo dos efeitos de Vn em células do
hipocampo de embrides de camundongo com 17 dias de vida intra-uterina. Estes
experimentos foram realizados do mesmo modo que aqueles indicados no item 4
deste capitulo. Vn é capaz de promover a neuritogénese tanto em animais
normais quando em animais desprovidos do gene de PrPc (figuras 5 e 6).

A figura 5 (inserto) apresenta o controle negativo do experimento, onde as
células hipocampais foram plaqueadas somente sobre poli-L-lisina, um polimero
feito com o aminoécido lisina e que serve somente como substrato de adesdo

para os neurdnios hipocampais, ja que a adesdo destas células sobre plastico é
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muito baixa. Como era esperado, ndo foi possivel observar o crescimento de

neuritos durante todo o tempo de observagio da cultura.
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Figura §: Crescnmento neuritico estlmulado por Vn Células dissociadas de hlpocampo
de embrides de camundongos selvagens (Pmp*™) e deficientes no gene de PrPc (Pmp % com
17 dias foram cultivados em presenga Vn (200nM) durante 16 horas. Células sem nenhum
estimulo estdo representadas nos insertos. As células foram fixadas e coradas com

hematoxilina.
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Figura 6: Crescimento neuritico estimulado por Vn. Células dissociadas de hipocampo de
embrides de camundongos selvagens (Pmp*™) e deficientes do gene de PrPc (Pmp®) com 17
dias foram cultivados em presenga Vn durante 16 horas. As células foram fixadas, coradas com
hematoxilina e contou-se a percentagem de células que apresentava neuritos de tamanho malor
que 3 corpos celulares. * - Células de animais Pmp™* estatisitcamente diferentes de Pmp

Mann-Whitney p<0,02.
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Nas figuras 5 e 6 podemos visualizar o que ocorre quando as células
hipocampais sdo plaqueadas somente sobre poli-L-lisina e sdo estimuladas com
Vn em solucdo no meio de cultura. Nas culturas estimuladas com concentracdes
mais baixas de Vn (50 nM) houve pouco crescimento de neuritos, que aumenta
gradativamente com a adi¢do de concentracdes crescentes de Vn. Em animais
deficientes para o gene de PrPc (Prnp%9), no entanto, a neuritogénese é cerca de
30% menor do que nos animais selvagens (Prnp*/*) quando se adiciona Vn. Este
fato reforca a participacdo de Vn nos mecanismos de formacao de neuritos.

No sistema nervoso central a auséncia de PrPc leva a uma diminui¢do no
crescimento neuritico mediada tanto por Vn quanto por Ln. Estes dados vao de
encontro ao que foi previamente mostrado para Ln pelo nosso grupo (Graner et
al., 2000a), onde se observou uma reducdo da capacidade de Ln promover
neuritogénese em neurdnios hipocampais provenientes de animais deficientes
para PrPc.

Embora muito interessante, ndo houve tempo habil para testarmos o
comportamento das culturas primdarias de células hipocampais frente a
anticorpos anti-PrPc e ao peptideo Vnso7.320Mmo-

Por outro lado, no sistema nervoso periférico, Vn medeia crescimento
neuritico equivalente em neuroOnios provenientes de animais selvagens ou
deficientes para PrPc, como visto no item 1 deste capitulo. Assim, é interessante
verificar 0 comportamento das células de DRG provenientes de animais
selvagens ou deficientes para o gene de PrPc frente a Ln.

Os experimentos realizados nesta etapa foram feitos com células
dissociadas de DRG e seguem o protocolo descrito no item 1 deste capitulo. O
primeiro passo foi verificar o comportamento destas células frente a Ln, um
conhecido promotor da neuritogénese (Luckenbill-Edds, 1997) e ligante de PrPc.
Em uma concentragdo sub-6tima de laminina, 2 pg/ml, praticamente ndo ha
efeito de neuritogénese (Figura 7). No entanto, quando se adsorve ao substrato

uma concentracdo de 5 ou 10 pg/ml, hd uma extensa neuritogénese celular, com
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cerca de 80% das células apresentando neuritos em 6 horas (figura 7). Os
neurdnios que expressam ou ndo PrPc apresentam o mesmo padrio de
neuritogénese frente a esta molécula. Em contraste, neuronios hipocampais de
animais deficientes para PrPc apresentam neuritogénese menor (Graner et al.,
2000a).

Portanto, o comportamento das células do sistema nervoso central e do
sistema nervoso periférico é diferente frente a Ln e Vn. No sistema nervoso
central, os animais desprovidos do gene de PrPc apresentam deficiéncias no
crescimento neuritico provocado por estas duas moléculas. Ja no sistema nervoso
periférico, mecanismos compensatorios estdo presentes, de modo que o fenétipo
final de crescimento neuritico é o mesmo para células provenientes de animais
selvagens ou deficientes para PrPc. Estes mecanismos compensatorios sao
resultantes de uma ativacao anormal de integrinas, particularmente da integrina
avPs, ligante tanto de Vn (Ruoslahti et al., 1987) quanto de Ln (Ponce et al., 2001).

Por outro lado, as diferencas no comportamento das duas populagdes
neuronais podem ser devido ao estagio da embriogénese em que elas sdo
isoladas. As culturas de DRG sao isoladas a partir de embrides de E12,5,
enquanto as culturas de células hipocampais sdo isoladas de embrides de E17,5.
De qualquer forma, é estranho imaginar que um evento compensatério para a
auséncia de PrPc possa estar ocorrendo em um estdgio muito precoce da

embriogénese e que este evento nado seja mantido ao longo do desenvolvimento.
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Figura 7: Crescimento neuritico estimulado por laminina. Células dissociadas de explantes de
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génglios da raiz dorsal de embrides de camundongos selvagens (Prnp™") e deficiente para PrPc

0/0

(Prnp™) com 12,5 dias foram cultivados em presenga de concentracdes crescentes de Ln

adsorvida ao substrato durante 2, 4 ou 6 horas (2h, 4h e 6h, respectivamente).

IM.2.3 - Agdo de STI1 no sistema nervoso periférico e combinacdo dos trés

ligantes neste modelo.

Ainda explorando a relagdo entre PrPc e seus ligantes, avaliamos o papel
da proteina STI1 no crescimento dos neuritos. Esta proteina foi descrita também
em nosso laboratério como sendo um ligante para PrPc importante para a
sobrevivéncia de neurdnios da retina (Zanata et al., 2002;Chiarini et al., 2002). Em
células dissociadas de ganglios da raiz dorsal, STI também é capaz de promover
crescimento neuritico, mas somente nos animais que possuem o gene de PrPc
(figuras 8 e 9). A figura 9 apresenta uma curva ‘dose-resposta em que uma
concentracdo de 250 nM de STI1 é capaz de estimular a neuritogénese em cerca

de 70% das células selvagens.
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Figura 8: Crescimento neuritico estimulado por STI1. Células dissociadas de explantes de
ganglios da raiz dorsal de embriées de camundongos selvagens (Pmp ™) e deficiente para PrPc
(Prnp 0’0) com 12,5 dias foram cultivados em presenga 250 nM STI1 durante 6 horas.

80 -

o) s 6 horas
o Pmp *°

60

{ !

% células com neuritos
p.N
o
L

0 2,5 10 50 100 250 450
STi1 adicionada (nM)

Figura 9: Crescimento neuritico estimulado por STI1. Células dissociadas de explantes de
ganglios da raiz dorsal de embrides de camundongos selvagens (Prnp”") e deficiente para PrPc
(Pmp ®°) com 12,5 dias foram cultivados em presenca de STI1 durante 6 horas.

Células deficientes para PrPc, no entanto, ndo apresentam crescimento

neuritico, demonstrando a dependéncia de PrPc para este evento. O mesmo
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crescimento pode ser observado em células hipocampais, como serd descrito em
profundidade no item 4 deste capitulo.

Em trabalhos anteriores do grupo (Chiarini et al., 2002) foi observado que
STI1 ativa as vias de sinalizacdo PKA e MAPK, no entanto, somente a via de PKA
esta relacionada com a neuroprotecdo em células de retina. Se a via de MAPK
também ¢ ativada ela pode estar relacionada a outro evento biolégico promovido
por STI1, como por exemplo, a emissdo de neuritos. Para verificar este aspecto,
fomos observar se STI1 ativa a via de MAPK neste modelo de estudo. Na figura
10, podemos observar um ensaio de atividade de MAPK, realizado em células de
ganglios da raiz dorsal tratadas com STI1 em diferentes tempos (este ensaio foi
realizado do mesmo modo que aquele descrito no item 4). O primeiro fato que
nos chama a atengdo é que o nivel basal de atividade de MAPK nos animais
deficientes para PrPc é maior do que o observado nos animais selvagens. Isto ja
foi observado no modelo de estudo de neurdnios da retina de animais neonatos
(Chiarini et al., 2002), no hipocampo embrionério (item 4 deste capitulo) e no
cérebro e cerebelo de animais adultos (Brown et al., 2002) confirmando entdo a
presenca de um possivel evento compensatério em tipos neuronais distintos.

Também podemos ressaltar que a adicdo de STI leva a um aumento na
atividade de MAPK em 30 segundos e que aﬁhge um pico em 1 minuto. Como
este experimento requer um numero muito grande de células para sua
realizacdo, nédo foi possivel ainda avaliar o efeito de STI1 em células de animais

deficientes para PrPc.

Q9



/4

Prnp “° Prnp

controle controle STI30” STI1 STI¥

Figura 10: Atividade de MAPK em células de ganglios da raiz dorsal de embrides selvagens
(Prnp*/*) e deficientes para o gene de PrPc (Prnp®/?). Culturas primérias de neuronios de ganglios
da raiz dorsal foram plaqueadas sobre poli-lisina durante 16 horas (controle) e tratadas com STI1
por 30 segundos (STI 30”), 1 minuto (STI 1’) ou 5 minutos (STI 5'). As células foram lisadas,
MAPK foi imunoprecipitada e utilizada em ensaio de fosforilagao de ELK-1 recombinante. O
volume de reacao foi corrido em SDS-PAGE e realizou-se Western Blot contra ELK-1 fosforilada.
A figura apresenta o autoradiograma obtido.

A seguir fomos analisar o efeito combinado das moléculas STI1 e Vn sobre
as culturas de neuronios (figura 11). Combinacdes de concentragdes de STI1 e Vn
tiveram um efeito muito curioso sobre as culturas. Em primeiro lugar, as duas
proteinas ndo possuem efeito aditivo, mesmo em concentra¢des sub-Otimas.
Além disso, uma concentracdo sub-6tima de Vn, associada a uma concentracio
de STI1 capaz de promover crescimento neuritico, é capaz de inibir o efeito da
dltima.
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Figura 11: Crescimento neuritico estimulado por Vn e STI1. Células dissociadas de explantes
de ganglios da raiz dorsal de embrides de camundongos selvagens (Prnp**) e deficientes para
PrPc (Prnp °’°) com 12,5 dias foram cultivados em presenga Vn, STI1 ou combinagéo das duas
proteinas durante 6 horas.
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Em seguida, fomos verificar o efeito combinatério de Ln e STI1. Ln foi utilizada
em concentra¢des sub-6timas associada a concentragdes crescentes de STI1. Constatamos
um efeito aditivo muito forte entre as duas proteinas, pois em apenas 2 horas houve
crescimento de cerca de 60% das células (figuras 12 e 13) enquanto em todas as outras
condi¢gdes de crescimento realizadas, sdo necessarias 6 horas. Além disso, este efeito é
especifico para as células que possuem PrPc, j4 que células provenientes de animais

deficientes para PrPc ndo apresentam crescimento.
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Figura 12: Cresmmento neuritico estimulado por Ln e STI1. Células dissociadas de explantes de
ganglios da raiz dorsal de embriées de camundongos selvagens (Prnp**) e deficientes para PrPc

(Pmp®) com 12,5 dias foram cultivados em presenga Vn, STI1 ou combinagdo das duas
proteinas durante 2 horas.
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Flgura 13: Crescimento neuritico estimulado por Ln e STI1. Células dlssomadas de explantes de
gangllos da raiz dorsal de embrides de camundongos selvagens (Pmp* ) e deficientes para PrPc
(Pmp™) com 12,5 dias foram cultivados em presenca Vn, STI1 ou combinagéo das duas
proteinas durante 2 horas.
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Como observamos que tanto Ln quanto Vn possuem efeito neuritogénico
sobre células de DRG, fomos, a seguir, observar o seu efeito combinado nestas
células. Como visto na figura 5, Ln a uma concentracdo de 2ug/ml praticamente
ndo produz efeito sobre a neuritogénese. No entanto, quando adicionamos a esta
concentracdo de laminina, uma concentracdo também sub-6tima de Vn (25 nM)
ha um crescimento neuritico que se aproxima de 50% nas células de animais

selvagens, mas ndo nas células de animais deficientes para PrPc (Figura 14).
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Figura 14: Crescimento neuritico estimulado por Vn e Ln. Células dissociadas de'explantes de

+/+
)

ganglios da raiz dorsal de embrides de camundongos selvagens (Prnp e deficientes para

PrPc (Prnp °’°) com 12,5 dias foram cultivados em presenga Vn, Ln ou combinagdo das duas

proteinas durante 6 horas

Com todos estes resultados da acdo combinada de varios ligantes de PrPc
e seus efeitos observados aparentemente controversos, torna-se necessario
propor um modelo no qual todas estas observacdes se encaixem.

Comecaremos discutindo o efeito combinatério de Ln e Vn. Estas duas
proteinas ndo possuem o mesmo sitio de ligacdo em PrPc, enquanto Vn liga-se
aos aminoacidos 105-119, Ln liga-se aos residuos 173-182 (ver figura 3 do item 5),
0 que possibilitaria a intera¢do dos dois ligantes a0 mesmo tempo em PrPc.

Entretanto, em ensaios de ligacdo, observamos que Ln é capaz de competir pela
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interacdo Vn-PrPc, provavelmente através de impedimento estérico, ja que Ln é
uma proteina de 900 kDa. Assim, provavelmente a ligacdo de uma das moléculas
é exclusiva e pode impedir a ligacdo da outra. Contudo, ha muitos outros
receptores celulares para ambas as proteinas, de modo que mesmo na auséncia
de PrPc estas duas proteinas podem ligar-se a outros receptores celulares
(integrinas por exemplo).

Em concentracdes sub-6timas nenhuma das duas proteinas tem atividade
suficiente para ativar completamente a via de sinalizacdo mediada por PrPc que
em suma leva a neuritogénese. No entanto, a combinacdo da ativagdo parcial de
PrPc por cada ligante faz com que o limiar de ativacao das vias desencadeadas
por esta proteina seja atingido, resultando num maior crescimento neuritico. Na
auséncia de PrPc (células deficientes para PrPc), Vn e Ln estariam provavelmente
ligando-se a seus demais receptores especificos na superficie celular, no entanto
as concentracdes sub-6timas nao seriam suficientemente altas para desencadear
as vias de sinalizagéo elicitadas por cada receptor (Figura 15 A).

O mesmo raciocinio usado na interpretacdo da combinacdo de Ln+Vn
serve para a combinagdo Ln+S111, em que se observa um aumento muito grande
da neuritogénese somente em animais selvagens. As duas moléculas em
concentragdes sub-6timas nao possuem atividade suficiente para desencadear a
via de sinalizacdo, mas quando sdo somadas o limiar de ativagdo da via €
atingido e h4 neuritogenese. Também neste caso os sitios de ligacdo das
moléculas é diferente (Zanata et al, 2002 e item IIL5), o que possibilitaria a
ligacdo das duas proteinas na mesma molécula de PrPc; se ndo houver
impedimento estérico das moléculas envolvidas (Figura 15 B).

Outra possibilidade é a de que a adicdo de ligantes para PrPc e integrinas
possibilite a aproximacdo entre os complexos e a criagio de um “cluster”

protéico, num evento similar os complexos de adesdo focal.
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PrPc, Vn, Ln e STI1. A parte A indica o modelo proposto para a situagdo em que Ln ¢
Vn, quando adicionadas em concentragdes sub-6timas, apresentam efeito aditivo. A parte
B indica modelo proposto para a situagdo em que Ln e STI1, quando adicionadas em
concentragdes sub-Otimas, possuem seus efeitos altamente potencializados. A parte C
indica 0 modelo proposto para a situagdo em que se adiciona Vn e STIl em

concentragdes sub-Otimas e a primeira € capaz de inibir o efeito da outra.

Ha4 dois pontos diferentes, no entanto, entre as duas situa¢des. Enquanto

Ln e Vn possuem outros receptores na superficie celular capazes de desencadear
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as vias de sinalizacdo que levam a neuritogénese, 0 mesmo nao ocorre com STI1,
que na auséncia de PrPc nédo é capaz de promover crescimento neurftico. OQutro
ponto importante é que a potenciagdo do efeito biologico é menor na combinagao
Vn+Ln do que na combinagdo STIl+Ln, cujo crescimento de neuritos
corresponde a muito mais do que um efeito somat6rio de ambas as proteinas.
Isto pode ser explicado de duas formas:

- héd um receptor celular para Vn, cuja ligacado contribui negativamente para a
formacédo de neuritos, o que em ultima instancia resultaria em uma “atividade
menor” de Vn em relacao a STI1;

- como o sitio de ligacdo de Ln em PrPc localiza-se na cadeia y e o sitio de
ligacdo a integrinas localiza-se na cadeia a, é possivel que Ln esteja neste caso
funcionando como um fator “nucleante”, promovendo a juncdo de um complexo
multiprotéico contendo PrPc, Ln, STI1 e integrinas.

Ja na combinacdo Vn+STI1, Vn é capaz de bloquear o efeito de STI1,
inibindo o crescimento de neuritos. Vn e STI1 ligam-se a sitios muitos proximos
na molécula de PrPc (o sitio para Vn localiza-se entre os aminoacidos 105-119 -
Figura 2 do item IIL.1 - e o sitio para STI entre os aminoécidos 113-128, (Zanata et
al., 2002). Portanto, é muito provavel que a ligacdo de uma impeca estericamente
a ligacdo da outra. Este fato foi visto em ensaios de ligacdo (Figura 1 do item
[I.1), onde a adicdo STI1 ndo marcada impedia a ligacdo PrPc-Vn. Ainda, o Kd de
ligacdo de Vn a PrPc é cerca de dez vezes maior que o Kd da ligagdo de PrPc a
STT1, sendo estes 108 M e 107M, respectivamente (Zanata et al.,, 2002). Assim,
podemos imaginar que quando Vn e STI1 estdo disponiveis para célula, havera a
ligacao preferencial de Vn em PrPc, o que automaticamente excluira a ligacao de
STI1. Como Vn na concentracao utilizada ainda néo é suficiente para promover o
crescimento de neuritos, ela causa uma inibicdo do crescimento provocado por
SI11, por exclui-la de sua associacdo a PrPc. Ainda, é coerente pensar que,

enquanto Vn e Ln atuam por uma via de sinalizagdo convergente, 0 mesmo nao
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ocorre com Vn e STI1, pois embora ambas as proteinas estejam ligando em PrPc,

esta combinagdo ndo possui efeito aditivo (Figura 15 C).
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1.3
Caracterizagdo da Proteina STI1 como Ligante de PrPc e

Evidéncias de seu Papel na Neuroprotegdo da Retina
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Nesta parte do capitulo, se encontra o artigo “Stress inducible protein 1 is
a cell surface ligand for cellular prion that triggers neuroprotection” de Zanata e
colaboradores, que descreve a proteina STI1 como um ligante de PrPc através de
ensaios bioquimicos, assim como sua localizagdo na superficie celular e seu papel
no mecanismo de neuroprotecéo.

Neste trabalho contribui com ensaios bioquimicos para a caracterizagdo de

STT1 na superficie celular e de sua ligagdo com PrPc em ensaios ex vivo.
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111.4
O Papel da Interagcdo PrPc-STI1 no Mecamismo de Formagao

de Neuritos e Neuroprotecdo
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Nesta parte do trabalho, estd apresentado o manuscrito denominado
“Interaction of cellular prion and Stress inducible protein 1 promotes neurite
outgrowth and neuroprotection through discint signaling pathways” e que foi
realizado em igual contribui¢do com a Dra. Marilene H. Lopes.

O manuscrito relata a importidncia de PrPc e seu ligante STI1 nos
processos de neuritogénese e de neuroprotecdo, além de dissecar as vias de

sinalizagdo importantes para cada um dos processos.
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ABSTRACT

Understanding of the physiological function of the cellular prion protein (PrP®) depends
on the investigation of PrP° interacting proteins. We have previously identified a co-
chaperone protein, STI1, stress inducible protein 1, as a specific PrP° ligand. PrP°-STI1
interaction promotes neuroprotection of retinal cells through cAMP-dependent protein
kinase A (PKA). We studied the signaling pathways and functional consequences of the
interaction of PrP® with STI1 in hippocampal neurons. Both PrP°and STI1 are abundantly
expressed and highly co-localized in the hippocampus in situ, indicating that they can
interact in vivo. To test whether STI1 plays a role in neuronal differentiation through its
interaction with PrP°, we examined primary hippocampal cultures from either wild-type
or PrP° null mice. STI1 elicited neurite outgrowth only in PrP° wild-type neurons, which
was prevented by antibodies against PrP°, and dependet on the STI1 domain that binds
PrP°. STI1 induced the phosphorilation/activation of the mitogen-activated protein
(MAP) kinase Erk, which was essential for STIl-induced neurite outgrowth. STII also
prevented cell death of PrP° wild-type neurons, dependent on the activity of PKA. The
results demonstrate two parallel effects of the interaction of PrP° with STII,

neuritogenesis and neuroprotection, which are mediated by distinct signaling pathways.

Keywords: cellular prion protein/ MAPK/ neuritogenesis /neuroprotection /PKA /STI1.
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INTRODUCTION

Prions play a central role in the pathogenesis of transmissible spongiform
encephalopathies (TSEs) The main event associated with the development of TSEs is the
conversion of the cellular prion protein (PrP°), into an insoluble and protease-resistant
conformer (PrP*) (Aguzzi and Polimelidou et al, 2004). PrP° is a ubiquitous,
glycosylphosphatidylinositol (GPI)-anchored protein, the physiological functions of
which are still under discussion. Several biological roles for PrP® have been proposed,
such as protection against oxidative insults, neuronal adhesion, cell differentiation and
cell survival, as well as modulation of bacterial infection, phagocytosis and inflammatory
responses (Martins et al., 2002;Watarai et al., 2003;de Almeida et al, 2004). Components
of various signal transduction pathways, including the Src-related family member p59™~,
PI3 kinase/Akt, PKA and mitogen activated protein kinases (MAPK) have been
suggested to mediate presumptive roles of PrP° in neuronal survival and neurite
outgrowth (Chen et al., 2003).

PrP° is constitutively expressed on neurons, and is especially abundant in regions
such as the olfactory bulb, hippocampus and synaptic neuropil in close spatio-temporal
association with synapse formation. The localization of PrP° on elongating axons
suggests a role for this protein in axon growth (Sales et al., 1998;Sales et al., 2002).
Interestingly, interaction of PrP® with the extracellular matrix protein laminin has been
shown to promote the outgrowth and maintenance of neurites (Graner et al,
2000a;Graner et al., 2000b).

Investigation of PrP°-interacting proteins is an important tool to understand the
biological function(s) of PrP°. For example, strong evidence for a neuroprotective PrP°
function derives from our description of a putative PrP° p66 ligand (Martins et al., 1997),
which was later identified as the Stress Inducible protein 1, STI1 (Zanata et al., 2002).

STI1 was first described in Saccharomyces cerevisiae, where it was implicated in
mediating the heat shock response of some Hsp70 genes (Nicolet and Craig, 1989).
Murine STI1 has 97% amino acid identity with its human homologous designated Hop
[heat shock protein 70 (Hsp70)/heat shock protein 90 (Hsp90)-organizing protein]. STI1,
like Hop, interacts simultaneously with Hsp70 and Hsp90 at its N- and C-termini (van der
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et al., 2000;Carrigan et al., 2004). This tripartite interaction facilitates transfer of
substrates from Hsp70 to Hsp90 and is important for proper folding and maturation of
Hsp90 substrates, many of which are involved in signaling (Hernandez et al., 2002).

Interaction of PrP® with either STI1 or with a peptide mimicking the PrP°-binding
domain of STI1 prevented programmed cell death of undifferentiated post-mitotic retinal
cells (Chiarini et al., 2002). Engagement of PrP° increased intracellular cAMP, and
activated the Erk pathway in retinal tissue. However, the neuroprotective effect required
the activity of cAMP-dependent protein kinase (PKA), rather than MAP kinase (Chiarini
etal., 2002).

We have proposed that PrP° is part of a multi-protein complex that modulates
various cellular functions, depending on both protein combination and cell type (Martins
et al., 2002). Therefore, it is important to dissect the cell signaling and biological
significance of the association of PrP° with each one of its partners.

We have, therefore, examined the functional responses and signaling pathways
induced by the interaction of STI1 with PrP° in hippocampal neurons, particularly the
roles of the cAMP/PKA and Erk pathways.

We found that PrP° and STI1 co-localize in the hippocampus, and that the
interaction of STI1 with PrP° has pronounced effects on both neurite outgrowth and
survival in hippocampal neurons. The neuritogenesis was found to be dependent on

MAPK activity, while cAMP-dependent PK A mediates neuroprotection.
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MATERIAL AND METHODS

Proteins, peptides and antibodies: Mouse recombinant STI1 was purified as previously
described (Zanata et al., 2002). Peptides corresponding to mouse STI1 amino acid
sequences pepSTIlyns.o4s (aa. 230-ELGNDAYKKKDFDKAL-245) and pepSTIlgs.437
(aa. 422-QLEPTFIKGYTRKAAA-437) were chemically synthesized by Neosystem
(Strasburg, France). Polyclonal antibody anti-pepSTIl,03.245 raised in rabbit and
monoclonal antibody 6H4 against amino acids 144-152 of human PrP® molecule were

obtained from Bethyl (Texas,USA) and Prionics (Zurich, Switzerland) respectively.

Immunohistochemistry: Embryonic day (E) 17 mouse embryos were fixed with formalin
and embedded in paraffin, and sections (3-5um) were deparaffinized, rehydrated and
subject to epitope retrieval by microwave in 10mM citrate buffer (pH 6.4). Additional
treatment was made with S0mM glycine, 0.02g/1 Triton X-100, 0.5g/1 nonfat dry milk and
1.5g/l non-immune goat serum (Martins et al., 1999). Endogenous peroxidase was
blocked with 0.3g/1 hydrogen peroxide. Sections were then incubated overnight at 4°C
with the primary antibodies, anti-PrP° produced in PrP null mice against recombinant
PrP® (Chiarini et al., 2002), or anti-STI1, produced in rabbit against recombinant STI1
(Zanata et al., 2002), diluted in PBS plus 0.5g/l nonfat dry milk and 1.5g/l normal goat
serum, followed by peroxidase-coupled anti-rabbit and anti-mouse IgG incubation for 60
minutes at room temperature. After that, was done incubation for 60 minutes at 37°C with
Dako EnVision Labeled Polymer peroxidase. Color was developed using DAB
(3,3’diaminobenzidine tetrahydrochloride - Sigma, USA) and counterstained with

haematoxylin. Sections were visualized in an Olympus IMT2-NIC microscope.

Immunofluorescence: Tissue: The brains of E17 wild-type and Prup null mice were
removed and immediately frozen in liquid nitrogen. Cryostat sections (3um) were fixed
in ice cold acetone for 30 minutes and air dried. Then, they were re-hydrated and blocked
with TBS (20mM Tris, 150mM NacCl) containing 0.1% Triton-X100, 10% normal goat
serum and SOug/ml anti-mouse IgG at room temperature for 1 hour. Brain sections were

then incubated at room temperature for 16 hours with anti-PrP° mouse serum (1:250) and
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anti-STI1 rabbit serum (1:100) (Zanata et al., 2002) in TBS 0.1% Triton-X100 with 1%
normal goat serum. After washing, anti-mouse Alexa-568 (Molecular Probes) 1:3000 and
anti-rabbit FITC (Pharmingen) 1:1000 were added to the slices and incubated in the same
buffer for 1 hour at room temperature.

Cultured cells: Hippocampal cells (8x10* cells) were grown on glass coverslips coated
with poly-L-lysine, washed with PBS and fixed for 20 min. at room temperature with 4%
p-formaldehyde, 0.12M sucrose in PBS. After rinsing with PBS, cells were blocked for 1
h at room temperature with blocking solution (1% goat serum in PBS-0.1% Tritog
supplemented with 50ug/ml anti-mouse IgG). For PrP® and STI1 staining, cells were
incubated for 16h at 4°C with antibodies anti-PrP° raised in Prnpm mouse (1:150) and
anti-STI1 (1:100) (Zanata et al., 2002) diluted in blocking solution, followed by washing
with PBST. The secondary antibodies anti-mouse Alexa 586 1:3000 (Molecular Probes)
or anti-rabbit FITC 1:1000 (Sigma) diluted in blocking solution were incubated for 1h at
room temperature. After additional washes, the slides were coverslipped using
Fluoromount (Southern Biotech). Immunolabeled cells were imaged with a Bio-Rad
Radiance 2100 laser scanning confocal system running the software Laser Sharp 3.0
coupled to a Nikon microsocope (TE2000-U). A Argon (488nm) and a Green HeNe
(543nm) lasers were used to excite the fluorophores. Image processing was done with

Photoshop (Adobe Systems).

Immunoblotting analysis: Protein extracts were prepared from hippocampal cells from
Prap™™" and Prap ”° mice (Bueler et al., 1992) in Laemmli buffer. STI1 was visualized by
10% SDS-PAGE and immunoblotting with polyclonal antibody anti-STI1 (1:10,000)
(Zanata et al., 2002). Protein loading control was performed with anti-actin polyclonal

antibody (1:200, Sigma). Rabbit non-immune purified IgG was used as negative control.

Construction of STI1A4230-245: Recombinant PCR technique (Ausubel et al., 1993) was
used to delete the PrP® binding site of STI1. We amplified cDNA fragments employing
pTRC-His A STI1 (Zanata et al., 2002) with internal primers 5’AAA GAG AAG AAG
CAT TAT GAC 3’, 5GTC ATA ATG CTT CTT CTC TTT 3’ and external primers
5'CCG CTC GAG GAG CAG GTG AAT GAG CTA AAG GA 3’ and 5°CGG GGT
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ACC TCA CCG AAT TGC GAT GAG ACC C 3'. The PCR fragments were cloned
between X%ol e Kpnl restriction sites in the same vector. Sequencing analysis was done
to check for the deletion. The expression and purification of this protein followed the

same protocol as previously described (Zanata et al., 2002).

Overlay assay: The indicated amounts of recombinant PrP° and BSA (Bovine serum
albumin) were adsorbed onto nitrocellulose membrane. In order to block nonspecific
binding, the membrane was incubated with 5% nonfat milk in TBST (TBS 0.05% Tween-
20) for 1 hour at room temperature and washed. Then, the membrane was incubated with
either wild-type STI1 (2ug) or mutant STI1A230-245 (2ug) for 16 hours at 4°C. After
extensive washing with TBST, membranes were incubated with polyclonal antibody anti-
STI1 (1:10,000) (Zanata et al., 2002) for 2 hours at room temperature, followed by a
second incubation with peroxidase-coupled anti-rabbit IgG. The reaction was developed

using enhanced chemiluminescence (ECL — Amersham Biosciences).

Neurite outgrowth assays: Primary hippocampal cultures were obtained from E17 brains
of either wild-type (Prnp™*, a strain generated by crossing F1 from mating 129/SV and
C57BL/6J) or Prup®® mice (Bueler et al., 1992). The hippocampal structure was
aseptically dissected in Hank’s Balanced Salt Solution (HBSS) (Invitrogen) and treated
with trypsin (0.06%) in HBSS for 20 min at 37°C. The protease was inactivated with 10%
FCS (fetal calf serum) in Neurobasal medium (Invitrogen) for 5 min. After three washes
with HBSS, cells were mechanically dissociated in Neurobasal medium containing B-27
supplement (Invitrogen), Glutamine (2mM) (Invitrogen), penicillin (100IU) and
streptomycin (100pg/ml) (Invitrogen). The cells (4x10%cells) were plated onto coverslips
(13mm) coated with Sug/ml of poly-L-lysine (Sigma) and treated with recombinant STI1,
STI1A230-245, peptides pepSTI1230.245 and pepSTIlaz437 for 16 h at 37°C and 5% CO,
atmosphere. Antibodies anti-PrP° (6ug/ml) and anti-pepSTI1230245 (1:200) antibodies
were incubated for 24h after treatment with STI1. The cells were fixed with 4% p-
formaldehyde in 0.12M sucrose in PBS for 20 min. at room temperature, washed 3 times
with PBS and stained with hematoxylin. To score neurite outgrowth, each well was

analyzed under 400 x magnification. A neurite was defined as a process with a length 3
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or more times greater than the respective cell body. In each experiment, 300 cells in each
well were analyzed. Data are presented as mean + standard deviation from at least three

independent experiments,

MAPK phosphorylation and activity assays: Phosphorylation assays were done using the
PhosphoPlus p44-42 MAP Kinase (Thr202/Tyr204) antibody kit (Cell Signaling)
according to the manufacturer’s instructions. Briefly, primary hippocampal cell cultures
(10° cells) from either wild-type or Prup null mice were grown on plates pretreated with
poly-L-lysine, and stimulated with STI1 (4.9X107M) for different incubation periods,
rinsed once with ice-cold PBS and lysed in Laemmli buffer. For assaying Erk
phosphorylation, cell extracts were subject to SDS-PAGE, followed by immunoblotting
with anti-phospho-Erk and anti-Erk antibodies (Cell Signaling). The bands obtained after
X-ray film exposure to the membranes were analyzed by densitometric scanning and
quantified using the Scion Image software. The p44/42 MAP Kinase Assay kit (Cell
Signaling) was used for estimating the activity of MAPK in primary hippocampal
cultures treated with STI1 (4.9X10"M). Cells were disrupted in lysis buffer, centrifuged
for 10 min at 4°C and the supernatant was transferred to a fresh tube. Active MAPK was
immunoprecipitated from approximately 80ug of total protein in each sample using an
immobilized phospho-p44/42 MAP kinase monoclonal antibody (Cell Signaling). MAPK
activity was evaluated by incubation with Elk-1 substrate, followed by electrophoresis
and immunoblotting with anti-phospho Elk-1.

Assay of cell death: Primary hippocampal cultures (4x10* cells) from wild-type or Prap
null mice were grown on coverslips pretreated with poly-L-lysine and pre-incubated with
either STI1 (7uM) or control buffer (PBS) for 2 h. Then, the cultures were treated with
the apoptosis inducer, staurosporine, for 16h. Cell cultures treated with specific inhibitors
(KT5720, U0126, Bim and Chel) received the drug 1h before the incubation with STI1.
The cell cultures were fixed with p-formaldehyde and 0.12M sucrose in phosphate buffer
pH 7.4 for 20 min and stained with propidium iodide (Sigma) in PBS-0.1% Triton for 20
min. The cell death induced by staurosporine (Favata et al., 1998) was detected as
condensed and pyknotic profile. At least three independent experiments were performed

and 3 microscopic fields were counted in each group.
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Cellular signaling inhibitors: The MEK inhibitor 1,4-diamino-2,3-dicyano-1,4-bis (2-
aminophenyltio) butadiene (U0126-Promega) dissolved in dimethylsulfoxide (DMSO)
was added to cells for 1h before stimulation of neuritogenesis by STI1 (3.5x10'7M).
Control cultures received the same concentration of DMSO (0.005%). Other specific
signaling pathways were inhibited with following inhibitors: KT5720-Calbiochem for
CAMP/PKA or bisindolylmaleimide (BIM) and Chelerethrin Chloride (Chel)-
Calbiochem for PKC.

Statistical analysis: The results represent the mean + standard deviation of at least three

independent experiments. The statistical significance of experimental data was tested

using the non-parametric Mann-Whitney test.
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RESULTS
Expression and co-localization of STI1 and PrP° in hippocampus

STI1 is expressed in a variety of neurons and glia during neural development as
well as in the adult nervous system, suggesting potential roles for this protein during
development, plasticity and regeneration (data not shown). We compared the expression
of STI1 and PrP° in the embryonic brain. Sections from E17 mouse brain showed strong
immunoreactivity of both STI1 and PrP° in the cerebral cortex and developing
hippocampus (Fig.1A and B respectively). STI1 levels were examined in brain
homogenates from Prnp** and Prmp™ mice using SDS-PAGE followed by
immunoblotting. Figure 1C shows that STI1 levels are similar in the brains from both
genotypes. Thus, STI1 expression seems to be independent of PrP°. When viewed
through confocal fluorescence microscopy, brain sections from Prup™* mice confirmed
an abundant concentration of both STI1 (Fig.1 G and J) and PrP° in cortex and
hippocampus (Figl H and K). Figures 1D, E and F represent brain sections from Prap”’
mice, in which only STI1 was detected. The distributions of both PrP° and STI1 in
hippocampus are relatively uniform, and immunolabeling is co-localized (Fig. 1 Tand L),
suggesting that both proteins can interact in this region of the brain. In dissociated

+/+

Prnp™™ hippocampal cells, we detected extensive co-localization of STI1 and PrP° along

neurites and in the perinuclear region (Fig, 2 C)..
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Figure 1: STI1 and PrP° are expressed and co-localize in the hippocampus. A-B, histological
sections of Prup*”* mice embryos (E17) brain were immunostained for PrP® (A) and STI1 (B) and
counterstained with hematoxylin. C, brain homogenates from wild-type (Prnp™) and PrP® null
(Prp”®) mice were analyzed by immunoblotting using anti-STI1 and actin antibodies. The
arrows point to the molecular weights. Histological sections of Prnp”+ (G, H,1,J, K and L) and
Prnp” (D, E and F) mice embryos (E17) brain were immunostained for PrP° and STI1. Panels (F,
I and L) are merged images of immunostaining for STI1 (green) and PrP° (red). There is
extensive co-localization (yellow) of the two proteins in the developing hippocampus.
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Figure 2: Co-localization of STI1 and PrP‘ in hippocampal neurons. Dissociated hippocampal
neurons from wild-type mice were immunostained for STI1 (green) and PrPc (red). Confocal
images show co-localization in the perinuclear region (arrow) and neurites (arrowhead).

STI1 promotes neurite outgrowth

Based on the co-localization of STI1 and PrP° in neurites of hippocampal cells,
we investigated whether STI1 may promote neurite outgrouwth mediated by PrP°.

** or Prmp”® mouse embryos (E17) were treated

Primary hippocampal cultures from Prnp
with increasing concentrations of recombinant wild-type STI1. Treatment led to a
substantial increase in the proportion of wild-type cells with neurites, whereas Prup™’
neurons did not extend neurites in response to STI1 (Fig. 3A).

To characterize whether neuritogenesis promoted by STI1 depends on its specific
interaction with PrP°, we constructed a STI1 deletion mutant lacking residues 230-245
(STI1A230-245), a domain previously characterized as containing the PrP° binding site
(Zanata et al., 2002). Figure 3B shows that mutant STI1 (STI1A230-245) has the
expected molecular weight and is recognized by the anti-STI1 antiserum (lane 1), but not
with an antibody that recognizes the deleted residues (anti-pepSTIlaszg.24s, lane 3),
whereas wild-type STI1 is recognized by both antibodies (lanes 2 and 4). An overlay
experiment was done to test the binding capacities of the wild-type and mutant STI1 to
PrP°. PrP° and BSA were immobilized into a nitrocellulose membrane, incubated with
wild-type STI1 (lane 6) or STI1A230-245 (lane 5) and immunoreacted with the anti-STI1
antibody. This experiment confirmed that mutant STI1A230-245 is unable to bind PrP°

(lane 5). The graph in figure 3B shows that STI1A230-245 was unable to promote neurite
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growth in wild-type neurons, thus demonstrating that the PrP°-binding domain of STI1 is
necessary to induce the neuritogenic response.

We next assessed the ability of the STI1 peptide which corresponds to the PrP°
binding site (pepSTI1230.245), to promote neurite outgrowth. Pmp” " hippocampal neurons
were treated with either pepSTI1,30.245 or with a control C-terminal peptide (pepSTI142,.

437), and only STI1pep23o.24s elicited neurite outgrowth (Fig. 3C). Prnp()/ 0

hippocampal
neurons, did not respond to pepSTI1230.245 (Fig. 3C).

We further tested the effect of blocking PrP°-STI1 interaction in wild-type cells.
Hippocampal neurons treated with STI1 in the presence of either anti-PrPc or anti-STI1
antibodies showed a reduced neuritogenic response, when compared with cells treated
with STI1 and non-immune serum or a control IgG (Fig. 3D).

Taken together the results demonstrated that specific STI1-PrP® interaction, driven

by the PrP°-binding domain of STI1, induced neurite outgrowth.
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Figure 3: STI1 and its PrP"-binding domain induce PrP‘-dependent neurite outgrowth. 4,
Dissociated hippocampal neurons from wild-type (A ) or PrPc null mice (O0) were grown on poly-
L-lysine, and incubated with increasing concentration of STIl. Neurons were fixed,
counterstained and the percentage of cells with neurites was quantified. B, Immunoblotting of
wild-type STI1 (lanes 2 and 4) and STI1A230-245 (lanes 1 and 3) with anti-STI1 (lanes 1 and 2)
and anti-pepSTlysp.045 antibodies (lanes 3 and 4). Lanes 5 and 6 show the overlay assay, where
bovine serum albumin (BSA-2[0g) and PrPc (10g) were adsorbed onto a membrane, which was
incubated with STI1 and STI1A230-245 and immunoblotted with anti-STI1 antibody. The graph
shows neurite outgrowth of primary hippocampal neurons from wild-type embryos treated with
either STI1 (white bars) or STI1A230-245 (grey bars). C, The graph shows neurite outgrowth of
wild-type neurons treated with increasing concentrations of synthetic peptides pepSTI1,30.245 (X)
and pepSTIlsn43(0), or of PrPc null neurons treated with pepSTIlyz0.245 (A). D, wild-type
hippocampal cells were incubated with STI1 (2x10"M) followed by treatment with anti-PrPc,
anti-pepSTI1,30.045, pre-immune serum and IgG. Values represents the average of at least three
experiments, vertical bars represent standard deviation.*, denotes statistical significance p< 0.05
(Mann-Whitney test for unpaired samples).
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MAP kinase activity is required for neurite outgrowth induced by STI1-PrP*

interaction

We previbusly showed that engagement of PrP® with a peptide mimicking the PrP®
binding site of the STIl molecule produces the activation of both cAMP/PKA and
MAPK pathways (Chiarini et al, 2002; Zanata et al, 2002). However, the neuroprotection
mediated by engagement of PrP° required activity of PKA rather than MAP kinase.
Interestingly, MAPKs have been implicated in neurite outgrowth stimulated by cell
adhesion molecules and neurotrophic factors (Doherty et al., 2000;Huang and Reichardt,
2001).

We investigated whether STI1-PrP° interaction induces MAPK cascades in
hippocampal neurons. STIl caused a rapid and sustained increase in both the
phosphorylation and activity of ERK 1/2 in Prup™" cells, whereas no effect was observed
in Prrp” neurons. A higher basal activity/phosphorylation of MAPK was found in

Y . . . . . .
0 than in wild-type cells, confirming our previous observation in the newborn

Prnp
mouse retinae (Chiarini ez al., 2002), as well as the finding of other authors in adult brain
and cerebellum (Brown et al., 2002).

To test whether ERK activation is required for the STI1-PrP° neuritogenic
response, we cultured hippocampal neurons in the presence of U0126, a specific inhibitor
of the MAPK kinases MEK-1 and MEK-2 which blocks ERK1/2 phosphorylation
(Favata et al.,, 1998). STI1-PrP° induced neurite outgrowth was impaired by U0126 in a
dose-dependent manner (figure 4B). Using cresyl violet staining, we estimated viability
at 99% among cells treated with U0126 (data not shown). Conversely, neither KT5720
(KT), a cell-permeable, selective inhibitor of cAMP-dependent protein kinase (PKA), nor
specific PKC inhibitors chelerethrin chloride (Chel) and bisindolylmaleimide (BIM)
(Audesirk et al., 1997) had any effect upon neuritogenesis induced by STI1 (Fig. 4B).

These results showed that the neuritogenesis induced by PrP°-STI1 interactions

depends on MAPK, and not on PKA or PKC.
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Figure 4: MAPK pathway is required for neurite outgrowth induced by STI1.

A, Hippocampal neurons from wild-type (Prnp**-grey bars) and PrPc null (Prnp”’~-white bars)
mice were grown on poly-L-lysine and treated with STI1 (4.9X107M) for different incubation
periods. Protein extracts were subject to SDS-PAGE followed by immunoblotting using anti-
phospho MAPK antibodies. After stripping, the blots were reprobed with anti-MAPK. MAPK
activity was measured by immunoprecipitation followed by incubation with Elk-1 substrate, SDS-
PAGE and immnunoblotting using anti-phospho-Elk-1. B, The bands obtained from
immunoblotting against phospho-MAPK were analyzed by densitometric scanning. Values
obtained in wild-type cells were taken as 1. The graph shows (Prnp™*-grey bars) and PrPc null
(Prup™-white bars); C, Prap"" hippocampal neurons were plated on poly-L-lysine, pretreated for
1h with U0126 (16-50uM), KT5720 (60nM), bisindolylmaleimide (Bim, 0.5uM) or cheleretrine
chloride (Chel, 0.1pM), and incubated with STI1 (4.9X107M). Cells were fixed, stained with
hematoxilin and the percentage of cells with neurites was determined. Values represent the
average and standard deviation of three independent experiments. Statistical significance: figure
B, *, control compared with treatments and **, wild-type compared with PrP° null mice
(p<0.005). Figure C *, control compared with treatments p< 0.05 (Mann-Whitney test for
unpaired samples).
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STI1 promotes neuroprotection in hippocampal neurons through cAMP-dependent

protein kinase A

We tested whether STI1 would induce neuroprotective responses in hippocampal
neurons similar to retinal explants (Chiarini et al., 2002;Zanata et al., 2002). Primary
hippocampal cultures from mouse embryos (E17) were treated with Staurosporine
(Streptomyces staurospores), a non-selective protein kinase inhibitor (Ruegg and
Burgess, 1989), that is often used as a general method to induce apoptosis (Nicotera et al,
1998).

Hippocampal neurons from Prnp*”* mice were responsive to cell death induced by
staurosporine in a dose dependent-manner (figure 5A). Treatment with STII rescued

++

Prnp™” neurons depending on the PrP° binding site of STIl, because the mutated
STI1A230-245 had no effect on cell survival (figure SB).

We have previously found that STII1, pepSTIlzs0245 and other PrP°-engaging
peptides prevents programmed cell death of undifferentiated post-mitotic retinal cells
induced by anisomycin, through the cAMP-dependent protein kinase (PKA) (Chiarini et
al., 2002;Zanata et al., 2002). In an attempt of clarify if the PKA pathway is also involved
in ST11-induced neuroprotection of hippocampal neurons against programmed cell death,
we tested the effects of specific signaling inhibitors. The neuroprotective effect of STI1
was abrogated by the PKA inhibitor (KT5720), whereas PKC (Bim or Chel) and MAPK
(U0126) inhibitors had no effect (Fig. 5B). These results suggest the involvement of PKA
pathway in neuroprotection induced by STI1 in hippocampal neurons, similar to our
previously described results in retinal tissue (Chiarini et al., 2002).

Therefore, PKA activity is required for neuroprotection induced by the interaction

of STI1 with PrP°, while neither MAPK nor PKC are necessary for the neuroprotective

response.
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Figure 5: STII1 rescues hippocampal neurons from staurosporin-induced apoptosis through
PKA signaling pathway. A, hippocampal neurons from wild-type (Prap’”) and PrP® null
(Prnp”®) mice were plated on poly-L-lysine, pre-treated with STI1 (7uM) for 1 hour and
incubated with increasing concentrations of staurosporine (10nM, 25nM and 50nM) for 16h. B,
hippocampal neurons from wild-type mice were plated on poly-L-lysine, pretreated for 1h with
either U0126 (50uM), KT5720 (60nM), Bim (0.5pM) or Chel (0.1uM), then either STI1 (7uM)
or STI1A230-245 (7uM) was added, and after 1h cell death was induced by staurosporine
(250M) for an additional 16h. The cells were fixed, stained with propidium iodide and the
percentage of pyknotic profiles indicating cell death was counted. Values represent the average
and standard deviations of at least three experiments.*, denotes statistical significance p< 0.02
(Mann-Whitney test for unpaired samples).
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Figure 6- Interaction of STI1 with PrP° induces both neuritogenesis and neuroprotection
through distinct pathways. The cAMP-PKA dependent pathway is implicated in
neuroprotection, demonstrated in both retinal and hippocampal neurons (Chiarini et al.,
2002;Zanata et al., 2002), whereas MAPK signaling is involved in neurite outgrowth.
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DISCUSSION

This investigation showed that: (a) The cellular prion protein (PrP¢) and its
binding partner stress-induced protein 1 (STI1) co-localize in hippocampal neurons; (b)
Interaction of STI1 with PrP° mediated by their cognate binding domains induces both
neurite outgrowth and neuroprotection of hippocampal neurons in culture; (c) Neurite
outgrowth induced by STII is mediated by the Erk MAP kinase pathway, whereas
neuroprotection induced by the same protein depends on a PKA pathway. These data add
to the growing body of evidence that PrP° is involved in neurotrophic signaling within the
central nervous system.

It is becoming increasingly clear that PrP® has a role in neuronal differentiation.
Earlier studies from our group showed that PrP° is the main cellular receptor for the y1-
laminin chain. This specific interaction between laminin and PrP° induced neuritogenesis
in mouse hippocampal neurons (Graner et al., 2000a).

We also showed the participation of PrP® in neurite adhesion and maintenance
through its interaction with laminin (Graner et al., 2000b). PrP® has been proposed to be a
cell surface adhesion protein (Endo et al., 1989), and its early developmental distribution
resembles that of adhesion proteins (Sales et al., 2002). Recent studies using a time
controlled transcardiac perfusion cross-linking procedure showed that proteins involved
in cell adhesion and neurite outgrowth can be found in the molecular microenvironment
of PrP° in the living brain (Schmitt-Ulms et al., 2004). Furthermore, the laminin receptor
(LPR/LR), required for cell differentiation and growth, was identified as a cell-surface
binding partner of PrP® (Hundt et al., 2001;Gauczynski et al., 2001). PrP° also interacts
with glycosaminoglycans expressed on the cell surface (Shyng et al.,, 1995;Pan et al.,
2002). This is particularly relevant to brain development, because both laminin and
glycosaminoglycans are developmentally regulated and contribute to axon growth and the
formation of fiber tracts (Dou and Levine, 1995;Fernaud-Espinosa et al., 1996); reviewed
in (Reichardt and Tomaselli, 1991). Further support of a role of PrP® in the formation of
axon tracts comes from PrP° null mice, in which the hippocampal mossy fiber projection
is disorganized (Colling et al., 1997).

PrP° has been reported to activate a signaling pathway that involves the tyrosine

140



kinase p59fyn in a cell line capable of neuron-like differentiation (Mouillet-Richard et al.,
2000). The p59fyn kinase has also been implicated in modulating axonal guidance of
olfactory axons, which express high levels of PrP® throughout life and mediate N-CAMs-
induced neurite outgrowth (Beggs et al., 1997;Morse et al., 1998;Sales et al.,
1998;Kolkova et al., 2000; Schmitt-Ulms et al., 2001). In addition, the presence of
abundant PrP° in elongating axons suggests a role for the protein in axon growth (Sales et
al., 2002).

Various studies provided evidence that PrP° is implicated in neuroprotection.
Hippocampal neurons derived from PrP° null mice undergo exacerbated cell death
triggered by serum deprivation when compared with wild-type, thereby suggesting that
PrP°® can support an anti-apoptotic tonus (Kuwahara et al., 1999). PrP¢ has also been
reported to protect human primary neurons against Bax-induced cell death, either from its
location at the cell surface through an unidentified signaling pathway, or from the cytosol
(Bounhar et al., 2001;Roucou et al., 2003). It was recently reported that several signal
transduction pathways involved in survival are activated in mouse primary cerebellar
granule neurons grown in PrP molecule-coated tissue culture plates. In this preparation,
homophilic PrP® interaction led to activation of PKA, Src-related tyrosine Kkinases,
phosphatidylinositol-3-kinase/Akt, and MAPK/ERK kinases. Among downstream
targets, increased Bcl-2 levels and decreased Bax levels were observed, consistent with
PrP° triggering survival signals (Chen et al., 2003).

Differing somewhat from those reports, we have demonstrated that interaction of
PrP° with its ligand STI1 protein activates a PKA-dependent signaling pathway to rescue
retinal cells from induced apoptosis (Chiarini et al., 2002;Zanata et al., 2002).

The data described above is consistent with the hypothesis that PrP® participates in
a multiprotein complex involved in neuronal differentiation and neuroprotection. On the
basis of these findings we investigated whether the interaction of PrP® with STI1
modulates neural differentiation. The current experiments provided clear evidence that
neurite outgrowth induced by STII depends on the expression of PrP° expression, and
that MAPK family members, sensitive to U0126 are required for neurite outgrowth
promoted by STI1.

In turn, neuroprotection induced by STII-PrP® interaction in hippocampal
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neurons, similar to our previous studies in retinal cells, is mediated by a PKA signaling
pathway.

We propose a model in which PrP° interacts with STI1 and constitutively
transduces both a survival or protective signal through PKA, and a neurite
outgrowth/differentiation signal through the Erk MAP kinase pathway in neuronal cells
(Fig. 6). The PrP°-STI1 complex may be formed by proteins either in the same or in
distinct cells. In our previous study we speculate that STI1 could act as soluble
neurotrophic factor (Chiarini et al., 2002) interacting with PrP°, and STI1 has indeed been
found released by certain tumor cell lines (Eustace and Jay, 2004) and glial cells in
culture (F. Lima et al, unpublished results).

The results presented here advance a new biological function for STI1, establish a
significant role for PrP® as mediator of a response in the neurite outgrowth and
neuroprotection promoted by STI1, and provide an insight into the molecular basis of
ST11-dependent intracellular signaling. Finally, the understanding of neurite outgrowth
and neuronal survival is relevant both for developmental neurobiology as well as for
pathology, because compounds that promote neuronal protection and differentiation may
lead to novel therapeutic procedures in neurodegenerative conditions such as prion

diseases.
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1.5
O Papel da Interagdo PrPc-Ln no Mecanismo de Formagdo

da Memoria
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Na altima parte deste capitulo, apresentamos um manuscrito intitulado
“Cellular prion interaction with laminin mediates memory consolidation by PKA
and MAPK”. Este trabalho foi realizado pela Dra. Adriana Coitinho e contou
com minha colaborac¢do na realizacdo dos ensaios bioquimicos de ligacdo entre
PrPc e o peptideo y1, competicdo com peptideos e anticorpos. Neste trabalho
determinou-se a importancia da ligacdo entre PrPc e laminina nos processos de

formacao da memoéria.
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ABSTRACT

Cellular prion protein (PrPc), known to have a pivotal participation in prion
diseases, 1s a specific receptor for a laminin (LN) y-1 chain peptide leading to neural
plasticity. Given the abundance of PrPc and LN in the hippocampus we decided to
investigate whether these proteins interaction might play a role in memory consolidation.
Here we blocked the PrPc-laminin interaction, in wild-type rats, by intra-hippocampal
infusion of specific antibodies or peptides and evaluated memory consolidation using an
aversively motivated learning test. PrPc peptide 173-182, which contains the LN binding
site, or antibodies against interacting domains in both molecules inhibited short and long-
term memory consolidation. These reagents also block cAMP-dependent Protein Kinase
A and Mitogen-activated Protein Kinase activation which are classical signaling
pathways activated during memory retention. The inhibitory effects of anti-PrPc
antibodies and PrPc peptide 173-182 in memory consolidation and signaling are reverted
by the LN y-1 peptide, corroborating the evidences that they impair memory through
interference in the PrPc-laminin interaction. Thus, our results show that by its interaction
with laminin, PrPc has a critical physiological function in cognition and point to a re-

evaluation of therapeutic interventions for prion diseases focused on PrPc inactivation.
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INTRODUCTION

In the central nervous system, laminin (LN) has been shown to mediate neural
differentiation through its interaction with integrins (Luckenbill-Edds, 1997). 1t is also
known that integrins are involved in neuronal plasticity processes such as those required
for long-term potentiation (LTP) in the hippocampus (Lynch, 1998). Given the inhibitory
effect of anti-integrin antibodies and RGD peptide in LTP (Lynch, 1998) and the
demonstration that volado a Drosophila memory mutant encodes a new alpha-integrin
(Grotewiel et al., 1998), it is possible to speculate that the interaction of extracellular

matrix components with specific cellular receptors plays a role in learning and memory.

LNs are heterotrimeric molecules composed by combinations of «, B and y chains
(Colognato and Yurchenco, 2000). LN-10 (a5B1y1) is the most abundant isoform
expressed in hippocampus (Indyk et al., 2003), where the y1 chain has a critical role in
axonal regeneration (Grimpe et al., 2002). We have shown that the cellular prion protein
(PrPc) is a specific, high affinity, saturable receptor for a decapeptide (RNIAEIIKDI) at
the C-terminus of the LN y1 chain (Graner et al., 2000). Thus, neurite extension by
primary hippocampal neuron cultures in the presence of this peptide was completely
inhibited by anti-PrPc antibodies. Furthermore, no neuritogenesis was elicited by LN y1
chain peptide in neurons obtained from mice in which the gene coding for PrPc (Prap)
was ablated, indicating that PrPc-LN association is involved in neural plasticity (Graner

et al., 2000).

We therefore decided to investigate whether the interaction between PrPc and LN
could participate in memory consolidation. It is well known that Prrp null mice (Zrchl)
have normal development and behavior (Bueler et al., 1992), despite a slight impairment
in synaptic function (Collinge et al., 1994) which was not confirmed by another group
(Lledo et al., 1996) and higher sensitivity to kainate-induced seizures (Walz et al., 2002).
Conversely, another Prnp ablated mice strain showed impairment in memory formation
(Nishida et al., 1997), but this and other phenotypes observed in the latter group of
animals were associated to higher levels of the Doppel protein, rather than absence of

PrPc (Moore et al., 1999). In fact, the use of any constitutively knockout animal,
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particularly in behavioral tests, has been criticized since the gene deletion approach,
genetic background and compensatory mechanisms may influence the results (Bueler et
al., 1992; Banbury Conference., 1997). Nonetheless, we have recently showed (Coitinho
et al., 2003) that Prap null animals (Zrchl) (Bueler et al.,, 1992) presented an age-
dependent impairment in memory consolidation detectable only in 9 month-old animals.
These results were replicated in rats of the same age by blocking PrPc by intra-
hippocampal infusion of a specific antibody (Coitinho et al., 2003). Interestingly, a PrPc
polymorphism at codon 129 has been associated to early cognitive decline in humans

(Croes et al., 2003).

Memory has been classically divided into at least two temporally and
mechanistically distinct forms (McGaugh, 1966; Davis and Squire, 1984; Izquierdo and
Medina, 1997; Izquierdo et al., 1998): short and long-term memory (STM, LTM). The
latter requires gene transcription and translation (Davis and Squire, 1984; Izquierdo et al.,
1998) mediated, at least in part, by phosphorylation of the cAMP response element
binding protein (CREB) by protein kinase A (PKA) and/or Mitogen-activated Protein
Kinase (MAPK) (Huang et al., 1994; Bernabeu et al., 1997, Cammarota et al., 2000;
McGaugh and Izquierdo, 2000; Taubenfeld et al., 2001). Both signaling pathways are
also involved in short-term memory (Vianna et al., 2000; Walz et al., 2000).

Herein, the relevance of the PrPc-LN interaction in memory formation was
evaluated in normal rats by blocking the proteins in locus and measuring STM and LTM

for an aversively motivated learning task.
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MATERIALS AND METHODS

Step-down inhibitory avoidance task

We used both non-implanted and surgically implanted male Wistar rats (2-3
months old; body weight, 180-210 g). The surgical procedure and the one-trial step-down
inhibitory avoidance task was carried out as previously described (Bernabeu et al., 1997,
I[zquierdo et al., 1998). Briefly, 30-gauge guides were bilaterally implanted at 1 mm
above the dorsal CA1 region of the rat hippocampus under deep thionembutal anesthesia.
After recovery, the animals were placed in a platform faced to a grid of stainless steel
bars and the time taken by the rats to step down onto the grid with all four paws was
measured. Once in the grid, rats received an electric shock immediately followed by a
bilateral infusion of saline, rabbit anti-PrPc IgG (Chiarini et al., 2002), rabbit anti-laminin
IgG (Giordano et al., 1994), rabbit anti-laminin y-1 chain derived peptide (RNIAEIIKDI)
IgG (Bethyl Inc, TX, USA) monoclonal antibodies against PrPc, 8H4 or 8B4 (Cui et al.,
2003), rabbit or mouse non-immune IgG, PrPc peptides (Zanata et al., 2002), laminin y-1
chain derived peptide (RNIAEIIKDI) or laminin y1 scrambled peptide (IRANIEIKID)
(Neosystem, Strasbourg, France) in a total volume of 0.5 pl/side. After 90 -min. (STM)
and 24 hours (LTM) animals were placed again in the platform as above and tested to see

whether they retained the memory of the electric shock.

The first group of rats (n = 290 rats) was tested for memory retention 90 min.
(STM) or 24 h later (LTM), as described elsewhere (Bernabeu et al., 1997; Izquierdo et
al., 1998). The second group (n = 90) was infused or not with the described reagents and
sacrificed 10 min. or 2 h after training and used for the enzymatic assays. The last group
(n=10) consisted of naive animals that were used as control for the enzymatic assays. The

ICBS Ethics Committee approved this work.
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Expression and purification of recombinant PrPc

The expression vector containing the cDNA fragment encoding amino acids 23-
231 of the mouse PrPc protein was cloned in the BamHI1-EcoR1 restriction sites of
pRSET (Invitrogen). His6-PrPc expression and purification were performed as previously
described (Zanata et al., 2002).

PrPc—-LN yl peptide binding and competition assays

His6-PrPc (4pg) was immobilized in Polystyrene wells (Immulon 2) and non-
specific sites blocked with 1% BSA (Bovine Serum Albumin) for 2h at room
temperature. Increasing concentrations of 1251-LN yl chain peptide (RNIAEITKDI)
linked to BSA (labeled as described (Chiarini et al., 2002)) with specific activity of
7x10°cpm/pg were added to the wells and incubated for 16 h at 4°C. After extensive
washing, incorporated radioactivity was measured and originated the total binding curve.
In parallel His¢-PrPc (4pg) was incubated with 1251 — LN y1 chain peptide-BSA plus 5-
fold excess unlabeled LN y1 chain peptide-BSA, generating non-specific binding.

Specific binding was obtained by subtraction of non-specific from total values.

Competition assays were performed using PrPc synthetic peptides and antibodies.
Synthetic mouse PrPc peptides (Zanata et al., 2002) (Neosystem, Strasbourg, France), 3.8
x 10° M, anti PrPc IgG or non-immune serum IgG were pre-incubated with 1.2x10° M
L. LN y1 chain peptide-BSA for 3h at room temperature. Then, the reagents were
added to the wells containing 4ug adsorbed His6-PrPc and incubated for 16h at 4°C.
After extensive washing, incorporated radioactivity was determined using a gamma
counter. The PrPc "I~ LN y1 chain peptide total binding was considered 100% and those

obtained in the presence of peptides or antibodies (IgGs) were relative to it.

154



Sample preparation and kinase assays

After sacrifice, hippocampi were dissected and nuclear extracts prepared as
previously described (Cammarota et al.,, 2000). PKA activity of each sample was
determined using an assay system (Invitrogen, CA, USA) according to the manufacture's
instructions. Nuclear extracts from each sample was also used to immunoprecipitate the
active MAPK using an immobilized phospho-p44/42 MAP kinase monoclonal antibody
(Cell Signaling non-radioactive kit, MA, USA). MAPK activity was evaluated by
incubation with Elk-1 substrate, followed by electrophoresis and immunoblotting with
anti-phospho Elk-1 antibody (1:1,000, Cell Signaling). Densitometric analyses were
performed using a MCID Image Analysis System (5.02 v, Image Research). Enzymes
activities of each treatment were expressed as relative levels compared to the value

obtained for the treatment with non-immune IgG (considered equal 1).

Cresyl violet staining

Rat brains were processed after 48 hours of reagents infusion and stained as

previously described (Chen et al., 2003).

Statistical analyses

Data for inhibitory avoidance are shown as median (interquartile ranges) of
latencies to step-down and comparisons between groups were done by two-tailed Mann-
Whitney U-test, (n=9 to 10 animals for each treatment). Biochemical results were
represented as mean + Standard Deviation (SD), (n=7 to 8 animals for each treatment
were used in enzymatic assays and at least 3 independent experiments were conducted for
binding assays). Analyses were performed by single mean Studentg¢s t test and the

comparisons with p< 0.05 were considered statistically different.
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RESULTS
PrPc and laminin are involved in STM and LTM consolidation

The relevance of the PrPc-LN interaction in memory formation was evaluated in
normal rats by blocking the proteins in locus and measuring STM and LTM for an
aversively motivated learning task (Izquierdo et al, 1998). Antibodies against
recombinant PrPc or anti-LN 1 impaired retention of inhibitory avoidance for STM and
LTM (Fig. 1) while rabbit non-immune IgG did not affect memory retention. Thus,
suggesting that both PrPc and LN, in the dorsal hippocampus, are involved in STM and
LTM consolidation.
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Figure 1: Anti PrP° and anti LN antibodies impair STM and LTM consolidation.

Surgically implanted male Wistar rats were submitted to step down inhibitory avoidance test
previously described (Bernabeu et al., 1997; Izquierdo et al., 1998). Immediately after training
animals received a bilateral infusion of anti-PrP® IgG (1.8 pg/ul), anti-LN IgG (0.18 pg/ul) or
purified rabbit non-immune IgG (1.8 pg/ul) into CAl area of the hippocampus and memory
retention was measured at 0 [, 90 min. (STM) [ and 24h (LTM) after training Bl Data are
shown as median (interquartile ranges) of latencies to step-down and comparisons between
groups were done by two-tailed Mann-Whitney U-test, (n=9 to 10 animals for each treatment).*
p<0.01, ** p<0.05.
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LN and PrPc interacting domains mediate memory consolidation

P1Pc is a high affinity cellular ligand for LN and using competition assays we also
showed that PrPc binding site resides at the decapeptide RNIAEIIKDI localized at the C-
terminus of the LN y1 chain (Graner et al., 2000). Indeed, binding experiments using >’
labeled LN y1 chain peptide demonstrated its specific interaction with PrPc (Fig. 2a). An
antibody against this peptide was raised in rabbits and immunoblotting and
immunohistochemistry approaches showed its specificity for LN y1 chain from purified
LN-1 and mouse hippocampus (data not shown). Interestingly, this antibody was able to
block both STM and LTM in a dose dependent manner when bilaterally infused in
hippocampus (Fig. 2b). Note that the infusion of 0.002mg/pl of the anti LN y1 chain
peptide IgG completed impaired memory retention while non-immune rabbit IgG at a
concentration 100 times higher had no effect. Therefore, the LN domain which is the

binding site for PrPc molecule is related to STM and LTM.

We performed competition assays using a series of 20 mer peptides covering the
entire PrPc molecule in order to map the LN y1 chain peptide binding site in PrPc (Fig.
3a). Two peptides corresponding to amino acids 163 to 182 or 173 to 192 inhibited '*]
LN y1 chain peptide interaction with recombinant PrPc and since they presented
overlapping sequences we conclude that the domain shared between them; 173 to 182,

corresponds to the LN binding site at PrPc.

The importance of PrPc domain 173-182 in memory consolidation was initially
addressed by intra-hippocampal infusion of PrPc peptides 163 to 182 and 173 to 192
which resulted in STM and LTM impairment (Fig. 3b). This result suggests that, through
their interaction with the peptide RNIAEIIKDI at LN y1 chain in the hippocampus, these
PrPc peptides block PrPc-LN binding and memory consolidation. This argument is
strengthened by data showing that a non competitive peptide (PrPc 73 to 92) for the PrPc-

LN y1 interaction (Fig. 3a) was innocuous for memory retention (Fig. 3b).
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Figure 2: LN domain that interacts with PrP° is involved in STM and LTM consolidation.

latency {s)

a)LN y1 chain peptide (RNIAEIIKDI) binds PrP° in a specific high affinity manner. '*’I- LN y1
chain peptide was incubated with adsorbed Hiss-PrP¢ in the absence (total) or presence of
unlabeled LN y1 chain peptide (non-specific). Non-specific (A-A) was subtracted from the total
binding (M-M) to yield Hiss-PrP° specific binding to '*°I — LN y1 chain peptide (X-X).

b) Antibodies against LN y1 chain peptide inhibited memory retention. Experiments were
performed as described in Fig.1. Animals received a bilateral infusion of IgG anti-LN y1 chain
peptide or non-immune IgG (0.2 pg/ul) into CAl area of the hippocampus. Memory retention
was measured at 0 [, 90 min. (STM) [ and 24h (LTM) after training ll. * p< 0.01, ** p<0.05.
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Figure 3: PrP° domain that interacts with LN is related to STM and L TM consolidation.

a) Mapping LN binding site domain using competition assay with PrP° peptides. Peptides g3.8 X
10" M) covering the mouse PrP® (23-231) sequence were pre-incubated with 1.2x10° M '*I-LN
y1 chain peptide followed by incubation in Hise-PrP® adsorbed wells. After extensive washing,
radioactivity was measured. Total Hiss-PrP® and '*°I- LN y1 peptide binding was set as 100% and
the results expressed as the relative percentage of binding produced by competition with each
peptide. Results represent mean + Standard Deviation of at least 3 independent experiments and
statistical analysis were performed by single mean Student’s t test. *p<0.01.
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b) PrP° peptides representing the LN binding site inhibited memory retention. Experiments were
performed as in Fig.1. Animals received intra-hippocampal infusion of PrP° peptides 73-92, 163-
182 or 173-192 (0.2 pg/ul). Memory retention of was measured at 0 L1, 90 min. (STM) EJ and
24h (LTM) after training ll. * p<0.01.

¢) Monoclonal antibody against the PrP° domain which interacts with LN blocked memory
retention. Experiments were performed as in Fig.1. Animals received infusion of purified
monoclonal antibodies 8H4, 8B4 or mouse non-immune purified IgG. Memory retention was
measured at 0 [], 90 min. (STM) E and 24h (LTM) after training ll. * p< 0.01.

In a second approach, monoclonal antibodies against linear epitopes at PrPc
molecule were infused in the hippocampus. The 8H4 antibody (Fig. 3¢) which recognizes
a PrPc domain from amino acids 175 to 185 (Cui et al., 2003) abrogated STM and LTM
consolidation while a second antibody, 8B4, against PrPc residues 34 to 45 (Cui et al.,
2003) had no effect even in a concentration 1,000 times higher than 8H4 (Fig. 3¢). Thus,
the PrPc domain containing the LN binding site is involved in STM and LTM.
Additionally, the lack of effect observed for 8B4 antibody rules out an artifact due to
antibody interaction with any surface protein. Likewise to what was proposed above for
PrPc peptides, we suggest that 8H4 antibody binds to PrPc in the hippocampus impairing

its interaction with LN and memory consolidation.

PrPc interaction with LN mediates STM and LTM consolidation

It was still necessary, however, to demonstrate that the involvement of both
macromolecules in memory depends on their binding one another. The LN y1 chain
peptide is able to bind PrPc (Fig. 2a) and we have results showing that this interaction
induces neural plasticity (Graner et al., 2000) and cell signaling in hippocampal neurons
in vitro (unpublished data). Although a positive effect was predictable for LN y1 chain
peptide, its hippocampal infusion (0.08ug/ul) did not affect memory retention (Fig. 4a).
This result could be due to ligand (PrPc) or signaling saturation by the LN present in the
system. Nonetheless, co-infusion of the LN y1 chain peptide was able to prevent the
antagonist effect of anti-PrPc antibody infusion on memory retention (Fig. 4a). A control
scrambled y1 chain peptide was incapable of modifying either normal memory retention
or the impairment effect of anti-PrPc antibody. Since the antibody used (same utilized in

Fig.1) is a polyclonal against the entire PrPc molecule, we conducted competition
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experiments and proved that this antibody is able to dissociate PrPc-Ln y1

chain peptide binding (Fig.4b).
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Figure 4; PrP®interaction with laminin is responsible for STM and LTM.,

a) LN v1 chain peptide reverses anti-PrP° antibody inhibition on STM and LTM consolidation.
Experiments were performed as in Fig.1. Animals received intra-hippocampal infusion of rabbit
non-immune IgG (1.8 pg/ul), anti-PrP° IgG (1.8 pg/ul), LN y1 chain peptide (0.08 pg/ul), LN v1
chain scrambled peptide (0.08 pg/ul) (scra yl), anti-PrP® IgG (1.8 ug/ul) plus LN y1 chain
peptide (0.08 pg/ul) (anti-PrP° + LN v1) or anti-PrP° IgG (1.8 pg/ul) plus LN yl scrambled
peptide (0.08 pg/ul) (anti-PrP° + scra LN y1). Memory retention was measured at 0 [J, 90 min.
(STM) [J and 24h (LTM) after training [.* p< 0.01.

b) LN y1 chain peptide binding to PrP° is impaired by anti-PrP° antibody. 1.2x10° M '®I- LN y1
chain peptide was incubated in Hiss-PrP¢ (4pg) adsorbed wells with increasing concentrations of
non-immune rabbit IgG (Il- M) or rabbit anti PrP° IgG (¢ - O). After extensive washing,
radioactivity was measured. Results are expressed as a percentage of the PrP° and '*I- LN y1
chain peptide binding. Mean + Standard Deviation of at least 3 experiments. Single mean
Student’s t test, ¥p<0.01.
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LN y1 peptide co-infusion with stoichiometric amounts of PrPc peptide 163-182,
which represents its binding site at the PrPc molecule, abolished memory consolidation
inhibition caused by the latter (Fig. 5a). These results may be interpreted in two ways:
either the LN y1 chain peptide binds the PrPc 163-182 peptide preventing the latter’s
interaction with LN which becomes accessible to bind endogenous PrPc, or LN y1 chain
peptide binds PrPc and replaces endogenous LN which is impaired by PrPc peptide 163-
182. Indeed, both mechanisms can lead to STM and LTM consolidation.

Additionally, STM and LTM consolidation were also rescued when LN y1 chain
peptide, but not the scrambled one, was co-infused with antibody 8H4 (Fig. 5b), which
recognizes the LN binding site at the PrPc molecule and also blocks memory retention
(Fig. 3c). Thus, indicating that 8H4 anti-PrPc antibody effect in memory consolidation is

due to its impairment of the PrPc-LN interaction in the dorsal hippocampus.

Recently, Chen and co-workers (Chen et al., 2003) observed that intra-
hippocampal infusion of LN peptides or antibodies for 7 days disrupts LN matrix and
affects neuronal survival. Moreover, PrPc cross-linking using specific antibodies
triggered apoptosis (Solforosi, et al., 2004). Although our infusion time and reagent
concentrations were lower than those used by these two groups, we stained treated rat
hippocampi using cresyl violet and verified that none of the antibodies or pe.ptides used
here affected neuronal viability (data not shown). Additionally, animals that received
these reagents were re-evaluated 48 hours after the test session and all behaved like naive
animals and were capable of consolidating STM and LTM when trained again (data not
shown). Thus, the effects of antibodies and peptides are reversible and nontoxic to the

hippocampal structures responsible for memory consolidation.
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Figure 5: PrP‘interaction with laminin is responsible for STM and LTM.

a) LN y1 chain peptide reverses PrP° peptide 163-182 inhibition. Experiments were performed as
in Fig.1. Animals received intra-hippocampal infusion of LN y1 chain peptide (RNIAEIIKDI)
(0.08 pg/ul), PrP® 163-182 (0.2 pg/pl) or LN y1 chain peptide (0.08 pg/pl) plus PrP° 163-182 (0.2
pg/pl). Memory retention was measured at 0 [], 90 min. (STM) [ and 24h (LTM) after training
M * p<0.01.

b) LN v1 peptide reverses anti-PrP® 8H4 inhibition on STM and LTM consolidation. Experiments
were performed as in Fig.1. Animals received infusion of mouse non-immune IgG (10° pg/ul),
anti-PrP° 8H4 (10” ug/ul) plus LN y1 chain peptide (0.08 pg/ul) or anti-PrP® 8H4 (10™ pg/ul)
plus LN vy1 chain scrambled peptide (0.08 pg/ul). Memory retention was measured at 0 [], 90
min. (STM) [ and 24h (LTM) after training B * p< 0.01.
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PrPc-LN binding induces memory consolidation by PKA and MAPK

Hippocampal cAMP/PKA and Ras/MEK/MAPK pathway cascades are required
for inhibitory avoidance memory formation (Bernabeu et al., 1997; Bevilaqua et al.,
1997; Izquierdo and Medina, 1997) and for the normal acquisition of different forms of
associative learning (Atkins et al., 1998; Walz et al., 2000). Effective consolidation of
STM of one-trial inhibitory avoidance requires the continued activity of PKA during the
first 90 min. (Vianna et al., 1999), while in the case of LTM, the cAMP/PKA pathway is
crucial in CAl immediately after training and then again 3 to 6h later (Vianna et al.,
2000). On the other hand, the MAPK pathway is required immediately after training for
STM consolidation and 2 to 3h post-training for LTM consolidation (McGaugh and
Izquierdo, 2000).

We decided, therefore, to determine whether the observed changes in STM and
LTM, caused by interfering on PrPc-LN association, were accompanied by modification
of PKA and MAPK activities in the hippocampus. Hippocampal extracts from treated
animals were prepared 10 min. and 2h post-training and as previously demonstrated,
trained animals receiving saline have higher PKA (Bernabeu et al., 1997; Bevilaqua et
al., 1997; Izquierdo and Medina, 1997) and MAPK (Atkins et al., 1998; Walz et al,,
2000) activities than naive ones (Figs. 6a and 6b). Interestingly, both anti-PrPc and anti-
LN antibodies impaired PKA activity induction both at 10 min. and 2h after training (Fig.
6a) and MAPK activity at 10 min. post-training (Fig. 6b). Conversely, 2h after training no
effect on MAPK activation was observed by any of the antibodies (Fig. 6b). Infusion of
the LN y1 chain peptide or control scrambled y1 peptide did not change induction of
either PKA or MAPK activities. Nevertheless, when LN y1 chain peptide was combined
with anti-PrPc antibody it reverted the latter's impairment of PKA and MAPK activation
while any inhibitory effect on these enzyme activities was achieved after co-infusion of a
control scrambled peptide (Figs. 6a and b). These results indicate that inhibition of PKA

and MAPK activities is due to PrPc-LN interaction impairment.

Thus, our data pointed that PrPc-LN interaction induces STM and LTM via PKA
and MAPK signaling which are classic pathways for memory consolidation.
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Figure 6: PrP°-LN interaction triggers signal through the cAMP/PKA and MAPK.

Rats received immediately post-training bilateral hippocampal infusions of: saline, non-immune
IgG (1.8 pg/ul) (IgG), anti-PrP° IgG (1.8 pg/ul) (anti-PrP°), anti-LN IgG (0.18 pg/pl) (anti-LN),
LN y1 chain peptide (0.08 ug/ul) (y1), LN y1 chain scrambled peptide (0.08 pg/ul) (scra y1), anti-
PrP° IgG (1.8 pg/pl) plus LN y1 chain peptide (0.08 pg/ul) (anti-PrP° +y 1) and anti-PrP° IgG (1.8
ug/ul) plus LN y1 chain scrambled peptide (0.08 pg/ul) (anti-PrP° + scra y1). Naive animals [ ],
or infused ones (10 min. L] or 2h after training [H) were sacrificed and hippocampi nuclear
extracts used for enzymatic assays. PKA (a) or MAPK (b) activities were determined using assay
systems according to the manufacture's instructions. Enzymes activities of each treatment were
expressed as relative levels compared to the value from treatment with non-immune IgG
(considered equal 1). Results were represented as mean + Standard Deviation (SD), (n=7 to 8
animals for each treatment) and analyses were performed by single mean Student’s t test.* p<0.05

compared to IgG treated group. Figures bellow graphic b show autoradiograms obtained in
MAPK activity assays.

DISCUSSION

Previous work has shown that memory is not disrupted in mice devoid of Prap
which can be explained by the obvious redundancy that must exist in order to preserve
such an important phenotype (Bueler et al., 1992). Alterations in essential cellular
signaling pathways such as higher PKA and MAPK activities have been described in two
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strains of Prnp ablated animals with different genetic backgrounds, Zrch-1 and Npu (
Brown et al., 2002; Chiarini et al., 2002). Since both enzyme activities are essential for
memory consolidation (Izquierdo and Medina, 1997), it is plausible to speculate that their
altered pattern contributes to compensatory mechanisms in these mice. Consequently the
approach presented here is a suitable alternative to establish the PrPc roles in cognition
avoiding misinterpretation related to compensatory mechanisms, genetic manipulation

and background.

Another point to be clarified is the addition of PrPc to the range of LN receptors
thought to be involved in memory consolidation. Although, a great variety of LN trimers
can be formed between the 5o, 3B and 3y, chains (Colognato and Yurchenco, 2000), LN-
10 (a5B1y1) seems to be the major isoform present in hippocampus (Indyk et al., 2003).
Integrins o3 and asP; have been described to bind to the first globular domain of the
LN y1 chain mediating angiogenesis (Ponce et al., 2001). Nonetheless, we have
demonstrated (Graner et al., 2000) that PrPc is the only cell receptor for the C-terminal
LN y1 chain domain, RNIAEIIKDI, since no neurites are formed upon plating neurons
derived from Prnp null mice on this peptide. It was however clear that neurons display
other receptors for other LN domains since Prap knockout mice neurons do extend
neurites when plated on LN (albeit to a smaller extent than wild-type neurons) which are

not inhibitable by anti-PrPc antibodies.

Herein, the observation that only those reagents which actually react with the
binding sites of PrPc or LN block memory consolidation is a strong indication that indeed
they elicit it because they bind one another. Further confirmation is clearly provided by
the experiments in which the LN y1 chain peptide is able to re-establish memory
consolidation or signaling pathways which were silenced either by PrPc162-182 peptide

or anti-PrPc antibodies infusion.

Integrins, the classical laminin receptors (Giancotti, 2000), have been described to
affect LTP consolidation, indicating that they are participants in plastic events such as
memory formation (Lynch, 1998; Kramar et al., 2002; Kramar and Lynch, 2003).

Furthermore, antibodies against Integrin Associated Protein were able to block memory
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retention in rats (Chang et al., 2001) and mice with reduced expression of a3, a5, and a8
integrins are defective in hippocampal LTP and spatial memory in the water maze but
have normal fear conditioning (Chan et al., 2003). Since no integrin has hitherto been
shown to bind the LN y-1 domain which is the binding site for PrPc, it is possible to
speculate, to the extent that preventing PrPc binding to LN completely impairs memory
consolidation, that docking of PrPc to the LN yl chain peptide is the nucleating event
which must be followed by integrin binding elsewhere in the LN trimer. This model
would thus resemble the multimolecular dystrophin complex, also shown to bind LN at

the neuromuscular junction (Tinsley et al., 1994).

Participation of the cAMP/PKA/CREB and RAS/MEK/MAPK/EIk-1 signaling
pathways during the formation of new memories is well known (Yin et al., 1994; Martin
et al., 1997). The decreased PKA activity at 10 min. and 2h after training mediated by
PrPc and LN blockage may be responsible for impairment of both STM and LTM
consolidation (McGaugh and Izquierdo, 2000; Vianna et al., 2000). On the other hand,
the reduction in MAPK activity by anti-PrPc and anti-LN antibodies infusion 10 min. but
not 2h post-training is related to the STM impairment but unconnected to LTM
consolidation (McGaugh and Izquierdo, 2000). Thus, other pathways besides MAPK
must be involved in LTM consolidation mediated by PrPc-LN interaction. Finally, since
association of the LN y1 chain peptide with anti-PrPc antibodies reverts the latter's
inhibitory activity in STM and LTM signaling through PKA and MAPK we can argue
that these events are mediated by PrPc-LN interaction.

In the last few months very important issues have been added to the memory and
prion fields. A neuron specific isoform of cytoplasmic polyadenylation element binding
protein (CPEB) has been characterized as one the stabilizing components of the synaptic
mark (Si et al.,, 2003a) whose activity is greatly dependent on its prion-like activity,
pointing to a conformational change related to its gain-of-function (Si et al., 2003b). On
the other hand, prion diseases have been associated to the pathological gain-of-function
of the physiologically “needless” PrPc, suggesting that these maladies could be treated by
blocking this cellular protein (Heppner et al., 2001; White et al., 2003). Conversely, we

have observed that PrPc is responsible for protection against neuronal death (Zanata et
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al., 2002; Chiarini et al., 2002) and very recently it was observed that cross-linking PrPc
in vivo with specific antibodies induces neuronal death (Solforosi et al., 2004). In the
present work we showed that PrPc blocking is not toxic since the event is transient;
however it affects memory consolidation while this protein is impaired. Therefore, it

seems that prion diseases therapy based on PrPc inactivation must be carefully evaluated.
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L.V Conclusodes

Neste trabalho foram abordados vérios aspectos da biologia da proteina
prion celular, focando principalmente suas interacdes com outros ligantes e o
papel das mesmas nas células.

Entre as muitas interacOes ja descritas na literatura para a proteina PrPc,
este trabalho descreve trés proteinas que se destacam em meio ao que ja foi
mostrado, por serem parceiras de PrPc em alguns fendmenos biologicos: Vn, Ln e
STT1.

Vn e Ln sdo proteinas de matriz extracelular que interagem com PrPc em
dominios distintos mas que parecem apresentar comportamento similar nos
modelos em que ambas as proteinas foram avaliadas. Em sistema nervoso
central, ambas as proteinas promovem neuritogénese que estd diminuida na
auséncia de PrPc. Em sistema nervoso periférico, as duas proteinas também sao
capazes de promover neuritogénese. Pelo menos para vitronectina, este efeito é
dependente de PrPc, mas pode compensado por integrinas.

Como Ln e Vn fazem parte da matriz extracelular, PrPc pode exercer o
papel de dncora neste sistema, localizando-se nos contatos focais que um cone de
crescimento precisa construir para poder estender-se.

Entre os efeitos biologicos representados pela neuritogénese em culturas
celulares encontra-se a plasticidade neuronal requerida durante o
desenvolvimento e o aprendizado. Neste trabalho demonstramos que a interagéo
PrPc-Ln é essencial para a consolidacdo das memorias de curta e longa duracéo,
reproduzindo in vivo a importancia desta interagéo.

Apesar de Ln e Vn ligarem-se a dominios diferentes de PrPc observamos
que em ensaios in vitro elas competem pela ligacdo a PrPc. Desta forma, no
contexto celular, os efeitos mediados por elas irdo depender da disponibilidade
de cada uma no microambiente celular e do conjunto dos outros receptores para

Ln e Vn que esta célula ira expressar.
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O terceiro ligante de PrPc, STI1, é uma proteina de resposta a estresse
oxidativo cuja expressdo majoritaria ocorre no citoplasma. Apenas uma fragao
desta proteina encontra-se na membrana ou, no que o grupo agora acredita,
esteja em transito através da membrana a caminho da secrecdo para o meio
extracelular. Se STI1 é uma proteina que se encontra soltvel no meio extracelular
ela pode atuar como um fator neurotréfico. De fato, esta proteina promove a
neuritogénese em neurdnios hipocampais e da raiz dorsal de maneira totalmente
dependente de PrPc. Além de promover a neuritogénese, STI1 também é um
fator de sobrevivéncia neuronal, como observado em retina e hipocampo. Estas
duas funcdes sdo transmitidas através de cascatas de transducdo de sinal
independentes. Enquanto a neuritogénese é dependente de MAPK, a
neuroprotecao ocorre pela via de PKA.

As moléculas Vn e STI1 sdo mutuamente exclusivas quanto a ligacdo a
PrPc, pois por ambas ligarem-se a0 mesmo sitio desta proteina. Além disso, Vn
tem uma afinidade cerca de 10 vezes maior por PrPc que STI1. Células tratadas
com Vn e STI1 simultaneamente, apresentam o mesmo comportamento que
células tratadas somente com Vn, confirmando que esta é capaz de competir com
STI1 pela ligacao a PrPc. |

J& Ln e STI1 ligam-se a dominios independentes em PrPc e assim
poderiam agir conjuntamente na neuritogénese. Isto de fato acontece e culturas
celulares de neuronios de DRG tratadas com ambas as protefnas em
concentra¢des sub-6timas apresentam uma potenciacdo muito grande do efeito
neuritogénico, tanto em quantidade quando em velocidade do surgimento de
neuritos.

Concluindo, durante os trabalhos realizados nesta tese foi possivel
determinar trés novos ligantes da proteina prion celular e o papel destas
intera¢des em mecanismos de plasticidade neuronal que incluem e formacao de
neuritos, a neuroprotecio e, em um contexto mais amplo, a formacdo da

memoria. Estes eventos contribuem para o entendimento ndo somente da
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biologia da proteina prion celular e de seus ligantes, mas também lancam uma

nova luz aos mecanismos de desenvolvimento neuronal.
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