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APRESENTACAO

Esta tese esta organizada em secdes dispostas da seguinte maneira: Introducao,
Obijetivos, Capitulos (I, 11, 11, 1V, V e VI — referentes a artigos cientificos), Discussao,
Conclusdes, Perspectivas e Referéncias Bibliogréficas.

A secdo Introducdo apresenta 0 embasamento tedrico que levou a formulagdo
das propostas da Tese, as quais estdo descritas na se¢do Objetivos.

A secdo Capitulos contém os artigos cientificos publicadas, submetidos ou em
fase de preparacdo para submissdo, 0s quais estdo apresentados de acordo com 0s
objetivos especificos. Esta secdo também apresenta os materiais e métodos e as
referéncias bibliogréficas especificas de cada artigo e esta dividida em Capitulos I, 11,
I, 1V, V e VI. Os Capitulos I a VI foram realizados no Laboratorio de Neuroprotecdo e
Sinalizacdo Celular — Departamento de Bioquimica (UFRGS), coordenado pela Profa.
Dra. Christianne Gazzana Salbego; nos Capitulos I, 1l e Ill houve colabora¢do com o
Departamento de Quimica Biolégica da Universidade de Buenos Aires (UBA,
Argentina), através da Profa. Dra. Patricia Setton-Avruj; no Capitulo 1l houve
colaboracdo com o grupo do Prof. Dr. Carlos Alberto Saraiva Gongalves do
Departamento de Bioquimica da UFRGS; no Capitulo Il houve colaboracdo com a
Profa. Dra. Cristiane Matté do Departamento de Bioquimica da UFRGS; no Capitulo IV
houve colaboracdo com a Dra. Ana Carolina Zeri do Laboratério Nacional de
Biociéncias (CNPEM, Campinas, SP), com a Profa. Dra. Leandra Franciscato Campo
do Departamento de Quimica da UFRGS e com a Profa. Dra. Fatima Guma do
Departamento de Bioquimica da UFRGS; no Capitulo V houve colaboragdo com o Prof.
Dr. David Dreiemeier do Setor de Patologia Veterinaria da UFRGS, com a Profa. Dra.
Denise Zancan do Departamento de Fisiologia da UFRGS e com a Profa. Dra. Ana O.
Battastini do Departamento de Bioquimica da UFRGS.

A secdo Discussdo contém uma interpretacdo geral dos resultados obtidos nos
diferentes artigos cientificos. A se¢do Conclusfes aborda as conclusdes gerais obtidas
na Tese. A secdo Perspectivas aborda as possibilidades de desenvolvimento de projetos
a partir dos resultados obtidos, dando continuidade a essa linha de pesquisa.

A secdo Referéncias Bibliograficas lista as referéncias citadas na Introducéo e

Discussao da Tese.
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RESUMO

Glioblastoma (GB) € o tumor cerebral humano mais frequente e maligno. O prognéstico
dos pacientes com GB permanece alarmante, principalmente devido a baixa eficicia das
estratégias terapéuticas atuais além da natureza invasiva desse tipo de cancer. Uma
caracteristica de tumores solidos é apresentar &reas hipoxicas. Microambientes
hipéxicos contribuem para a progressdo do cancer, resisténcia ao tratamento e ao
prognostico ruim da doenca. Dessa forma, neste trabalho, desenvolvemos um modelo in
vitro que se aproxima ao microambiente hipoxico tumoral in vivo. Nossos resultados
sugerem que a privacdo de oxigénio (PO) em combinacdo com auséncia de soro
forneceu um ambiente favoravel a desdiferenciacdo das células C6 em células tronco
tumorais (CTT). A doxazosina (DOX), um antihipertensivo utilizado na clinica,
apresenta efeitos antitumorais em diversos tipos de cancer. Assim, avaliamos o efeito
antitumoral da doxazosina em linhagens de glioma de rato (C6) e humano (U138-MG) e
a toxicidade do farmaco em culturas primarias de astrécitos e culturas organotipicas de
hipocampo. A doxazosina induziu morte celular nas linhagens de glioma e apresentou
baixa neurotoxicidade. Além disso, o farmaco inibiu a via da PI3K/Akt e ativou GSK-
3B e p53, resultando em inducdo de apoptose e parada no ciclo celular na fase GO/G1.
Considerando a importancia da mitocondria na plasticidade de células tumorais e a
resisténcia ao tratamento apresentada pelos GB, nds analisamos os efeitos da DOX nas
interacdes entre nucleo e mitocéndrias. A DOX induziu biogénese mitocondrial e
apoptose nas células C6 e diminuiu secrecdo de TNF-a. Ao analisar a estrutura quimica
da DOX, encontramos diversas caracteristicas que indicam que ela possui
autofluorescéncia. Dessa forma, caracterizamos a autofluorescéncia da DOX em
diversos meios. Observamos que ha um padrdo de distribuicdo do farmaco nas células
C6: ele se encontra ao redor do nucleo e parece estar vesiculado. A superexpressdo do
receptor do fator de crescimento epidermal (EGFR) esta relacionada as formas mais
malignas e resistentes de GBs. Portanto, analisamos se a acdo antiglioma da DOX esta
envolvida com EGFR. O tratamento com DOX foi capaz de diminuir os niveis de p-
EGFR. O co-tratamento de DOX e AG1478 (inibidor de receptores de tirosina cinase)
diminuiu a fosforilacdo de EGFR e causou necrose. Em vista disso, nossos resultados
sugerem que o0 mecanismo de ac¢do da DOX envolve sinalizacdo de EGFR. Por fim, nos
avaliamos os efeitos da DOX livre e nanoencapsulada (DOX-NC) em modelos in vitro e
in vivo de glioma. Demonstramos que a DOX-NC induziu morte celular em linhagem de
glioma em concentragdes 100 vezes menores do que as que utilizamos para a DOX na
sua forma livre. Além disso, analisamos o efeito da DOX-NC em culturas organotipicas
de hipocampo e, da mesma maneira que o observado com a DOX, a DOX-NC
demonstrou baixa toxicidade e diminuiu a area tumoral in vivo, sendo seletiva para
células cancerosas. Nesta tese, alteramos o microambiente in vitro de células de glioma,
avaliamos os efeitos antitumorais da doxazosina em sua forma livre e nanoencapsulada.
Além disso, utilizamos modelos de glioma in vitro e in vivo e em diversos parametros
celulares, descrevemos a autofluorescéncia do farmaco e também utilizamos essa
caracteristica para avaliar a captacdo e a distribuicdo da doxazosina em células de
glioma. Nossos resultados contribuiram para aproximar os modelos de estudo com o
que ocorre em gliomas in vivo e para evidenciar o potencial terapéutico da doxazosina
como um agente antiglioma com baixa toxicidade neural e sistémica.



ABSTRACT

Glioblastoma (GB) is the most frequent and malignant human brain tumor. The
prognosis of patients with GB remains dismal, mainly due to the low effectiveness of
current therapeutic strategies and the invasive nature of this type of cancer. A
characteristic of solid tumors is the presence of hypoxic areas. Hypoxic
microenvironments contribute to cancer progression, resistance to treatment, and poor
prognosis of the disease. Thus, we developed an in vitro model that approximates the
hypoxic tumor microenvironment found in vivo. Our results suggest that OD in
combination with absence of serum provided an environment favorable to the
dedifferentiation of C6 cells in cancer stem cells. Doxazosin (DOX), an
antihypertensive used in the clinic, has antitumor effects in several types of cancer.
Thus, we evaluated the antitumor effect of DOX on rat (C6) and human (U138-MG)
glioma cell lines and drug toxicity in primary astrocyte cultures and organotypic
hippocampal cultures. DOX induced cell death in glioma lines and showed low
neurotoxicity. In addition, the drug inhibited the PI3K/Akt pathway and activated GSK-
3B and p53, resulting in induction of apoptosis and cell cycle arrest in the GO/G1 phase.
Considering the importance of mitochondria in the plasticity of tumor cells and the
resistance to treatment presented by glioblastomas, we analyzed the effects of DOX the
interactions between nucleus and mitochondria. DOX induced mitochondrial biogenesis
and apoptosis in C6 cells, and decreased TNF-a secretion. When analyzing the chemical
structure doxazosin, we find several characteristics that indicate that it has
autofluorescence. Thus, we characterized the autofluorescence of DOX in several
media. We observed that there is a pattern of distribution of the drug in the cell: it is
around the nucleus and appears to be vesiculated. Overexpression of the Epidermal
Growth Factor Receptor (EGFR) is related to the more malignant and resistant forms of
GBs. Therefore, we analyzed whether the antiglioma action of DOX is involved with
EGFR. DOX treatment was able to decrease p-EGFR levels. Co-treatment of DOX and
AG1478 (a receptor tyrosine kinase inhibitor) decreased EGFR phosphorylation and
caused necrosis. Thus, our results suggest that the mechanism of action of doxazosin
involves EGFR signaling. We evaluated the effects of free and nanoencapsulated
doxazosin (DOX-NC) in in vitro and in vivo models of glioma. We demonstrated that
nanoencapsulated doxazosin (DOX-NC) induced cell death in a glioma line at
concentrations 100 times lower than those used for doxazosin in its free form. In
addition, we analyzed the effect of DOX-NC on organotypic hippocampal cultures and,
in the same way as observed with DOX, DOX-NC demonstrated low toxicity and
decreased tumor area in vivo, being selective for cancer cells. In this dissertation, we
altered the in vitro microenvironment of glioma cells, we evaluated the antitumor
effects of doxazosin in its free and nanoencapsulated form. In addition, we used glioma
models in vitro and in vivo and analyzed several cellular parameters, we described the
autofluorescence of the drug and also used this characteristic to evaluate the uptake and
distribution of doxazosin in glioma cells. Our results have contributed to approximate
the study models with what occurs in gliomas in vivo and to evidence the therapeutic
potential of doxazosin as an antiglioma agent with low neural and systemic toxicity.



1. INTRODUCAO



1.1. Gliomas

A incidéncia de todos os tumores primérios é estimada em 18,71 por 100.000

individuos por ano (Dolecek et al., 2012). Cerca de 60% deles ocorrem nos quatro lobos

cerebrais (Huse et al., 2013).

Gliomas séo os mais comuns dentre os tumores malignos do Sistema Nervoso

Central (SNC). Representam mais de 30% de todos os tumores primarios e 80% dos

tumores malignos do SNC.

Os gliomas classificados, de acordo com a Organizacdo Mundial da Saude

(OMS), de 2007, conforme trés critérios principais: histopatoldgicos, grau de

malignidade (variando de | a IV — quanto maior o grau mais maligno, tabela 1) e

conforme a localizacdo do tumor no cérebro (se sdo infra ou supra-tentoriais) (Huse et
al., 2011; Dolecek et al., 2012; Lima et al., 2012; Huse et al., 2013).

Tabela 1: Classificacdo dos gliomas segundo os graus de malignidade.

Sistema de Estadiamento de Gliomas

Grau

Comentarios

Tumor Grau | (astrocitoma pilocitico,

astrocitoma de celula gigante

subependimal, subependimoma,
ependimoma mixopapilar)
Grau I

oligoastrocitoma, oligodendroglioma)

Tumor (astrocitoma,

Grau I
oligoastrocitoma, oligodendroglioma)

Tumor (astrocitoma,

Tumor Grau IV (glioblastoma)

Tumor benigno, de crescimento lento;
normalmente associado com
sobrevivéncia a longo prazo; recorréncia
menos provavel.

Hipercelularidade aumentada; sem mitose;
sem proliferagéo vascular; sem necrose;
pode recorrer como tumor de grau mais
elevado.

Alta taxa de hipercelularidade; alta taxa de
mitose; sem proliferacdo vascular; sem
necrose; alta taxa de recorréncia tumoral.
Taxa elevada de hipercelularidade; taxa
elevada de mitose; presenca de
proliferacdo vascular; presenca de

necrose.

Adaptado de Eckley e Wargo, 2010 e de Louis et al., 2016.



Recentemente houve uma alteracao na classificacdo dos gliomas de acordo com
a OMS (Louis et al., 2016) na qual foram adicionados pardmetros moleculares
juntamente com a histologia para definir muitos dos tumores do SNC. A distribui¢éo
por histopatologia utilizada antes dessa atualizacdo da OMS na classificacdo dos
gliomas esté ilustrada na Figura 1. Conforme Louis e colaboradores (2016), essa nova
classificacdo com adi¢cdo dos pardmetros moleculares é um estagio intermediario para a
futura incorporagédo de dados moleculares objetivos na classificagéo de tumores do SNC
(ainda encontra-se em estudo). Além disso, a nova classificacdo divide gliomas difusos
em dois grandes grupos: 0s que possuem isocitrato desidrogenase (IDH) mutada ou

selvagem (Fig. 2).

Outros Gliomas
2.0%

Tumores Oligoastrociticos
3.2%

Astrocitoma Pilocitico

5.2%

Glioblastoma

Oligodendrogliomas
5.7%

Astrocitoma Anaplasico
6.1%

Astrocitomas,
incluindo
Glioblastoma,
englobam ~75%
dos gliomas

Tumores Ependimarios
6.9%

Glioma Maligno
7.3%

Astrocitoma Difuso

8.6%

Figura 1: Classificacdo histolgica dos tumores primérios do SNC- Gliomas
(N=90,828). Adaptado de Dolecek et al., 2012.



Histologia Astrocitoma Oligoastrocitoma Oligodendroglioma Glioblastoma

E—— el

Status TOH IDH mutante IDH selvagem ! IDH mutante IDH selvagem
i/l ¢ ‘ l Glioblastoma /DH mutado I
e outros Perda de ATRX* |

e a /16
parimetros Mutagdo 7P53* Codelegao 1p/19q

l Glioblastoma /DH selvagem I
genéticos

IAslrociloma difuso /DH mutado l et e L

Teste genético ndo realizado

l Oligodendroglioma, /DI mutado e codelecdo 1p/19q p >
ou inconclusivo

v

Apos exclusdo de outras entidades:
Astrocitoma difuso, /DH selvagem
Oligodendroglioma, NOS

Astrocitoma difuso, NOS
Oligodendroglioma, NOS
Oligoastrocitoma, NOS

* = carac -1 ~ a¢ NA,
= caracteristico mas nao s -
Glioblastoma, NOS

necessario para diagnostico

Figura 2: Algoritmo de classificacdo de gliomas difusos de acordo com caracteristicas
histol6gicas e moleculares. NOS: ndo especificado (not otherwise specified).
Adaptado de Louis et al., 2016.

1.2. Glioblastoma

Como visto anteriormente, o glioblastoma é um subtipo de glioma. Esse tipo de
cancer foi identificado primeiramente em 1863 pelo Dr. Rudolf Wirshow sendo
classificado microscopicamente como um tumor de células com origem glial
(Mackenzie, 1926). Dr. Walter Dandy removeu um hemisfério inteiro de dois pacientes
em coma que tinham GB, e mesmo assim, eles vieram a falecer devido a doenga,
demonstrando o quéo invasivo é esse tipo tumoral (Dandy, 1928).

O GB foi originalmente chamado de espongioblastoma multiforme, mas em
1926 o neuropatologista Dr. Percival Bailey e o neurocirurgidao Dr. Harvey
Cushingchamaram de glioblastoma multiforme (Mackenzie, 1926). O termo
“multiforme”, designado por alguns pesquisadores, foi assim descrito pela primeira vez,
pois observando esse tipo tumoral a partir de uma analise microscopica, eles

apresentavam uma grande variabilidade histolégica, bem como heterogeneidade

10



molecular, o que acarretava, muitas vezes, em prognostico ruim da doenca (Bao et al.,
2006).

Estes tumores apresentam caracteristicas de glioma de grau IV, como necrose
endotelial, alta taxa proliferativa e elevada densidade de células atipicas (glioblastoma
primario), podendo evoluir para um tumor de grau inferior (glioblastoma secundario).
Essa classificagdo em primérios ou secundarios depende do processo gliomagénico e
das vias de sinalizagdo celular que se encontram alteradas nessas células tumorais
(Wirsching e Weller, 2016).

Os GBs sdo o0s tumores cerebrais mais malignos e agressivos, compreendendo
mais da metade de todos os gliomas. Constituem a segunda neoplasia maligna mais
comum, representando 16% de todos os tumores primérios cerebrais. Compreendem
cerca de 3% de todos os tumores do SNC, diagnosticados na faixa de 0-19 anos de
idade. S&0 mais comuns em adultos e idosos. S&o 1,6 vezes mais comuns nos homens e
a incidéncia € de duas a trés vezes maior entre os brancos em compara¢do com negros
ou outros grupos raciais (Dolecek et al., 2012).

Os percentuais de sobrevivéncia dos individuos afetados por glioblastoma séo
baixos: menos de 5% dos pacientes sobrevivem cinco anos ap0os o diagndstico. Porém,
tais estimativas sdo um pouco mais elevadas para um pequeno nimero de pacientes, que
quando diagnosticados possuem idade inferior a 20 anos (Dolecek et al., 2012).

Embora os glioblastomas possam ocorrer em todas as idades, inclusive na
infancia, normalmente é diagnosticado aos 55-64 anos (idade média do paciente). A
faixa etdria dos pacientes, o estadiamento do tumor, a ocorréncia de déficits
neurolégicos, bem como a natureza infiltrativa deste tipo de cancer dificulta a remocéo
cirdrgica completa.

Os pacientes com GB exibem uma sobrevida média de apenas 14,6 meses apés
ressec¢do cirurgica e tratamentos de radio e quimioterapia adjuvantes (Ostrom et al.,
2015). A quimioterapia com temozolomida (TMZ), farmaco utilizado como terapia
padrdo para esse tipo tumoral, aumenta a sobrevivéncia dos pacientes em cerca de seis
meses a um ano (Stupp et al.,, 2005), dependendo do estadiamento do tumor.
Mecanismos como desregulacdo de enzimas e proteinas transportadoras de membrana,
aberracbes gendmicas e alteracbes da susceptibilidade a apoptose podem ser
responsaveis pela alta incidéncia de quimio-resisténcia em pacientes com GB (Thakkar
et al., 2014; Ostrom et al., 2015).
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Alteracdes genéticas que sdo frequentes nos GBs incluem as mutacdes de perda
de funcdo ou silenciamento das proteinas p53, p16, Rb e PTEN e mutagdes de ganho de
fungéo como a amplificacdo do gene EGFR. Isso resulta em uma desregulagéo de vias
de sinalizacdo intracelulares que acabam levando a um aumento da proliferacéo,
sobrevivéncia, invasdo e angiogénese tecidual (Wechsler-Reya e Scott, 2001; Ghosh et
al., 2005; Huse et al., 2013; Wirsching e Weller, 2016).

N&o ha causas subjacentes identificadas para a maioria dos gliomas malignos.
Fatores epidemioldgicos especificos, incluindo exposi¢des ocupacionais, carcindgenos
ambientais, alimentos que contenham compostos N-nitrosos, campos eletromagnéticos,
tém sido associados a uma pequena proporcao dos gliomas. Os dois Unicos fatores
estabelecidos em relacéo a causa de tumores cerebrais primarios sao a exposicao a doses
elevadas de radiacdo ionizante e mutacdes herdadas de genes, associados com
sindromes raras. Podem ocorrer ainda, no desenvolvimento dos gliomas, polimorfismos
em genes que afetam a desintoxicagéo, o reparo do DNA e a regulacédo do ciclo celular
(Institute, 2016).

Aproximadamente 5% dos pacientes com glioblastoma maligno apresenta
historico familiar. Alguns desses casos estdo associados com sindromes genéticas raras,

como neurofibromatose tipo 1 e 2, e sindrome de Li-Fraumeni (Farrell e Plotkin, 2007).

1.2.1. Classificacéo (Glioblastomas — Analise Molecular)

Em relacdo a caracterizacdo patogénica dos GB, durante anos ndo haviam sido
divulgados grandes avancos. Com o desenvolvimento da genémica, alguns
pesquisadores conseguiram comprovar através de analises moleculares a
heterogeneidade vista ndo sé na morfologia desse tipo tumoral, mas na expressdo de
proteinas desses tipos de cancer. Essa classificacdo dos GBs, atraves da catalogacdo dos
perfis e a integralizacdo de todo o espectro de anormalidades moleculares comuns,
facilitou a identificacdo de subclasses moleculares em doencas aparentemente
“uniformes”, gragas ao uso da tecnologia de microarranjos de DNA (Parsons et al.,
2008; Huse et al., 2011; Thakkar et al., 2014).

Como descrito acima, segundo a OMS (Louis et al., 2016), os GBs séo

classificados em IDH mutados e IDH selvagens. A nova classificacdo, que ainda esta
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em implementacdo, tmabém define as caracteristicas principais desses dois grupos,

conforme a Tabela 2.

Tabela 2. Principais caracteristicas de glioblastomas IDH-selvagem e IDH-mutado

Glioblastoma IDH-selvagem Glioblastoma IDH-mutado
Snanime Glioblastoma primario, Glioblastoma secundario,
IDH-selvagem IDH-mutado
| eofe Easan Nao identifiavel; Astrocytoma difusc? ‘
desenvolve de novo Astrocitoma anaplasico
Proporgéo dos glioblastomas ~90% ~10%
Idade meédia no diagnéstico ~62 anos ~44 anos
Razao Homem-Mulher 1.42:1 1.05:1
Tempo meédio de historico clinico 4 meses 15 meses
Tempo médio de sobrevivéncia
Cirurgia + radioterapia 9.9 meses 24 meses
Cirurgia + radioterapia
+ quimioterapia 15 meses 31 meses
Localizagao Supratentorial Preferencialmente frontal
Necrose Extenso Limitado
Mutagées no promotor da TERT 72% 26%
Mutacoes em TP53 27% 81%
Mutagdes em ATRX Excepcional 71%
Amplificagdo de EGFR 35% Excepcional
Mutacdo em PTEN 24% Excepcional

Adaptado de Louis et al., 2016.

Ja os estudos iniciais em gliomas malignos demonstraram que as assinaturas
transcricionais conseguem distinguir de maneira eficaz as subpopulagdes de GB, além
de identificar varios tipos de genes cujos niveis de expressdao podem estar
correlacionados com o prognostico (Fuller et al., 1999; Sallinen et al., 2000; Fuller et
al., 2002; Huse et al., 2013).

O “Cancer Genome Atlas” (TCGA) é o instrumento de integracdo de dados de

expressao e de perfis genéticos, que cataloga os padroes moleculares e integra todo o
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espectro de anormalidades vistas em GBs (Parsons et al., 2008; Weinstein et al., 2013).
Esta avaliacdo explora as bases moleculares das distintas subclasses de GB, além de
considerar a sua importancia na patogénese da doenca e no desenvolvimento
terapéutico, os quais poderiam ser melhor avaliados por testes pré-clinicos e
adequadamente concebidos nos ensaios clinicos.

De acordo com essas analises de expressdo e de perfis genéticos, os
glioblastomas séo classificados em 4 subclasses moleculares: proneural, neural, classica
e mesenquimais (figura 3). Essas subclasses exibem correlacbes genémicas e de

anormalidades epigenémicas definidas.

Crigam puiativa
de celulas de GEM Subtipos de GEM primarios:
# E EGFR- E| 3 5
Clasaico PTEN- mm
Céua-tranco Meural i
0 MES - superexpress3o
Moich & Shin - ativacio das
Cala ampiicadars E ativagic das vias
fransiente = -
Q Mesenguims TP53 - perdaimutagio
= FTEN- 3 .
Progeniior MET, CHI3L1, ,hERTIE-smm
NeuralGilal TIC SCRC Familia THF & NFkB - ativacao das vias
> 2@ >>§ e —
y ’T( Arzragdes geneticas Assinatura de cErebro nomal
| Eequancials 2 = Express3o de marcadores newais
Asroin evalugda clonal (NEFL., GABRA1, 5YT1, SLC12A5)
Diewve ser mehor defnido
L
.w# -
¢ . PDGFRA - amplficacao
r Prongural 4
| 101 - rrulqa‘:t .
= > B
= e ma 5
Cigodendniciio I cadores proneurais
5CPC zEM Sscundario {SOX, DCX, DLL3, ASCL1, TCF4

Astrachoma & Q Express3o de marcadores
Srau i = |FDGFRA, OLIG2, TOF3 & NKX2-2)
HIF, Pi2 = PDGFRA - ativag3o das viss

Figura 3: Demonstra esquematicamente as alteracBes genéticas observadas na
patogénese de diferentes subtipos de glioblastoma. Adaptado de Van Meir
et al., 2010.

A finalidade principal da subclassificacdo molecular dos GBs € delinear a
biologia da tumorigénese e determinar os caminhos que levam a oncogénese e ao
crescimento continuo do tumor. A segunda meta é identificar as vulnerabilidades
moleculares que podem servir de alvos terapéuticos, a fim de melhorar o controle dessa

patologia e produzir melhores resultados aos pacientes.

14



A partir desses dados, trés vias de controle de proliferacdo e de morte celular
mostraram-se alteradas (McLendon et al., 2008):

(1) Via dos receptores Receptores de tirosina cinases/ Virus do Sarcoma de
Rato/Fosfatidilinositol 3-cinase (RTK/Ras/P13K) alterada em 88% dos GB;

(2) Via da proteina p53 alterada em 87%);

(3) Via da proteina do retinoblastoma (Rb) alterada em 77% dos GB.
As vias 1 e 2 serdo abordadas no item 1.6.

1.2.2 Origens do glioblastoma

As origens do GB versam por trés hipoteses. A primeira e mais antiga confirma
que sdo originados de células maduras (astrécito e/ou oligodendrdcito) que sofreram
diversas mutacbes em genes supressores tumorais e oncogenes, levando a
desdiferenciacéo e ao desenvolvimento do tumor.

A segunda hip6tese sustenta que tais tumores tém origem a partir de células
progenitoras. As células progenitoras neurais adquirem mutac@es resultando em células
com propriedades de tronco (Bao et al., 2006; Eramo et al., 2006; Visvader e Lindeman,
2008; Van Meir et al., 2010).

A hipoétese afirma que as células tronco neurais adultas (com um alto potencial
proliferativo e de diferenciacdo) adquirem mutacGes transformando-se em
tumorigénicas (figura 3, a esquera) (Dirks, 2006; Stiles e Rowitch, 2008). Esse ultimo
conceito de os glioblastomas apresentarem um ‘pool' de células tumorais com
propriedades tronco, responsaveis pela formagdo do tumor, originou o termo ‘células
tronco tumorais’ (CTT).

A supressdo espontanea da apoptose e desregulagdo da divisdo celular
constituem as propriedades mais criticas que uma célula somatica adquire no decurso da
sua transformagao em neoplasica.

Existem pelo menos trés razGes que contribuem para a resisténcia dos
glioblastomas a terapia:

(1) a massa tumoral muitas vezes pode estar localizada e invadir areas cerebrais
funcionais inacessiveis, impossibilitando a resseccdo cirargica (tumores infiltrativos)

sem que sejam afetadas as atividades motoras e/ou 0s processos cognitivos,
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comprometendo de forma inequivoca a qualidade de vida do paciente (Sanai e Berger,
2008; Sanai et al., 2008);

(2) os glioblastomas sdo caracterizados por apresentarem uma variedade de
anormalidades genéticas. Esta heterogeneidade pode constituir um desafio
terapéutico, porque as celulas que carregam anormalidades diferentes podem responder
de forma diferente a terapia;

(3) a barreira hematoencefalica (BHE) protege o sistema nervoso central e evita
que muitos quimioterapicos administrados sistemicamente tenham acesso ao local do
tumor.

No intuito de compreender os mecanismos envolvidos na progressdo dos
glioblastomas, alguns pesquisadores identificaram uma populacdo de CTTs com
propriedades especiais, sendo denominadas de células tronco tumorais (CTTs) (Eramo
et al., 2006). Estas células possuem um papel crucial na iniciacdo e proliferacdo do
tumor. Apesar de terem propriedades distintas das células tumorais, possuem a
habilidade de se auto-renovar, diferenciar em varios tipos de células tumorais e
sustentar o crescimento do tumor in vivo (Eramo et al., 2006). Sdo importantes, do
ponto de vista clinico, devido a sua elevada resisténcia a radio e quimioterapia. Essa
descoberta explica a ineficacia da terapéutica atual (convencional), que esta limitada as
abordagens convencionais que visam eliminar a populacdo de células neopléasicas em
massa, nao considerando as células remanecentes como as CTTs que conseguem

regenerar o tumor (Smalley e Ashworth, 2003; Eramo et al., 2006; Jordan et al., 2006).

1.3. Gliomas e Hipdxia

Conforme exposto acima, glioblastomas séo tumores que possuem uma alta taxa
proliferativa, sdo muito infiltrativos e sdo capazes de promover angiogénse tecidual.
Porém esse mecanismo de formacdo de novos vasos nao supre totalmente a massa de
células neoplasicas com nutrientes e aporte de oxigénio, o que favorece muitas vezes a
formacao de areas hipoxicas (Joseph et al., 2015). Esse fenémeno é comum em tumores
solidos (figura 4), onde a concentracdo de O, na massa tumoral varia de 2,5 a 5,3%, e
pode chegar até abaixo de 0,1% em regibes necroticas, caracterizando um
microambiente hipoxico (Keith e Simon, 2007; Persano et al., 2013). As condicGes de
normoxia para células humanas embrionérias ou adultas é em média 8% (57,6 mmHg)
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de Oxigénio molecular (O,), geralmente variando entre 2,5 a 12% (14,4-64,8 mmHgQ)

em tecidos cerebrais (Keith e Simon, 2007; Persano et al., 2013).

Camada central/necrética
Vaso Sanguineo - Forte hipoxia

- Nestina+, CD133+

- Bajxa taxa proliferativa
- MGMT++

Capacidade de
auto-renovagao
= e resisténcia a
Camada Intermediaria/ tratamento com
hipoxica Telozolomida
- Hipoxia ténue
- Fenotipo misto
- Taxa proliferativa alta
- MGMT+

Camada Periférica/

vascularizada Sensibilidade a
- Sem hipoxia = tratamento com
- GFAP+, B-1lI-tubulina+ Telozolomida
- Proliferagdo muito lenta

- MGMT-

Figura 4: Caracteristicas do microambiente hipoxico em glioblastoma. Adaptado de Persano et al.,
2011.

Microambientes hipdxicos contribuem para a progressdo dos tumores através da
ativacdo de programas transcricionais adaptativos que promovem a sobrevivéncia
celular, motilidade e angiogénese (Keith e Simon, 2007). Alem disso, evidéncias
sugerem que a hipoxia induz a desdiferenciacdo de células tumorais maduras para CTT,
responsaveis pelo crescimento tumoral e pela resisténcia a radio e quimioterapia (Soeda
et al., 2009; Persano et al., 2011; Joseph et al., 2015).

Os fatores induziveis de hipoxia (HIFs) ativam a via apoptotica por meio da p53
em células tumorais e ndo-tumorais. GBs apresentam mutacdes de perda de funcdo da
p53; nestes, a apoptose induzida pela falta de O, é mediada por outras formas, sendo
uma delas através da abertura do poro de transi¢cdo de permeabilidade mitocondrial em
uma via independente da p53 (Jakubovicz et al., 1987; Lemasters et al., 1997;
Lemasters et al., 1999).
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Os HIFs ndo sO sinalizam para a via apoptdtica, mas principalmente séo
responsaveis pelas adaptacdes celulares frente a privacdo de O, através da transcrigdo
de genes alvo. HIF-1a e HIF-20 compartilham alguns genes alvo, incluindo genes que
codificam o fator de crescimento endotelial (VEGF), o transportador tipo | de glicose
(GLUT-1) e a adrenomedulina-1 (ADM-1).

O VEGEF pode estar associado com o aumento da massa e da progressao tumoral
através da atuacdo em células endoteliais e também através de uma via de sinalizagdo
autocrina. Foi demonstrado que VEGF em tumores € responsavel pela manutencao de
um fendtipo caracteristico de CTT (morfologia caracteristica de células indiferenciadas)
(Hamerlik et al., 2012), pela proliferagéo celular (Knizetova et al., 2008), pela invasao
de células tumorais (Bachelder et al., 2002) e por aumento de resisténcia a radio e
quimioterapia (Eramo et al., 2006).

Embora a secrecdo de VEGF e de outros fatores pré-angiogénicos em GBs leve
a uma forte resposta angiogénica, a vasculatura tumoral resultante é anormal, exibindo
vazamentos devido a uma elevada permeabilidade vascular, espessamentos focais de
paredes vasculares e formacdo de glomeruldides originados de proliferacdo

microvascular excessiva (Brat e Van Meir, 2001; Kaur et al., 2005).

1.4. Gliomas e Mitocondria

Alteracbes mitocondriais contribuem para a patogénese dos gliomas. As
mitocondrias apresentam alta mobilidade e plasticidade, constantemente alterando a sua
forma. A distribuicdo e organizacdo dessas organelas variam entre os diferentes tipos
celulares. Cada mitocdndria é envolta por duas membranas altamente especializadas,
com diferentes fungdes. Juntas, elas criam dois compartimentos mitocondriais distintos:
a matriz e o espago intermembrana (Alberts et al., 2014).

A principal funcdo da mitocondria é a geracdo de ATP por meio da oxidagéo do
piruvato, proveniente principalmente da glicélise no citoplasma da célula. Os elétrons
obtidos da oxidacdo do piruvato sdo carreados por NADH.H" e FADH, e combinados
com O, pela cadeia respiratoria presente na membrana mitocondrial interna. A grande
quantidade de energia liberada € utilizada para encaminhar protons contra seu gradiente
de concentracdo através da membrana mitocondrial interna (para fora da matriz
mitocondrial). Isso resulta em acimulo de H* no espago intermembrana, o qual entdo
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volta para a matriz por meio do complexo V da cadeia respiratoria, gerando ATP
(Nelson e Cox, 2012). A forca que move os protons para a mitocondria (Ap) € uma
combina¢do do potencial de membrana mitocondrial (Aym) e o gradiente de pH
mitocondrial (ApHm). Juntos, esses fatores ajudam a regular o controle mitocondrial
sobre o metabolismo energético, homeostasia idnica na célula e morte celular.

Em relacdo aos glioblastomas, estes apresentam metabolismo dindmico e o
tumor passa por muitas adaptaces para manter sua alta taxa proliferativa, o crescimento
celular e garantir a sua sobrevivéncia frente a insultos ou em ambientes hostis (Ordys et
al., 2010). Essa plasticidade provém da heterogeneidade genética que as células
apresentam (tipos de mutagdes e superexpressdes) somada aos estimulos ambientais. Os
quimioterapicos também podem induzir alteracbes metabdlicas profundas nas células
cancerosas, gerando resisténcia intrinseca a morte celular por apoptose (Yadava Phd,
2015).

As mitocondrias tém um papel fundamental na regulacdo de todos esses
processos, pois estdo envolvidas na morte celular por apoptose (via intrinseca), na
proliferacdo celular, no metabolismo energético e no equilibrio de espécies reativas de
oxigénio (EROs). Essa organela é responsavel pelo metabolismo oxidativo na maioria
das células, porém em gliomas a cadeia respiratoria estd comprometida e a producéo de
energia na sua maioria da-se por via ndo oxidativa (via glicolise) (Ordys et al., 2010).

Essa disfuncdo metabolica pode estar associada a estrutura tridimensional da
cardiolipina, um fosfolipidio de membrana presente nas mitocondrias (Schlame et al.,
2000). A cardiolipina em glioblastomas € sintetizada de forma errénea. Portanto, o
complexo das proteinas da cadeia respiratoria que se situam ancoradas na membrana
também é afetado, gerando uma producdo de ATP ineficiente (Kiebish et al., 2008).
Muitos trabalhos citam que a resisténcia intrinseca a apoptose nos gliomas pode estar
associada a estrutura quimica alterada da cardiolipina, pois essas alteracOes
comprometem a formacéo do poro de transicdo mitocondrial. Além disso, a inibicdo de
apoptose, inducdo de angiogénese, invasdo e metastase em células tumorais atualmente
se atribui a mutagdes associadas ao DNA mitocondrial (Kiebish et al., 2008; Ordys et
al., 2010).

No entanto, Yadava et al. (2015) avaliaram os mecanismos de diversos agentes
terapéuticos em células cancerosas em relacdo a parametros mitocondriais e a morte
apoptotica. Esse afirma que, apds tratamento com quimioterapicos, ocorre biogénese
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mitocondrial independentemente da ativacao das caspases 3 e 7 e que cada farmaco age
de maneira diferente nesse contexto.

A biogénese mitocondrial e muitas funcgdes da organela sao reguladas por fatores
de transcricdo nucleares e coativadores, por exemplo, o fator de transcricdo
mitocondrial A (TFAM) e o co-ativador 1 alfa de receptor ativado por proliferadores de
peroxissoma 1 gama (PGC-1a) (Scarpulla, 2008; Hock e Kralli, 2009). O PGC-1a serve
como um elo entre eventos regulatérios nucleares e a maquinaria de transcricdo da
mitocondria e 0 mesmo tem sido descrito como tendo um papel neuroprotetor por meio

da inducdo da biogénese e funcdo mitocondrial (Ventura-Clapier et al., 2008).

1.5. EGFR

Alteracbes genéticas de RTKSs, incluindo as do EGFR, tém um papel importante
na resisténcia ao tratamento, no desenvolvimento e na progressdao dos GB. A mutacao
mais comum associada ao glioma maligno é a amplificacdo do EGFR (também referido
como ERBB1 ou HER1) com frequéncia de cerca de 50%. EGFR é um membro da
superfamilia HER de receptor tirosina cinases juntamente com ERBB2, ERBB3 e
ERBB4 (Furnari et al., 2015).

A estrutura de cada um dos membros compreende: um ectodominio ligante-
ligante com 2 regiGes ricas em cisteina; uma Unica regido transmembrana; e um dominio
citoplasmatico com agdo enzimatica tirosina cinase. Os ligantes responsaveis pela sua
ativacdo incluem: EGF, TGF-a (Fator de Crescimento Transformador alfa),
anfiregulina, betacelulina, dentre outros (Yewale et al., 2013).

Enquanto inativo, o EGFR ocorre na membrana plasmatica como um
monomero. A ligacdo de uma molécula EGF ou outro ligante compativel (TGF-a,
anfiregulina, betacelulina) em um mondmero do receptor, induz mudancas
conformacionais que permitem a interacdo entre dois monémeros de EGFR. A homo ou
heterodimerizacao do receptor resulta em mais alteragdes conformacionais que ativam o
dominio tirosina cinase intracelular. Isto resulta na autofosforilacdo da porgéo
citoplasmatica do receptor e inducdo da sinalizagdo "downstream”. A fosforilacdo das
porcdes intracelulares desses receptores ativam rotas de sinalizacdo como Ras-Cinase
Regulada por Sinal Extracelular (ERK, Proteina Cinase Ativada por Mitdégenos, MAPK)
e PI3K/Akt, entre outras (Tebbutt et al., 2013).
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A dimerizacdo, além de ativar a atividade das cinases na por¢éo intracelular leva
a formacdo de invaginacOes cobertas por clatrina na membrana. Essas invaginacoes
formam vesiculas endociticas que se fusionam com endossomos iniciais. Moléculas de
EGFR que estdo presentes nesses compartimentos retornam a membrana plasmatica
(recicladas) ou sdo destinadas a degradacdo (Yewale et al., 2013). Na auséncia de
ligante, EGFR esta internalizado e possui meia-vida de 30 minutos sendo rapidamente
reciclado e devolvido @ membrana plasmatica. A meia-vida metabolica de EGFR em
linhagens celulares tumorais é de 20 h, isso significa que 0 mesmo receptor ira ciclar na
via endocitica diversas vezes durante esse tempo (Hatanpaa et al., 2010).

Em aproximadamente 50% dos tumores com amplificacdo de EGFR, pode ser
detectado um mutante especifico de EGFR (EGFRvIII, também conhecido como EGFR
tipo Ill, de 2-7, AEGFR). A maioria dos GBs (54%) superexpressa a proteina EGFR
“wild type” (WtEGFR) e 31% superexpressam tanto o WtEGFR como o EGFRvIII. O
EGFRvIII é uma mutagdo delecdo de WtEGFR, que remove os exons 2-7, resultando em
uma delecdo de 267 aminoacidos do dominio extracelular do receptor (Hatanpaa et al.,
2010). Desse modo, o EGFRvIII ndo possui a porcao extracelular na qual o ligante se
liga e esse receptor esta constantemente ativo.

Em células saudaveis ha cerca de 4x10* a 1x10° moléculas de EGFR presentes
na membrana, enquanto células tumorais expressam mais de 2x10° receptores por célula
(Yewale et al., 2013). Por essa razdo, diversas alternativas terapéuticas para o cancer
tem sido desenvolvidas visando o receptor EGFR como alvo.

Os agentes mais promissores sdo 0s anticorpos monoclonais (mAb) e as
moléculas inibidoras de tirosina cinase (TKI), que apresentam mecanismos de agdo e
especificidade distintos para 0 mesmo alvo. Os mAbs se ligam a porcao extracelular do
receptor e competem com as moléculas ligantes, impedindo a ativacdo das cascatas de
sinalizacéo (Garrett et al., 2002; Ogiso et al., 2002; Yewale et al., 2013); TKIs inibem a
autofosforilacdo da porcéo citoplasmatica de EGFR e competem com ATP enddgeno

pelo dominio catalitico da molécula (Yewale et al., 2013).

1.6. Vias de sinalizacéo alteradas em glioblastomas
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As alteracdes genéticas em glioblastoma ocorrem com frequéncia em trés vias de
sinalizacdo celular: (a) via RTK, RAS, e PI3K, (b) via da p53, e (c) via Rb

(retinoblastoma-supressor tumoral), conforme ilustrado na Figura 5.
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Figura 5. As alteracBes no DNA e as mudangas no numero de cépias nas seguintes vias de sinalizacdo

estdo indicadas em (a) RTK, RAS, e PI3K, (b) supressor tumoral p53, e (c) Rb. As
alteracGes genéticas sdo mostradas em vermelho (upregulation) e as que conduzem a uma
perda de funcdo sdo indicadas em azul. Podemos observar que os componentes alterados, 0
tipo de alteracdo e a percentagem de tumores que transportam cada alteracdo nessas vias.
As caixas azuis contém as percentagens totais de glioblastomas com alteracdes em pelo
menos um gene conhecido da via designada. Adaptado de McLendon et al., 2008.

1.6.1. Via RTK/RAS e PI3K

EGFR torna-se ativado por meio da ligacdo de fatores de crescimento em seu

dominio extracelular, através de homo ou heterodimerizacdo com outros receptores
levando a eventos de fosforilacdo. Sua ativacdo estimula principalmente duas vias de
sinalizacdo: via da Ras e via da PI3K/Akt (PKB) (Krakstad e Chekenya, 2010).
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1.6.1.1. Viada RAS

A Ras é uma proteina G monomérica, pertencente a familia das Proteinas
Cinases ativadas por mitogenos (MAPK), cujas respostas desencadeadas pela via estdo
relacionadas com a progressao do ciclo celular, a transcricdo de genes, a sobrevivéncia
tumoral, a proliferagdo celular e a reorganizacdo do citoesqueleto (Malumbres e
Barbacid, 2003). A ativacdo via fosforilacdo da Ras inicia uma cascata de sinalizacao
através de MAPKs e ERK-1 e 2, cinases que irdo ativar alvos citoplasmaticos como
p90RSK. Esta serina/treonina cinase transloca para o nucleo onde ativa fatores de
transcricdo, como o CREB, que regulam a sobrevivéncia e proliferacdo de células de
glioma (Sturgill et al., 1988; Sozeri et al., 1992; Moodie et al., 1993; Krakstad e
Chekenya, 2010).

1.6.1.2. Via PI3K

A PI3K é translocada para a membrana plasmatica por meio da ligacdo de
fosfotirosina a residuos dos RTKS. A PI3K fosforila o PIP2 (fosfatidilinositol-4,5-
bifosfato) a PIP3 (fosfatidilinositol-3,4,5-trifosfato), este, por sua vez, funciona como
um importante sinalizador intracelular coordenando processos de crescimento celular,
migracao, metabolismo e regulacdo do ciclo celular (Feldkamp et al., 1999; Krakstad e
Chekenya, 2010). O acimulo de PIP3 recruta a PDK1 (Phosphoinositide-Dependent
Kinase 1) e Akt/PKB & membrana plasmatica. Akt é ativa quando fosforilada em dois
residuos, ao mesmo tempo: Thr308 (por PDK1) e Ser473 (por mTORC2-mTOR-Rictor
Kinase Complex 2). PDK1 e o complexo mTORC2 séo ambos ativados por PI3K (Guha
et al., 1997; Feldkamp et al., 1999; Krakstad e Chekenya, 2010). A Akt é responsavel
pela fosforilacdo de varios substratos citosolicos e nucleares que regulam o
metabolismo e o crescimento celular. A Akt estd relacionada com a fosforilagdo de
proteinas que regulam a apoptose (Bad, caspase-9, Double Minute murino 2 (MDM2),
p21Wafl/Cipl, Fator de Transcrigdo “forkhead homeobox O1” (FOXO1) e GSK3p),
proliferagdo e sobrevivéncia celular (Gesbert et al., 2000). A GSK3B é um dos
substratos da Akt, estd envolvida na regulacdo de varias funcGes celulares, incluindo
diferenciacdo, crescimento, motilidade, proliferacdo, progressdo do ciclo celular,
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apoptose e resposta a insulina. A desregulacdo da expressdo da GSK3p conduz a muitos
estados patolégicos: diabetes, doenca de Alzeimer, Parkinson, distarbios bipolares e
cancer. A ativacdo da GSK3p (quando defosforilada — Ser-9) promove parada no ciclo
celular e encaminhamento para apoptose (Gesbert et al., 2000).

A sobrevida média de pacientes com GB que possuem mais ativa a via da PI3K
(n = 42/56) e Akt (37/56) é de 11 meses em comparagdo com pacientes com niveis mais
baixos de ativacdo, que foi de 40 meses. Este fato é significativamente mais frequente
em pacientes com GB do que outros tipos de cancer (Chakravarti et al., 2004; Krakstad
e Chekenya, 2010).

1.6.1.3 Via da p53

O gene TP53 codifica uma proteina de 53kD, que desempenha um papel em
varios processos celulares, incluindo regulacdo do ciclo celular, respostas a danos no
DNA, morte celular, diferenciacdo celular e neovascularizagcdo. A proteina supressora
tumoral, p53 apresenta-se mutada em 87% dos glioblastomas. A p53 induz parada no
ciclo celular, podendo recrutar as proteinas de reparo do DNA ou encaminhar a morte
celular apds uma injaria (dano ao DNA). Esse mecanismo é responsavel pelo turnover
das células presentes nos tecidos e 6rgdos do nosso corpo, ao passo que animais que
perdem p53 desenvolvem tumores ao longo da vida (Brenner e Mak, 2009; Guicciardi e
Gores, 2009; Krakstad e Chekenya, 2010).

1.7. Apoptose

Apoptose € um processo essencial para a manutengdo do desenvolvimento dos
seres vivos, sendo importante para eliminar células em desuso ou defeituosas. Durante a
apoptose, a célula sofre alteracbes morfoldgicas que incluem: a retracdo da célula, perda
de aderéncia com a matriz extracelular e células vizinhas, condensacdo da cromatina,
fragmentacdo internucleossdmica do DNA e formagdo dos corpos apoptéticos. As
alteracbes morfoldgicas observadas sdo consequéncia de uma cascata de eventos
moleculares e bioquimicos especificos e geneticamente regulados (Koff et al., 2015).

A apoptose pode ser iniciada de forma extrinseca e intrinseca (Koff et al., 2015).
A via extrinseca ocorre por ativagdo de receptores de morte celular chamados de fatores

24



de necrose tumoral (TNFR) (Krakstad e Chekenya, 2010). As proteinas que formam o
receptor estdo organizadas em homotrimeros e sdo ativadas por ligacdo de diversos
ligantes ao respectivo receptor. A ligacdo ao receptor pode resultar em varias respostas,
incluindo a inflamacéo, proliferacdo e apoptose, dependendo das proteinas adaptadoras
associadas com o tipo do receptor ativado. Os receptores que medeiam a apoptose sdo
TNF-R1, Receptor 6 da Superfamilia de TNF (FAS) e Receptor de Morte 4/5
(DR4/DR5), e os ligantes sinalizadores de morte sdo: TNFa (fator de necrose tumoral),
FasL (ligante de Fas), TRAIL (ligante indutor de apoptose relacionado ao TNF), CD95
estdo relacionados com a inducéo de apoptose (Chen et al., 1997; Krakstad e Chekenya,
2010). A trimerizacdo do receptor resulta no recrutamento de varios dominios de morte
e eventualmente recrutamento e ativagdo de caspase-8 e caspase-10, que induzem a
clivagem e ativacdo de caspases efetoras do processo apoptoético.

A via intrinseca é ativada por sinais intracelulares, tais como dano ao DNA,
danos oxidativos, privacdo de oxigénio ou de fatores de crescimento. Essa via é
modulada pela familia de proteinas Bcl-2. A sinalizagdo desencadeada por estas
proteinas tem como finalidade modular a permeabilidade da membrana mitocondrial.

Apds a ativacdo de sinais de morte, as proteinas pro-apoptoticas BAX e BAK
principalmente, sofrem mudangas conformacionais e se inserem na membrana
mitocondrial externa. Isto aumenta a permeabilidade da membrana através da formacéo
e/ou regulacao de canais da membrana que permitem a libertacdo de diversas moléculas
do interior da mitocondria para o citoplasma da célula, sendo o citocromo C o mais
estudado (Brenner e Mak, 2009; Krakstad e Chekenya, 2010; Koff et al., 2015). A
liberacdo dos componentes mitocondriais leva a ativacdo da proteina citosolica Apaf-1,
responsavel pela formacdo do apoptossomo juntamente com ATP, facilitando o
recrutamento e a clivagem da caspase-9, que ativa as caspases 3, 6 e 7 executoras do

processo apoptotico.

1.8. Diagndstico e Terapéutica

A avaliagdo inicial do paciente com tumor cerebral compreende exames clinico e
neuroldgico detalhados além de exames de neuroimagem. O estadiamento tumoral é
diagnosticado minimamente por tomografia axial computadorizada contrastada, seguida
por ressonancia magnética e espectroscopia (Eckley e Wargo, 2010).0 diagnéstico
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definitivo é confirmado pelo estudo histopatoldgico de espécimes tumorais, obtido por
bidpsia estereotaxica ou a céu aberto, sendo essencial para o planejamento terapéutico
(Eckley e Wargo, 2010).

Os sintomas clinicos podem incluir dores de cabeca progressivas, déficits
neuroldgicos focais e convulsdes (Tanwar et al., 2002; Shai et al., 2003; Davis, 2016).
Os tratamentos utilizados na clinica para glioblastomas e tumores primarios cerebrais
incluem: resseccdo cirurgica, radiacao ionizante e quimioterapia (Davis, 2016).

Os gliomas malignos sdo tumores heterogéneos, tanto na aparéncia como na
expressao génica. A necessidade de uso concomitante de medicamentos
anticonvulsivantes muitas vezes limita a seguranca da terapia antineoplasica.

Regimes terapéuticos contendo nitrosuréias (carmustina ou lomustina),
alquilantes do DNA (procarbazina, dacarbazina ou temozolomida), derivados da platina
(cisplatina ou carboplatina), vincristina, teniposideo, hidroxiuréia, cloroquina,
bevacizumabe (anti-VEGF) e irinotecano mostraram-se Uteis no tratamento paliativo de
gliomas cerebrais nos graus Ill ou IV, que, em geral, sdo administrados
concomitantemente a radioterapia (Davis, 2016).

A TMZ pertence a classe dos quimioterapicos alquilantes do DNA, sendo um
derivado da imidazotetrazina. Mesmo sendo um medicamento classico para o
tratamento de glioblastomas (TMZ, 75 mg/m?), a sua acéo terapéutica depende da
habilidade de alquilar o DNA (Wick, A. et al., 2011). Administrado por via oral, trata-se
de um pré-farmaco, ou seja, apresenta atividade farmacoldgica quando hidrolisado in
vivo para MTIC (5-(3-metiltriazeno-1-il)imidazol-4-carboxamida). O MTIC é quem
possui a atividade citotoxica, agindo como agente alquilante.

Os pacientes, que utilizam o quimioterapico, apresentam uma sobrevida média
de aproximadamente 15 meses. O farmaco apresenta uma meia vida muito baixa, cerca
de 1,8 horas no plasma, o que aumenta a citotoxicidade do mesmo pois é administrado
em doses altas (Zhang e Gao, 2007; Wen et al., 2011).

Devido a variedade de padrdes moleculares dos GBs e a alta taxa de recorréncia
desses tumores malignos, os desafios terapéuticos atuais estdo centrados na promessa do
diagnostico personalizado, bem como a propria terapia que podem conduzir a diferentes

regimes de tratamento.

1.9. Doxazosina
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A DOX [4 - (4-amino-6,7-dimetoxiquinazolina-2-il)-piperazina] 1-il - (2,3-
diidro-1,4-benzodioxina-3-il) metanona, é um derivado quinazolinico que compreende a
classe terapéutica dos alfa-bloqueadores adrenérgicos. Sdo farmacos que blogqueiam

seletivamente os receptores alfa-1 adrenérgicos (Figura 6).
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Figura 6: Estrutura quimica da doxazosina.

E utilizada na clinica como mesilato de doxazosina (Carduran®) para 0
tratamento de hipertensdo, insuficiéncia cardiaca congestiva e hiperplasia benigna de
prostata. Esses farmacos reduzem a resisténcia arteriolar e provocam aumento da
capacitancia venosa, 0 que resulta em reflexo simpéatico mediado pelo aumento da
frequéncia cardiaca e da atividade do sistema renina-angiotensina plasmaticos. Durante
a terapia crbnica, a vasodilatacdo persiste, mas o débito cardiaco, a frequéncia cardiaca
e a atividade da renina no plasma retornam a normalidade e o fluxo sanguineo renal é
inalterado (Wykretowicz et al., 2008).

A principal via de eliminacdo da DOX, ap6s a administracdo oral e intravenosa,
¢ através das fezes para homens, ratos, camundongos e cdes. Ademais, estudos
mostraram que a DOX é completamente absorvida no homem, camundongo e rato, mas
é moderadamente absorvida no céo (Kaye et al., 1986).

Devido as suas caracteristicas fisico-quimicas, a DOX consegue atingir o SNC,
além de possuir uma meia vida longa, cerca de 12h. O farmaco é responsavel por
induzir a apoptose nas ceélulas prostaticas malignas atraves de um mecanismo
alternativo ao relacionado com o adrenoceptor alfa-1 (Rasheed et al., 1999; Holland,
2000). A DOX exerce efeitos pré-apoptéticos em células de cancer de mama e cancer
de bexiga (Maher et al., 2001; Wechsler-Reya e Scott, 2001). Sua acdo anti-hipertensiva

¢ devido a sua capacidade de se ligar a receptores alfa-1 adrenérgicos, mas 0s
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mecanismos de suas acdes anti-proliferativas e pro-apoptoticas em células cancerosas
ainda ndo sdo bem compreendidos.

Por apresentar em sua estrutura quimica o anel quinazolinico, a DOX pode ser
uatil como ponto de partida para a sintese de compostos que tenham atividade biologica
como inibidores de RTKs. Quinazolinas possuem estrutura quimica semelhante aos
derivados purinicos: ATP, AMP e ADP. Inclusive, a agdo inibidora do receptor de
tirosina cinase baseia-se na ocupacdo de sitios de acoplamento do ATP por esses
compostos, provocando a inibicdo da RTKs (Goldstein et al., 2008). Os derivados de
quinazolinas tém efeitos pleiotropicos com a capacidade de afetar as funcbes e
atividades dos receptores alfal-adrenérgicos, fosfodiesterases, tirosina cinases e a
descoberta mais recente adenosina cinases. Nos Ultimos anos, estes compostos tiveram
grande progresso no combate de doencas proliferativas como cancer, baseados
principalmente na atividade inibidora de RTKs. Sdo alvos de estudos do metabolismo
da glicose e sinalizacdo da insulina, porém ainda sao pouco explorados.

Os RTKs desempenham um papel vital nos processos de controle da proliferagdo
celular, diferenciacdo e evasdo da apoptose. Até esta data, trés ligantes reversiveis
(anilinoguinazolinas) do EGFR (Gefitinib®, Erlotinib® e Lapatinib®) foram aprovadas
pelo Administracdo de Alimentos e Medicamentos (FDA) para uso clinico no
tratamento do céancer (Goldstein et al., 2008; Chilin et al., 2010). Devido as suas
caracteristicas quimicas e farmacoldgicas, avaliamos o potencial efeito antitumoral da

doxazosina em modelos de gliomas.

1.10. Fluorescéncia

O fenbmeno da luminescéncia é dividido em duas categorias: a fluorescéncia e a
fosforescéncia. A fluorescéncia é a emissdo da luz a partir de um estado excitado
singleto, no qual o elétron excitado ndo muda a orientagdo do spin, continuando
desemparelhado (Valeur e Berberan-Santos, 2012). Consequentemente, 0 retorno ao
estado fundamental é permitido e ocorre rapidamente via emissdo de um foton. A
fluorescéncia é considerada uma emissao de luz que desaparece simultaneamente com o
fim da excitagdo. Os fluoroforos emitem luz na faixa de comprimentos de onda do
espectro visivel, ou seja, entre infravermelho e ultravioleta. Em compostos organicos, o
fendmeno da fluorescéncia ocorre tipicamente em estruturas aroméaticas com ligacoes
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ressonantes (m) (Valeur e Berberan-Santos, 2012). Uma das vantagens dessa
caracteristica da molécula é a alta sensibilidade de deteccdo. Esse fenbmeno permite
estudar a dindmica dos sistemas promovendo a informacdo espacial e temporal da
amostra analisada. Alguns parametros fisicos e quimicos do microambiente podem
influenciar na emissdo da fluorescéncia de uma molécula, como por exemplo: pH,
viscosidade, polaridade, pressdo, temperatura, potencial elétrico e interacGes
eletrostaticas com biomoléculas. Como consequencia dessa influéncia do meio na
emissdo da fluorescencia, algumas moléculas sdo geralmente usadas como probes para
investigacbes fisico-quimicas, bioguimicas e em sistemas bioldgicos (Valeur e
Berberan-Santos, 2012; Chung e Eaton, 2013).

Na farmacologia essa caracteristica € muito importante, principalmente quando
se estuda tumores cerebrais infiltrativos. Desenvolver farmacos antitumorais que sejam
fluorescentes significa ter a possibilidade de selecionar o alvo, quantificar, visualizar as
células infiltrativas, facilitar a resseccdo cirurgica e monitorar a resposta terapéutica
(Etrych et al., 2016).

1.11. Nanotecnologia aplicada a farmacologia

Nanotecnologia significa, de maneira geral, a habilidade de manipulagdo dos
atomos na escala de 0,1 e 100 nm, visando criar estruturas maiores diferindo das
propriedas da matéria da que Ihe deu origem, ou seja, criando fundamentalmente uma
nova organizagdo estrutural (lllia, 2015). Neste trabalho abordaremos a forma
farmacéutica estruturada em nanocéapsulas. Na figura 7 é apresentado um desenho

esquematico de uma nanocapsula carregada com mesilato de doxazosina.

29



NUCLEO OLEOSO
MEMBRANA POLIMERICA

@ MESILATO DE DOXAZOSINA

Figura 7. Desenho esquematico da composi¢do de uma nanocapsula

com mesilato de doxazosina.

Muitos farmacos atualmente utilizados na terapia antitumoral ndo diferenciam
entre a célula sadia e a neoplésica, gerando grande toxicidade. Problemas
farmacodindmicos, como por exemplo, a rapida eliminacdo e ampla distribuicdo do
farmaco, requerem administracdao de grandes quantidades dos agentes antitumorais. 1sso
resulta muitas vezes em aumento de toxicidade, posologia inadequada e diminuicdo da
adesdo ao tratamento. A ampla distribuicdo é um problema, pois geralmente aumentam
os efeitos adversos. A utilizacdo de nanofarmacos na terapia antineoplésica,
principalmente em se tratando de cancer de SNC, aumenta a vetorizacdo do farmaco no
local de acdo. As nanocapsulas atravessam a BHE com mais facilidade que o farmaco
livre. Essa tecnologia aplicada a famarmacologia muitas vezes € capaz de aumentar a
eficiéncia e eficacia do farmaco (Heath e Davis, 2008; Kang et al., 2016).

Uma das caracteristicas do tecido canceroso € a alta taxa proliferativa e a
presenca de neovascularizagdes. A angiogénese tecidual das células cancerosas resulta
muitas vezes em uma arquitetura tecidual defeituosa. Nessas situagdes, 0 nanofarmaco
consegue maior acessibilidade ao local do tumor. Os poros presentes na vasculatura
tumoral acumulam nanofarmacos de 10 a 100 vezes mais quando comparado com o
farmaco livre (Heath e Davis, 2008). Além disso, a entrada das nanoparticulas nas
células é via endocitose, portanto sdo capazes de passar pelos multiplos mecanismos de
resisténcia presentes na superficie celular, como glicoproteina P e bombas protéicas.

Visando diminuir a dose terapéutica e aumentar a eficiéncia e eficacia da DOX, este
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farmaco foi utilizado na sua forma livre e nanoencapsulada nessa tese (Heath e Dauvis,
2008; Kang et al., 2016).
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2. OBJETIVOS
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Objetivo geral
Investigacdo do potencial terapéutico da DOX em modelos de gliomas in vitro

e in vivo.

Objetivo Especifico 1: Analisar o efeito da hipdxia em modelo in vitro de gliomas
(Capitulo I)

1) Desenvolver um modelo in vitro que se aproxime ao microambiente hipdxico tumoral
utilizando células C6;

2) Observar as adaptacOes celulares (morfologia, marcadores proteicos, atividade
mitocondrial) nas células (C6) expostas a hipdxia na presenca e auséncia de soro;

3) Analisar as adaptacdes celulares apds a reoxigenacao;

4) Estudar o tipo de morte celular e caracterizar o microambiente hipoxico.

Objetivo Especifico 2: Avaliar o potencial antitumoral da DOX em modelo in vitro
de gliomas com foco em vias de sinalizacdo celular alteradas pelo farmaco
(Capitulo 11, 111, e V)

1) Analisar o efeito antitumoral da DOX em linhagens de glioma humano (U138-MG) e
de rato (C6), por meio da analise da densidade celular, proliferacdo e morte celular apos
tratamento em ambas as linhagens;

2) Verificar o envolvimento de algumas proteinas da via de sinalizagdo PI3K/Akt e p53
apos o tratamento (24 e 48 h);

3) Avaliar a citotoxicidade da DOX frente a modelos n&o tumorais: em células (cultura
primaria de astrocitos) e de fatias de hipocampo de ratos (cultura organotipica).

4) Analisar algumas proteinas envolvidas na sinalizacdo entre a mitocondria e o nucleo

apos tratamento com DOX durante 48 h;
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5) Avaliar a possivel molulacdo da neuro-inflamacdo, pela quantificacdoda secre¢do de
citocinas pré-inflamatérias no meio de cultivo apos tratamento com doxazosina (TNF-
alfa, IL-1p e IL-6).

6) Induzir superexpressdo de EGFR em linhagem de células C6 tratadas com o ligante
enddgeno (EGF);

7) Analisar o efeito da DOX nas células que receberam pré-tratamento com EGF;

8) Analisar o envolvimento da DOX com a fosforilacdo do receptor EGFR utilizando o
AG1478 (inibidor de RTK);

9) Analisar o efeito do pré-tratamento com EGF, seguido de tratamento com AG1478 e
DOX sobre a linhagem celular C6 e propor um possivel mecanismo de acdo para o

farmaco em estudo.

Objetivo Especifico 3: Caracterizar a autofluorescéncia da DOX (Capitulo 1V)

1) Analisar a fluorescéncia da doxazosina no ambiente celular;

2) Investigar a distribuicdo do farmaco nas células e a captacdo celular do farmaco;

3) Relacionar (se possivel) a distribuicdo do farmaco nas células com o efeito

fisiopatologico.

Objetivo Especifico 4: Avaliar o efeito da DOX na sua forma livre e
nanoencapsulada nas células de glioma de rato (C6) in vitro e in vivo (Capitulo VI)
1) Caracterizar, em modelo in vivo de implante de glioma, por analise patoldgica e
histoldgica os grupos tratados com DOX livre, nanoencapsulada e sem tratamento;

2) Estudar o envolvimento da DOX com proteinas-alvo como CD133 e EGFR, in vitro e

in vivo;
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3) Avaliar a citotoxicidade do fAmaco nanoencapsulado in vitro (cultura organotipica de
hipocampo de ratos) e in vivo através de analise patoldgica e histoldgica dos 6rgédos e

parametros bioquimicos.
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3. CAPITULO I

Artigo: Hypoxic and Reoxygenated Microenvironment: Stemness and

Differentiation State in Glioblastoma
Status: Publicado no periddico Molecular Neurobiology
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Abstract Glioblastoma (GBM) is the most common and ag-
gressive primary malignant brain tumor in adults. Hypoxia isa
distinct feature in GBM and plays a significant role in tumor
progression, resistance to treatment, and poor outcome.
However, there is lack of studies relating type of cell death,
status of Akt phosphorylation on Serd73, mitochondrial mem-
brane potential, and morphological changes of tumor cells
after hypoxia and reoxygenation. The rat glioma C6 cell line
was exposed to oxygen deprivation (OD) in 5 % fetal bovine
serum (FBS) or serum-free media followed by reoxygenation
(RO). OD induced apoptosis on both 5 % FBS and serum-free
groups. Overall, cells on serum-free media showed more pro-
found morphological changes than cells on 5 % FBS.
Moreover, our resulis suggest that OD combined with absence
of serum provided a favorable environment for glioblastoma
dedifferentiation to cancer stem cells, since nestin, and CD133
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levels increased. Reoxygenation is present in hypoxic tumors
through microvessel formation and cell migration to oxygen-
ated areas. However, few studies approach these phenomena
when analyzing hypoxia. We show that RO caused morpho-
logical alterations characteristic of cells undergoing a differ-
entiation process due to increased GFAP. In the present study,
we characterized an in vitro hypoxic microenvironment asso-
ciated with GBM tumors, therefore contributing with new
insights for the development of therapeutics for resistant
glioblastoma.

Kevwords Cancer - Glioma - Hypoxia - Reoxygenation -
C6 - Cancer stem cell

Introduction

Glioblastoma (GBM) is the most common and most lethal
form of primary brain tumor. Despite different combinations
of treatments, such as radiotherapy and chemotherapy, the
average survival for GBM patients is 15 months [1, 2].
These are morphologic, genetic, and phenotypically heteroge-
neous tumors [3].

GBMs display an elevated proliferation rate with extensive
areas of necrosis and hypoxia as a result of this rapid tumor
cell growth. Low O3 levels favor tumor progression through
activation of vascular endothelial growth factor (VEGF). In
tumor cells, VEGF induces cell proliferation [4] and stimu-
lates cell invasion [5] and is also responsible for maintenance
of tumor cells in an undifferentiated phenotype [6].

The tumor microenvironment contains a minor fraction of
cancer stem cells (CSCs). CSCs are characterized by self-
renewal and maintenance of tumor mass. When transplanted,
they are responsible for new tumor growth [7, &), increased
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chemotherapy resistance, and initiation of tumor invasion by
stimulating migration of differentiated cancer cells [8, 9].

The C6 cell line is widely used in the study of glio-
mas. C6 cells contain a pool of cancer stem cells ex-
pressing CDI133 and nestin [10], which are the
established markers for brain CSCs and can be used for
isolating them. Moreover, some studies suggest the use
of cell size, granularity, and mitochondrial membrane
potential for characterization and isolation of CSCs and
stem cells in general [11].

The hypoxic environment drives the selection of
more aggressive tumor cells through cellular adaptations
[12]. Developing an in vitro model of the hypoxic mi-
croenvironment allows for a more in-depth study of
those adaptations, contributing to the enhancement of
therapies against these aggressive tumor cells. In order
to mimic a tumor hypoxic niche and to analyze the
adaptations of glioma C6 cells to these conditions, we
exposed cells to oxygen deprivation (OD) on serum-free
medium or with 5 % fetal bovine serum (FBS). We
analyzed cell death: morphological changes: and Akt
VEGEF, nestin, CD133, and glial fibrillary acidic protein
(GFAP) levels during OD. Additionally, we observed
morphological changes indicating phenotypic alterations
in the cells during reoxygenation (RO} following OD.
Our results provide insight into the cellular alterations
caused by a hypoxic microenvironment on GBM tumor
cells.

Materials and Methods
Chemicals and Materials

Cell culture media and FBS were obtained from Gibco-
Invitrogen (Grand Island, NY, USA). Propidium iodide (PI)
was obtained from Sigma Chemical Co (St. Louis, MO,
USA). All other reagents were purchased from Sigma
Chemical Co or Merck (Darmstadt, Germany). All other
chemicals and solvents used were of analytical or pharmaceu-

tical grade.
Cell Culture

The C6 rat glioma cell line was obtained from the
American Type Culture Collection (Rockville, MD,
USA). Cells were grown and maintained in Dulbecco’s
modified Eagle’s Medium (DMEM; Gibco-Invitrogen)
supplemented with 5 % (w/v) FBS (Gibco-Invitrogen) con-
taining 2.5 mg/mL Fungizone and 100 U/L gentamicin
(Shering do Brasil, Sdo Paulo, SP, Brazil). Cells were in-
cubated at 37 °C in a minimum relative humidity of 5 %
C0Os atmosphere. Experiments throughout this study were
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conducted either in serum-free DMEM or in serum-
supplemented DMEM.

Oxygen Deprivation

OD was achieved according to the method described by
Strasser and Fischer [13] with some modifications [14]. Cé
glioma cells were seeded at 4.5 = 10° cells/well in
DMEM/S % FBS in six-well plates and grown for 72 h.
Following the 72 h growth, the group that received serum
during OD had its medium replaced by conventional 5 %
FBS media previously bubbled with N, for 30 min. The group
that did not receive serum had its medium replaced with
serum-free DMEM, also previously bubbled with N» for
30 min. Plates were immediately transferred to an anaerobic
chamber at 37 °C in a Ny-enriched atmosphere for 15 min, 1 h,
or 3 h. Controls were maintained in an incubator with 5 %
C0O, atmosphere at 37 °C.

Flow Cytometry Analysis

Flow cytometry was used to evaluate size and granularity
of cells, cell death, proteins levels, and mitochondrial
mass and membrane potential. After OD, culture medium
and cells were harvested with trypsin. Cells were then
evaluated for size and granularity using the forward-
scatter (FSC) and side-scatter (SSC) light parameters and
stained with dyes or incubated with the proper antibodies
for flow cytometry analysis using a FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NI,
USA). Analysis was performed using the FCS Express 5
software (De Novo Software, Los Angeles, CA, USA).

Classification of Cell Death

Apoptotic and necrotic cell deaths were analyzed by flow
cytometry by double staining with fluorescein isothiocyanate
(FITC)-conjugated annexin V and PI for 20 min. Staining was
performed according to the manufacturer’s instructions (BD
Pharmingen, San Diego, CA, USA). Flow cytometry analysis
was performed as described in “Flow Cytometry Analysis™
section.

Classification of Cell Size and Granularity

As the population of cells appeared to be morphologi-
cally heterogeneous, parameters of cell size and granu-
larity were measured by flow cytometry and plotted
against markers of cell death. Cells were divided into
three subpopulations based on size: small (8), medium
(M), and large (L). To assess the distribution of granu-
larity between viable and dead cells, cells were divided
into two subpopulations based on flow cytometry
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analysis according to their granularity: regular (G1) and
granular (G2).

Immunodetection

To investigate cellular adaptations to hypoxia, key pro-
teins were studied. After OD and RO periods, cells
were fixed with phosphate-buffered saline (PBS) and
4 Y paraformaldehyde for 20 min, then cells were
permeabilized with PBS and 0.01 % Triton X-100 and/
or incubated with the primary antibodies anti-VEGF
(1:100; Santa Cruz Biotech, Dallas, TX, USA), anti-
Akt (1:50; Cell Signaling Technology™, Beverly, MA,
USA), anti-p-Aktgeravy (1:50; Cell Signaling
Technology™), anti-nestin (1:50; Cell Signaling
Technology™), anti-GFAP (1:50; Cell Signaling
Technology™), and anti-CD133 (1:50; Cell Signaling
Technology™) for 30 min. The secondary antibody,
Alexa Fluor 488 anti-mouse or Alexa Fluor 555 anti-
mouse (1:100; Gibco-Invitrogen), was added, and after
a 60 min incubation, cells were analyzed by flow
cytometry.

MitoTracker Staining

Mitochondrial mass and membrane potential were eval-
uated using MitoTracker® Green and MitoTracker®
Red (Invitrogen®, Molecular Probes, Eugene, OR,
USA), respectively. Cells were incubated in a PBS/
MitoTracker Green/Red solution (100 nM) at 37 °C,
in the dark, for 45 min.

Microscopy

To identify cell death, 5 uM PI and 2.5 uM 4'.6-
diamidino-2-phenylindole (DAPI) was added to C6 glio-
ma cells after induction of OD. PI fluorescence was ex-
cited at 515-560 nm using an inverted microscope
(Nikon Eclipse TE300; Nikon, Tokyo, Japan) fitted with
a standard rhodamine filter. For nucleous stain 2.5 uM of
DAPI was added. DAPI was excited by the violet
405 nm laser line, and images were captured using a
digital camera connected to the microscope.
Sulforhodamine B (SRB) assay was used for staining cell
proteins. Cells were fixed with PBS/FORMOL 4 % for
15 min and stained with SRB. Unbound stain was
washed, and cells were analyzed on an Olympus
FV1000 laser scanning confocal microscope. All images
were processed with Imagel) software (NIH, Bethesda,
MD, USA).

Reoxygenation Assay

OD was performed in serum-free medium for 15 min,
1 h, or 3 h, followed by cells being maintained in an
incubator with 5 % CO, atmosphere at 37 °C for 15 min,
1 h,3h,or 24 h (RO) in 5 % FBS medium. Controls
were maintained in an incubator with 5 % CO, atmo-
sphere at 37 °C. After RO periods, images were captured
using a digital camera connected to the microscope
(Nikon Eclipse TE300, Nikon). Morphological changes
during RO periods were analyzed and compared to OD
groups.

Statistical Analysis

Data are expressed as mean = SD. All results are representa-
tive of at least three independent experiments. One-way anal-
ysis of variance or Student’s ¢ test was applied to the means to
determine statistical differences between experimental groups.
Post hoc comparisons were performed by Tukey’s test.
Differences between mean values were considered significant
at p < 0.05.

Results
OD Treatment Induces Apoptosis

For cells in 5 % FBS, viability was significantly re-
duced following a 3 h OD, while apoptosis increased
during 1 and 3 h OD (Fig. la). Cells exposed to
serum-free media, however, showed diminished viability
with significant increase in apoptosis at the 1 and 3 h
time points (Fig. 1b). These findings were supported by
photomicrographs showing DAPI and PI staining results
(Figs. S1 and S2).

C6 Glioma Cells Display Media-Specific Size Fluctuations

The majority of viable cells were sized in the M range, con-
trasting with the dead cells, which were frequently larger
(Figs. 2 and S3). In 5 % FBS media, the viable cells decreased
in size (from L to M) after 1 and 3 h OD (Figs. 2a and S3a).
For dead cells, OD caused an increase in the number of S cells
at the 1 h time point (Figs. 2a and S3a).

In serum-free media, although cell viability decreased with
OD treatment, the remaining viable cells increased in size after
1 and 3 h OD (Figs. 2b and S3b). Meanwhile, following OD
treatment, apoptotic cells displayed significant increases in
cell size relative to the control apoptotic cells at the 1 and
3 h time points (Figs. 2b and S3b).
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Apoptotic Cell Granularity Increases in Serum-Free
Media

The majority of viable cells in 5 % FBS media displayed
regular granularity (G1) that remained unchanged after all
OD time periods, while the majority of dead cells were ob-
served in the G2 range (Figs. 3a and S4a).

In the control group of the serum-free media, the ma-
jority of viable cells displayed regular granularity (G1),
with only a rare subpopulation of viable cells presenting
as G2 (Figs. 3b and S4b). The number of viable cells
presenting as G2 increased at the 15 min and 1 h OD time
points, and this number appeared to decrease with OD
duration (Figs. 3b and S4b). Regular granularity (G1) in
the serum-free media group was also predominant in con-
trol dead cells; however, dead cells that had been exposed
to OD exhibited increased granularity (Figs. 3b and S4b).
These results suggested that cells exposed to serum-free
media were more granular.

Mitochondrial Membrane Potential during OD

In the 5 % FBS group, a 3 h OD caused depolarization
of the mitochondrial membrane in a subpopulation of
cells, as reflected by the lower fluorescence intensity
of MitoTracker Red on gate 2 (Fig. 4a). A small sub-
population of cells (gate 3) with hyperpolarized
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Fig.3 Analysis of cell granularity. Cells were stained with annexin Vand
PI and categorized based on their granularity: regular [G1] and more
granular [G2]. Distribution of granularity in viable and dead cells in a

mitochondrial membrane increased after the 15 min
OD (Fig. 4a).

In the serum-free group, depolarization occurred as early as
15 min OD and persisted during 1 and 3 h (Fig. 4b). The small
subpopulation of cells with high hyperpolarized mitochondri-
al membrane (gate 3) increased during the 15 minand 1 h OD
(Fig. 4b).

OD Alters Akt, VEGF, CD133, and Nestin Levels

Akt is involved in signaling pathways regulating
differentiation/dedifferentiation and cell death control.
During all OD times, p-Aktser473 levels were decreased, on
both 5 % FBS and serum-free groups (Fig. 5). Akt levels
remained the same as the control group.

To analyze morphological changes and stemness, cells
were analyzed for VEGF levels using flow cytometry
(Fig. 6a). Our results indicated an increase in VEGF
levels in cells exposed to 1 h OD compared with the
control group, also on both 5 % FBS and serum-free
groups (Fig. 6a). VEGFR levels remained unchanged
(data not shown).

CD133 and nestin are cell markers of cancer stem cells.
For cells in serum-free medium, nestin and CD133 were
significantly increased in 1 h OD (Fig. 6b, ¢). In 5 %
FBS, there was a tendency of an increase in CD133 levels
(p = 0.0603). GFAP was unaltered (Fig. 6d).
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4 Fig. 4 Dot-plot analysis and distribution of gated events from flow

cytometry of cells in a 5 % FBS medium or b serum-free medium stained
with MitoTracker Green vs. MitoTracker Red. Cells were gated accord-
ingly with different stained populations observed on control cells as
shown on the dor-plot and as follows: G1 gate 1; G2 gate 2; G3 gate 3.
Data are represented as means + SEM (n = 6). *p < 0.05, **p < 0.01, and
##%p < 0.001 vs. control

Morphological and Protein Markers Changes Caused
by Oxygen Deprivation and Reoxygenation

In C6 cells, 1 h OD in serum-free medium followed by
24 h RO increased CD133 and GFAP levels, while nestin
remained unaltered (Fig. 7). Control cells displayed long
spindles and evenly distributed processes (Figs. S1 and
S2). After OD, cells became polygonal and processes de-
creased. As the time under OD conditions increased, the
cells became oval-shaped and processes were absent
(Figs. S1 and S2). As the duration of RO increased, cells
became more long-spindled and displayed larger and thin-
ner processes as well as decreased sizes (Figs. S3 and S4
and Table S1). These morphological changes were more
pronounced during longer periods of hypoxia and RO.

Discussion

Tumor hypoxia is usually associated with poor patient
prognosis and with resistance to therapy in GBMs [15].
In addition, this state contributes to glioblastoma cell
proliferation, angiogenic drive, and metastasis/invasion
[l6, 17]. Hypoxic conditions also induce an immature
phenotype on human neuroblastoma and breast cancer
lines [18].

Hypoxia can lead to apoptotic or necrotic cell death with no
consensus in the literature regarding the type of death [19-21].
Here, we exposed C6 cells to OD in the presence or absence of
serum and observed that both groups presented mitochondrial
membrane potential depolarization and cell death by apoptosis
(Fig. 8).

Several studies demonstrated that hypoxia in vitro is a rel-
atively strong inducer of apoptosis in colon carcinoma cell
lines (HT29 and HCT116), oral cancer cells, glioma cell lines
(U87,U251), and primary glioma cells [7, 12, 19]. One theory
to explain the induction of apoptosis in cancer cells is that, due
to tumor heterogeneity, some cells are more sensible to hyp-
oxic DNA damage. Yao et al. [12] also hypothesized that
mutational events are responsible for increased apoptosis
susceptibility.

Previous studies have demonstrated that hypoxia
activates Akt, which is in contrast with our findings.
According to the literature, hypoxia induces phos-
phorylation of Akt at Ser473. In our study, however,
pAktseq73 levels were decreased during all OD times.
Leszczynska et al. [22] demonstrated that activation
of Akt occurred only in P53-null or mutant cells
(HCT116 p53, H1299, OE2l, and PSN1) but not in
P53 wild-type (p53-wt) cells (RKO and HCTI116).
They suggest that p53 may be negatively regulating
Akt activation on hypoxia and thus promoting apopto-
sis. C6 rat glioma cell line is p53-wt [23], and this
could explain the decrease in Akt phosphorylation
caused by hypoxia.

Zenali et al. [24] observed that increased granularity
was related with an increase in CD133 expression. Cell
size can be an important predictor of the metabolic state
and metabolic reprogramming. CSCs are usually smaller
than differentiated cancer cells, and the metabolic neces-
sity is also lower [25]. Here, we show that hypoxia on
the 5 % FBS group caused a decrease in viable cell
size, but CSCs markers CD133 and nestin remained
unaltered. This conditions were not sufficient to increase
CD133 and nestin possibly because the environment
was unsuitable, i.e., lacking autocrine factors that could
induce cells to fully dedifferentiate.

On the other hand, hypoxia on the serum-free group
caused an increase in viable cell size with increase in
CD133 and nestin. Studies show a relationship between
cell size and granularity on neural stem cells (NSCs):
populations with increased size and granularity show
enrichment of NSCs [26-28].

Increased mitochondrial membrane potential (Aipm)
is proposed as a characteristic of CSCs [29]. Cells with
intrinsically higher AYym demonstrate higher resistance
to hypoxia and increased CD133 expression and show
greater potential to form tumors [30]. Moreover, glio-
blastoma CSCs expressing CD133 exhibited elevated
Alpm [31]. These suggest that CSCs may have a differ-
ent Alm when compared with differentiated carcinoma
cells [29, 32]. Here, a subpopulation of C6 cells with
high Alpm was identified on normal culture conditions
and on normoxia with serum-free medium. In the 5 %
FBS group, 15 min OD increased this subpopulation of
cells, and in the serum-free group, this increase was
more pronounced and also appeared after | h OD.
This result on the serum-free group corroborates with
our hypothesis that the combination of hypoxia and
the lack of serum promoted an increase in the CSCs
population, since in the 1 h OD there was also an in-
crease in CDI133 and nestin expression.
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VEGF helps maintain tumor cells in a stemness phe- 5 % FBS and serum-free groups. These results confirm
notype [33, 6]. After 1 h OD, VEGF levels increased in ~ the morphological changes that occurred during OD:
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Fig. 8 Schematic illustration of
the effects of in vitro oxygen
deprivation in the absence of
serum and of reoxygenation on
C6 glioma cells

C6 cells

oval-shaped bodies and absence of cellular processes, a
characteristic of stemness [7]. The serum-free group
showed more profound changes in viable cell morphol-
ogy than the 5 % FBS group. Moreover, nestin and
CD133 levels increased after 1 h OD in the serum-
free group, which is a characteristic of cancer stem
cells. In the 5 % FBS group, however, nestin and
CD133 levels remained unaltered after OD. Studies
demonstrate that the absence of serum and the combi-
nation of basic fibroblast growth factor (bFGF) and
platelet-derived growth factor (PDGF) seem to be able
to maintain subpopulations of cancer stem cells [30,
34-37]. In addition, in vitro hypoxia can stimulate au-
tocrine secretion of PDGF and bFGF [38]. The differ-
ences in our findings regarding the 5 % FBS and the
serum-free groups highlight the importance of serum for
cell dedifferentiation. In the presence of serum, hypoxia
caused morphological changes characteristic of stem
cells and increased VEGF levels, but did not induce
dedifferentiation, since nestin and CDI133 levels
remained unaltered. The absence of serum in conjunc-
tion with hypoxia, however, seems to promote a favor-
able environment for cell dedifferentiation.

Segovia et al. [39] provide the evidence that C6
CSCs express proteins and mRNAs that are character-
istic of both glia and neurons, and they can differenti-
ate into both types of cells in vitro and in vivo. Li
et al. [7] described that hypoxia induces dedifferentia-
tion of differentiated glioma cells, causing them to ac-
quire stemness. Moreover, neural precursors maintain
undifferentiated phenotypes in low O, concentrations,
while higher O, concentrations promote cellular
differentiation.

Here, we showed that OD promoted C6 cell dediffer-
entiation, while reoxygenation appeared to cause differ-
entiation of CSCs. The increase in GFAP levels and the
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cell morphology after 24 h RO supports this hypothesis.
CD133 levels, however, also increased after 24 h RO,
suggesting that some cells maintained stemness even in
the presence of O, as occurs in the microenvironment
of hypoxic tumors.

Therefore, models of GBM tumors in hypoxic condi-
tions and the data presented in this study support the
hypothesis that hypoxic niches contribute to GBM ma-
lignancy. Given that limited O, concentration is impor-
tant for tumor progression and therapy resistance, stud-
ies of more efficient antitumoral strategies require in-
creased understanding of the tumor microenvironment,
which is characterized by lack of O,.

Moreover, our study shows the importance of serum for
in vitro analysis of the hypoxic tumoral microenvironment.
Hypoxia in the absence of serum induced C6 cells to
dedifferentiate to a CSCs phenotype, while the presence
of serum caused subtle changes. Another important factor
to be considered when studying in vitro hypoxia on cancer
cells is p53 status. P53 mutations can confer apoptosis and
chemotherapy resistance to cancer cells, and this can affect
their response to hypoxia. We believe that the lack of
consensus between different studies on hypoxia effects
on tumor cells is due to varying approaches regarding
these factors. Also, few studies analyze the reoxygenation
period. In hypoxic tumors, reoxygenation can occur when
cells receive oxygen from newly formed microvasculatures
or when hypoxic-resistant cells migrate to more oxygenat-
ed areas. Therefore, analysis of reoxygenation in vitro is
important to characterize those adaptive changes on cancer
cells.

Regarding GBM, there needs to be greater understating of
CSCs adaptations to the hypoxic microenvironment in order
to develop effective treatments for this lethal tumor. Such
knowledge can provide novel targets against therapy-
resistant glioblastoma.
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Abstract

Glioblastoma is the most frequent and malignant brain tumor. Treatment includes chemo-
therapy with temozolomide concomitant with surgical resection and/or irradiation. However,
anumber of cases are resistant to temozolomide, as well as the human glioblastoma cell
line U138-MG. We investigated doxazosin's (an antihypertensive drug) activity against glio-
blastoma cells (C6 and U138-MG) and its neurotoxicity on primary astrocytes and organop-
typic hippocampal cultures. For this study, the following methods were used: citotoxicity
assays, flow cytometry, western-blotting and confocal microscopy. We showed that doxazo-
sin induces cell death on C6 and U138-MG cells. We observed that doxazosin's effects on
the PI3K/Akt pathway were similar as LY294002 (PI3K specific inhibitor). In glioblastoma
cells treated with doxasozin, Akt levels were greatly reduced. Upon examination of activities
of proteins downstream of Akt we observed upregulation of GSK-3 and p53. This led to
cell proliferation inhibition, cell death induction via caspase-3 activation and cell cycle arrest
at GO/G1 phase in glioblastoma cells. We used in this study Lapatinib, a tyrosine kinase
inhibitor, as a comparison with doxazosin because they present similar chemical structure.
We also tested the neurocitotoxicity of doxazosin in primary astrocytes and organotypic cul-
tures and observed that doxazosin induced cell death on a small percentage of non-tumor
cells. Aggressiveness of glioblastoma tumors and dismal prognosis require development of
new treatment agents. This includes less toxic drugs, more selective towards tumor cells,
causing less damage to the patient. Therefore, our results confirm the potential of doxazosin
as an attractive therapeutic antiglioma agent.
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Introduction

Gliomas are malignant primary brain tumors with no effective cure. Diffuse high grade gliomas
(glioblastoma) patients have a short life expectancy despite aggressive therapeutic approaches
based on surgical resection followed by adjuvant radiotherapy and concomitant chemotherapy
[1].

Molecular mechanisms of glioblastoma multiform (GBM) resistance to therapy involve the
PI3K/Akt pathway—which regulates cell proliferation, cell cycle, survival, apoptosis, chemo-
therapy resistance and tumorigenesis [2]. Transition from anaplasic astrocytoma to glioblas-
toma malignant evolution [3] and intrinsic radioresistance [4] are promoted by protein kinase
B (Akt) activation, which is also a negative prognosis factor [5]. Glycogen synthase kinase-3
(GSK-3B) and p53, protein substrates downstream of the PI3K/Akt pathway, also regulate cel-
lular sensitivity/resistance to cancer chemotherapy and are unregulated in glioblastoma multi-
form [6,7].

Doxazosin (2-{4-[(2,3-Dihydro-1,4-benzodioxin-2-yl)carbonyl]piperazin-1-yl}-
6,7-dimethoxyquinazolin-4-amine) is a quinazoline compound and a selective o1-adrenocep-
tor antagonist widely used for treatment of high blood pressure and urinary retention related
with benign prostatic hyperplasia [8]. Early studies showed doxazosin induced apoptosis in
murine prostatic stromal and epithelial cells [9,10] and on urothelial cancer [11], pituitary ade-
noma [12], breast cancer [2] and human glioblastoma cells (U87-MG) [13]. Sakamoto et al.
suggested that early administration of doxazosin may be useful in preventing clinical prostate
tumor formation and supressing metastasis of human prostate cancer [14].

Many studies have focused on cytotoxic effects of doxazosin on cell death in tumor cells, but
not in neural non-tumor cells. Moreover, chemotherapeutics used in glioma treatment have
poor permeability through the blood brain barrier and short half-lives. Due to its physicochem-
ical characteristics, doxazosin is able to permeate the blood-brain barrier [15] (BBB) and its rel-
atively long half-life provides basis for once-daily dosing, which is a therapeutic advantage
[16].

Here we show that doxazosin has low neurotoxicity and induces cell death and G0/G1
phase arrest on C6 and U138-MG glioblastoma cells. When compared with the tyrosine kianse
inhibitor Lapatinib, doxazosin appears to be a more potent antiglioma agent. We demonstrated
that doxazosin’s antitumoral effects are due to downregulation of Akt and upregulation of
GSK-3p and p53, in addition to activation of caspase 3. We also observed that doxazosin’s
effects on the Phosphatidylinositol 3-Kinase/ AKT pathway were similar as LY294002 (PI3K
specific inhibitor).

Materials and Methods

Chemicals and materials

Cell culture medium and fetal bovine serum (FBS) were obtained from Gibco-Invitrogen
(Grand Island, NY, USA). Doxazosin was obtained from Sigma Chemical Co (St. Louis, MO,
USA). All other reagents were purchased from Sigma Chemical Co. (St. Louis, MO, USA) or
Merck (Darmstadt, Germany). All chemicals and solvents used were of analytical or pharma-
ceutical grade.

Cell culture

C6 rat (passage number 20-25) and U138-MG human glioma cell lines were obtained from
American Type Culture Collection (Rockville, Mariland, Md., USA). C6 and U138-MG cells
were grown and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco-
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Invitrogen, Grand Island, NY, USA) supplemented with 5% and 10% (v/v) FBS (Gibco-Invitro-
gen, Grand Island, NY, USA), respectively, and containing 2.5 mg/mL of Fungizone™ and 100
U/L of gentamicine (Shering do Brasil, Sio Paulo, SP, Brazil). Cells were kept at 37°C, in an
atmosphere of 5% CO,.

Ethics statement

All animal procedures were approved by the local animal ethics comission (Comissdo de Etica
no Uso de Animais/Universidade Federal do Rio Grande do Sul—CEUA/UFRGS, under proj-
ect number 20.005) and follows national animal rights regulations (Law 11.794/2008), the
National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH publica-
tion No. 80-23, revised 1996) and Directive 2010/63/EU. We further attest that all efforts were
made to minimize the number of animals used and their suffering.

Primary astrocyte culture

Primary astrocyte culture from Wistar rats was prepared as previously described [17]. New-
born Wistar rats (1-2 days-old) were maintained in a ventilated room at constant temperature,
in breeding cages with their mother, on a 12h light/dark cycle. The newborn rats were decapi-
tated, their cerebral cortices were removed and mechanically dissociated in Ca®+ and

Mg*+ free balanced salt solution, pH 7.4, containing (in mM): 137 NaCl; 5.36 KCl; 0.27
Na,HPOy; 1.1 KH,PO, and 6.1 glucose. Cortices were cleaned of meninges and mechanically
dissociated by sequential passage through a Pasteur pipette. After centrifugation at 1400 rpm
for 5 min, the pellet was resuspended in DMEM (pH 7.6) supplemented with 8.39 mM HEPES,
23.8 mM NaHCO3, 0.1% amphotericin, 0.032% gentamicin and 10% Fetal Calf Serum (FCS).
Cultures were maintained in DMEM containing 10% FCS in 5% CO,/95% air at 37°C, allowed
to grow to confluence, and used at 15 days in vitro.

Organotypic hippocampal slice culture

Organotypic hippocampal slice cultures were prepared according to the method of Stoppini
[18] with modifications [19]. Wistar rats (6-8 days-old) were maintained in a ventilated room
at constant temperature, in breeding cages with their mother, on a 12h light/dark cycle. The
rats were decapitated, their hippocampi were removed and 400pM thick slices were prepared
using a Mcllwain tissue chopper in ice-cold Hank’s balanced salt solution (HBSS), pH 7.2.
Slices were placed on Millicell™ culture membranes and the inserts were transferred to a six-
well culture plate. Each well contained ImL of tissue culture medium consisting of Minimum
Essential Media (MEM) with 25% of HBSS and 25% of horse serum supplemented with 36
mM glucose, 25 mM HEPES, 4 mM NaHCOs, 1% Fungizone “ and 0,1 mg/mL gentamicine,
pH 7,3. The cultures were kept in an incubator 37°C and 5% of CO, for 14 days.

Culture treatments

C6 and U138-MG glioma cells were seeded in culture media and grown for 24 hours. Doxazo-
sin was dissolved in 20% ethanol/milli-Q™ water (vehicle) and C6 cells were treated with con-
centrations ranging from 30 pM to 300 pM. U138-MG cells were treated with drug
concentrations ranging from 5 pM to 75 uM. Primary astrocyte cultures and organotypic slice
cultures were treated with doxazosin for 48 hours at 30-250 pM. Lapatinib was dissolved in
DMSO and cells were treated with 500 nM.
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MTT assay

C6 and U138-MG glioma cells were plated in 96-well plates at 10* cells/well and grown for 24
hours. Following treatment, cells were incubated with 0,5 mg/mL MTT (3-(4,5-methylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) for 1 h. The solution was then removed from the pre-
cipitate and the formazan product in the cells was solubilized by adding DMSO. Absorbance
was read by an ELISA plate reader (Biochrom Anthos Zenyth 200 Microplate Reader) at 490
nm.

LDH assay

Cell death was evaluated by measuring the activity of lactate dehydrogenase (LDH, E.
C.1.1.1.27). After treatment, U138-MG and C6 cell culture medium was collected and LDH
activity was determined by an enzymatic colorimetric reaction (Cytotoxity Detection Kit—
LDH, Roche Applied Science). Absorbance was measured at 490 nm.

Sulforhodamine B assay

Sulforhodamine B (SRB) assay was used for cell density determination [20]. After treatment
with doxazosin, cells were washed with Phosphate Buffered Saline (PBS) and fixed with PBS/
FORMOL 4% for 15 minutes. Fixed cells were stained with SRB. Subsequently, wells were
washed with deionized water to remove unbound stain. Culture plates were air dried and pro-
tein-bound SRB was solubilized in 1% SDS. Absorbance was measured by an ELISA plate
reader (Biochrom Anthos Zenyth 200 Microplate Reader) at 515 nm.

Flow Cytometry

Cell death was analyzed by flow cytometry. For C6, U138-MG and primary astrocyte cultures,
both floating and trypsinized adherent cells were collected. Organotypic hippocampal slices
were dissociated in PBS containing 1% collagenase, 1% DNase, and 0.2% trypsine and filtered
through a 40 pm membrane (Millipore). Annexin-V FITC/propidium iodide (PI) double stain
kit was used, following the manufacturer’s instructions (Invitrogen, Grand Island, NY, USA).
Samples were incubated in binding buffer containing Annexin-V FITC and PI for 15 min in
the dark at room temperature.

For cell cycle analysis, C6 and U138-MG cells were seeded in 6-well plates (3x10" cells/
well). After treatments, cells were washed with PBS, trypsinized and counted. Cells were centri-
fuged at 400 x g for 5 min and resuspended (10° cells/mL) in PBS containing RNAse (100 pg/
mL) and PI (5 pg/mL) for 15 min at room temperature.

For analysis of cleaved caspase 3, C6 and U138-MG cells were trypsinized and centrifuged
at 400 x g for 5 min. Cells were resuspended in PBS containing 0,1% Triton X-100 and mouse
anti-cleaved caspase 3 antibody (1:100; Cell Signaling), for 30 min at room temperature. Then,
secondary antibody anti-mouse Alexa Fluor 488 (1:100, Invitrogen) was added and, after incu-
bation for 30 min, fluorescence intensity was analyzed by flow cytometry.

Data acquisition was done by flow cytometry using a FACS Calibur cytometry system and
Cell Quest software (BD Bioscience, Mountain View, CA, USA). Data obtained was analyzed
with FCS Express 4 Software (De Novo Software, Los Angeles, CA, USA).

Western blotting

After treatments, cells were homogenized in lysis buffer (4% sodium dodecyl sulfate (SDS), 2
mM EDTA, 50 mM Tris). Protein concentration was determined by the Lowry method. Pro-
teins were resolved (75 g per lane) on 10 or 12% SDS-PAGE and transferred to nitrocellulose
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membranes (Hybond™ ECL™ nitrocellulose membrane, Amersham Biosciences™, Fryeburg,
Germany) using a semi-dry transfer apparatus (Bio- Rad™, Trans-Blot SD, Hercules™, CA,
USA). Membranes were incubated for 60 minutes at 4°C in blocking solution (Tris-buffered
saline containing 5% powdered milk and 0.1% Tween-20, pH 7.4). and incubated overnight
with specific antibodies. Primary antibodies (Cell Signaling Technology™, Beverly, MA, USA)
against the following proteins were used: anti-p-AKTse473 and anti-AKT (1:1000), anti-p-
GSK-3Bsero and anti-GSK-3 (1:1000), anti-p-p53se,15 (1:1000), anti-B-actin (1:1000). Mem-
branes were then incubated with horseradish peroxidase conjugated anti-rabbit antibody
(1:1000; Amersham Pharmacia Biotech, Piscataway, NJ, USA). Chemiluminescence (ECL,
Amersham Pharmacia Biotech™) was detected using X-ray films (Kodak X-Omat™, Rochester,
NY, USA).

Statistical analysis

Data are expressed as means+SEM. All results are representative of at least 4 independent
experiments. Analysis of variance (ANOV A) was applied to the means to determine statistical
differences between experimental groups. Post hoc comparisons were performed by Tukey test.
Differences between mean values were considered significant when p<0.05.

Results
Evaluation of doxazosin toxicity on non tumoral tissue/cells

One of the problems of current cancer therapy is lack of specificity and selectivity of certain
drugs used for tumor treatment [21]. In order to evaluate the drug toxicity on non-tumoral
neural tissue, we exposed primary astrocyte cultures and organotypic hippocampal slice cul-
tures to doxazosin for 48 hours.

Initially, we tested a concentration curve (30-250 pM) of doxazosin, with intermediate con-
centrations obtained from the literature [22]. In primary astrocyte culture (Fig 1 and S1 Table),
250 uM doxazosin increased total cell death (15.62%+2.674), while at concentrations of 75 and
180 uM was not observed significant cell death. Lapatinib (500 nM) caused total cell death of
27.61%+1.218, inducing necrosis in 20.07%z1.261. The toxicity on non-tumoral astrocytic
cells by Lapatinib was higher than doxazosin 250 uM.

In organotypic cultures (Fig 1 and S1 Table), doxazosin caused cell death of 10.82%+1.232
at 180 pM and 18.27%=1.346 at 250 uM. Lapatinib (500 nM) caused cell death in 26.86%
+1.885 of cells, inducing necrosis in 17.28%:+6.134 of cells. In non-tumoral neural tissue, Lapa-
tinib cell death induction also was higher than doxazosin.

In relation to the distribution and type of cell death observed on organotypic cultures, doxa-
zosin induced apoptosis and necrosis at 250 pM mostly on CA1 region (S1 Fig). Lapatinib
induced apoptosis and necrosis on CA1 and mostly on the dentate gyrus (DG) regions.

Antiglioma activity of doxazosin

C6 and U138-MG cells were treated with a concentration curve of doxazosin for 48 hours,
based on concentrations used for non-tumor cells. In C6 cells, we observed a significant reduc-
tion of cell viability with treatments from 150 uM to 300 pM of doxazosin for 48 h (Fig 2). Dox-
azosin increased LDH activity in the incubation medium of C6 cells when treated with 150 and
180 uM (Fig 2). In agreement with these results, cell density of C6 cells decreased to approxi-
mately 25% when treated with doxazosin 150 and 180 pM for 48 h (Fig 2).

For U138-MGQ cells, after 48 hours of treatment we observed a significant reduction on the
percentage of viable cells in cultures treated with 75 pM of doxazosin (Fig 2). LDH activity

PLOS ONE | DOI:10.1371/journal.pone.0154612  April 28, 2016 5/18

54



e @
@ ' PLOS | ONE Doxazosin Targets PI3K/Akt Pathway on Glioblastoma Cells

SASS

o /N Y

N
o ™
‘ Ny
| |
Control 75uM doxazosin Control 75uM doxazosin
: : .
" pooow 0.03% B 1.00%
' 19
0.00% 5.73%
o © ) 0 0 w o
180uM doxazosin 250uM doxazosin
" Toow 021%
o o
2 =
2 -4
& =
g g
El El
3 3
=3 i=
2 2
3 £
0,18%
' ]
Amnnexin V Annexin V
3 Annexin V-/Pl-
3 Annexin V+/PI- 3 Annexin V-/PI-
156 B3 Annexin V-/PI+ 158 3 Amnexin V+/PI-
Bl Anncxin V+/Pl+ Bl Annexin V-/Pl+
Wl Annexin V+/Pl+
= 100 =
g ] 100
2 2
< 3
pe s
£ 50 2 so
0 T T T T T v T T v ¥
Control s 180 250 500nM Control kL] 180 250 S00nM
Lapatinib —_———— Lapatinib
Doxazosin (uM) Doxazosin (uM)

Fig 1. Effects of doxazosin and Lapatinib on non-tumor cells stained with Annexin V (AnV) and Propidium lodide (PI). (A) Doxazosin's
molecular structure. (B) Dot plot and graph (D) of primary astrocytes cultures after treatment with doxazosin and Lapatinib for 48h. (C) Dot plot
and graph (E) of organotypic hippocampal cultures treated with doxazosin and Lapatinib for 48h. Data are represented as means (n = 4).

doi:10.1371/journal.pone.0154612.g001

PLOS ONE | DOI:10.1371/joumnal.pone.0154612  April 28, 2016 6/18



o
@ i PLOS ’ ONE Doxazosin Targets PI3K/Akt Pathway on Glioblastoma Cells
r 5

A B
i ] 5 i
%’ I I 8% " I f i
: i 3
H Z )
3 2 T ¥ ‘2’
§ . :

s— o e e o Control Vheicle  § 1 15 3 s 715

Doxazosin (uM) Doxazosin (uM)

C D
” ‘ :
5 f g
g i
¢ i I
2 £,
¢ i p 8
1] %
5 3 5 Pl
180 Control Vehicte 5 10 15 30 50 75
Doxazosin (M)
E F
i~ I
3™ 3
z =
f. i
H Ll
Y 3=
o
G H

Fig 2. Citotoxicity of doxazosin on C6 (A,C,E,G) and U138-MG (B,D,F,H) cells after treatment for 48 h.
MTT assay of C6 (A) and U138-MG (B). LDH activity of C6 (C) and U138-MG (D). SRB assay of C6 (E) and
U138-MG (F). Data are represented by means+SEM (n = 4). ***p<0.001 compared to respective control,
ANOVA followed by Tukey’s test. Confocal microscopy of C6 (G) and U138-MG (H). Photomicrographs are
on top and SRB staining in the bottom. Magnification: 10X + 2,5.
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increased in the incubation medium of U138-MG culture cells when treated with 50 and

75 uM doxazosin (Fig 2). Also at these concentrations, doxazosin decreased cell density to
approximately 50% (Fig 2), supporting the results above. All together, these cytotoxicity assays
suggest an antiglioma effect of doxazosin in C6 and U138-MG cell lines.

Doxazosin induced cell death by necrosis and caspase-dependent
apoptosis in human and rat glioblastoma cell lines
Doxazosin induced necrosis and apoptosis in C6 cells after 48 h of treatment (Fig 3, S2 Table

and S2 Fig). At concentration of 100 pM, the drug caused 36.68%+5.045 of cell death and this
toxic effect increased with higher drug concentrations, reaching 69.71%+2.503 at 180 pM. At
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180 uM, doxazosin caused early apoptosis in approximately 14.89%+1.581 of cells and late apo-
ptosis in approximately 26.20%+4.860. Necrosis occurred in 28.62%+6.373. While Lapatinib
caused cell death in 47.96%+0.975 of C6 cells after 48 h, triggering necrosis in 20.56%+1.591
and late apoptosis in 22.01%+1.548 of cells. Lapatinib caused cell death on C6 cells to a less
extent than doxazosin.

In U138-MG cells, doxazosin induced cell death in 35.9%3.356 of cells at 50 pM and
52.69%%5.709 at 75 pM after 48 h (Fig 3 and 52 Table). Doxazosin 75 pM triggered mostly late
apoptosis (41.86%=5.589) in U138-MG cells. Lapatinib caused cell death in 41.44%+0.466 of
cells, and triggered mostly necrosis (36.13%+1.733) (Fig 3 and S2 Table).

After 48 h of treatment, doxazosin increased activation of caspase 3 in C6 and U138-MG
(Fig 4) cell lines and this was proportional to increase in drug concentration. These results of
cleaved caspase-3 levels confirm induction of apoptosis by doxazosin.

Doxazosin caused G0/G1 phase arrest on C6 and U138-MG
glioblastomas

We next sought to analyze doxazosin’s effect on cell cycle progression and mitotic index. As
shown in Fig 5, after 48 h of treatment of C6 cells, doxazosin caused cell cycle arrest at the G0/
G1 phase at concentrations of 100 and 180 pM compared to control. We analyzed the mitotic
index of C6 cells in order to assess proliferation (Fig 5). Doxazosin decreased the mitotic index
in the concentrations of 100, 150 and 180 uM after 48h of treatment, in agreement with cell
cycle results.
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doi:10.1371/journal pone.0154612.g005

In U138-MG cells, doxazosin caused cell cycle arrest in GO/G1 phase at concentrations of
30 and 75 pM and decreased mitotic index in the concentrations of 50 and 75 pM after 48 h of
treatment in U138-MG cells (Fig 5).

PI3K/Akt pathway: a possible doxazosin target

Next, we analyzed activation of proteins involved with apoptosis, cell cycle and glioma malig-
nancy in rat and human glioblastoma cells. The phosphorylation levels of p-AKTs,473, p-GSK-
3Bsero and p-p53ser15 were analyzed for their role in cell survival, proliferation and apoptosis
regulation. Doxazosin was added for 24 and 48 h. As shown in Fig 6, p-Aktger473 levels
decreased at 150 and 180 uM doxazosin in C6 cells after 48 h.

Additionally, we evaluated whether Akt downstream target GSK-3f was affected. As shown
in Fig 6, the treatment of C6 cells with doxazosin, 150 and 180 uM, decreased p-GSK-3Bs.ro
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levels after 48 h. We also observed an increase of phosphorylation levels of p-p53s.,,5 after 48 h
of treatment with doxazosin 180 uM in C6 cells (Fig 6).

In U138-MG cells, treatment with doxazosin during 24 h and 48 h at concentrations of 30,
50 and 75 pM, decreased p-Akts, 473 levels (Fig 6). By other hand, after 24 h only the treat-
ments at concentrations of 50 and 75 pM of doxazosin were able to decrease the p-GSK-3Ps.9
levels, while after 48 h this decrease was maintained and we also observed a decrease at 30 uM
of doxazosin treatment (Fig 6). Regarding to the effect of doxazosin on the p53 protein in
U138-MG cells, it was observed an increase in p-p53g.,5 at the concentrations of 30, 50 and
75 uM (Fig 6). We analyzed immunocontent of these same phosphorylated proteins at earlier
times and did not observe any differences (data not shown).

In order to analyze whether the PI3K signaling pathway by Akt activation and GSK-3p inac-
tivation was involved in the effect of doxazosin, we carried out this experiment using
LY294002, a specific inhibitor of PI3K [23]. Activated PI3K phosphorylates its downstream
target Akt. Phosphorylated Akt directly affects GSK-3p by phosphorylating it at Ser9 and thus
inhibiting its activity. LY294002 induced C6 and U138-MG cell death in 48 h and inhibited
GSK-3Bs.,9 phosphorylation in the same manner as doxazosin (Fig 6). This result indicates a
possible effect of doxazosin on the PI3K/Akt pathway on glioma cells.

Discussion

Current anticancer drugs have limitations by presenting cytotoxicity, low specificity and the
prolonged use may result in lethal damage to healthy cells. Therefore, chemotherapeutic treat-
ment of tumors in the central nervous system is associated with severe systemic side effects and
therefore affecting patients quality of life [24]. Glioblastoma is a radio- and chemo-resistant
cancer. This makes it necessary to increase chemotherapy dosage or add more drugs for treat-
ment, which increases toxicity on non-tumor cells. Tumor surgical resection, in the case of
glioblastomas, might compromise vital brain areas due to the cancer’s aggressive and infiltra-
tive characteristics [24].

Temozolomide (TMZ) is considered the standard therapy for treatment of glioblastoma
multiforme. However TMZ must be administered at high doses systemically in order to achieve
therapeutic levels in the brain, mainly due to its low half-life (about 1.8 h in plasma) [25]. It has
been approved by the FDA in the USA for the treatment of GBM, showing a median survival
of just 5.8 months [26]. Furthermore, prolonged systemic administration is associated with
side effects such as nausea, vomiting, fatigue and headache.

Additionally, the central nervous system has another limitation regarding treatment: nerve
tissue has a low rate of cell division and loss of non-tumor cells greatly affects the well-being of
patients. For these reasons, the search for new therapeutic strategies and chemotherapeutics is
necessary to improve effectiveness of glioma treatment, while preserving the quality of life of
patients. Doxazosin is a FDA approved drug in the USA for treatment of hypertension and
symptoms of benign prostatic hyperplasia, with mild side effects, like dizziness and hypoten-
sion [22,27]. However, doxazosin toxicity on nervous non-tumor tissue has never been evalu-
ated so far.

In astrocytes, doxazosin increased total cell death only at the high concentration of 250 pM
when compared to control. In organotypic cultures, doxazosin caused cell death at 180 and
250 uM concentrations when compared to control. Although there was no statistical difference
between the types of cell death, doxazosin showed a tendency towards induction of necrosis
and late apoptosis. These results show that doxazosin triggers different cell responses depend-
ing on its concentration and the best range of concentrations for further tests are below

250 uM.
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We also tested Lapatinib citotoxicity on primary astrocytes and organotypic cultures, and
compared its antitumoral effect with doxazosin on C6 and U138-MG glioma cells. Lapatinib is
a tyrosine kinase inhibitor, which has a quinazolinic ring in its chemical structure. Compounds
based on quinazoline scaffolds can target a range of kinases with varying degrees of selectivity
[28]. Doxazosin also presents a quinazoline scaffold on its chemical structure. Lapatinib was
used in this study as a comparison with doxazosin because they present similar chemical struc-
ture [29]. Reports show Lapatinib effective inhibition of human breast and prostate cancer cell
lines, and in U87-MG and M059K glioblastoma cell lines [30]. Here we showed that Lapatinib
500 nM is more cytotoxic than doxazosin 250 pM on primary astrocytes and hippocampal
organotypic cultures.

We observed that in hippocampal organotypic cultures doxazosin induced apoptosis on DG
and CAL1 cells, but necrosis was limited to CA1 area, possibly due to delayed cell death and
DG'’s capability of apoptosis induction for tissue remodeling purposes [31]. Lapatinib also
induced apoptosis and necrosis on both regions, but necrosis was more pronounced in the DG
region. CA1 neurons react differently after lesions than DG cells, mainly because they present
more dendritic remodeling and present high abundance of NMDA (N-methyl-D-aspartate)
receptors, which could lead to glutamate excitotoxicity [32].

Several studies have demonstrated that doxazosin’s concentrations responsible for cell
death induction vary depending on the origin of the cells, the type of cancer and even between
different cell lines of the same type of tumor [22,33]. On prostate cancer cells, for example,
maximum concentration of doxazosin used is 100 pM [22,34]. On the other hand, colon cancer
SW-480 cells and bladder cancer HTB1 cells were less sensitive to this concentration of doxazo-
sin [22]. HeLa cells showed high sensitivity to doxazosin, while HepG-2 and MCF-7 cells
showed an IC50 of around 200 uM [35].

We observed that C6 and U138-MG cell lines had different vulnerability against doxazosin.
Results showed that doxazosin induced apoptosis and necrosis on Cé6 cells and only apoptosis
on U138-MG cells. When compared with Lapatinib, doxazosin showed to be more effective in
inducing apoptotic cell death in both C6 and in U138-MG cells. Although it has been observed
that treatment with TMZ induces a decrease in cell viability in various glioma lines, it is well
described that U138-MG lineage is resistant to this treatment [36]. Our results showed that
doxazosin was able to induce apoptosis in both cell types, C6 and U138-MG. Differences
observed between cell lines on cytotoxicity assays and types of cell death could be due to: differ-
ent species, varying doubling times or characteristics and mutations between cell lineages. C6
cells have a doubling time of approximately 25-30 hours [37], while U138-MG cells’ is 70
hours [38]. C6 cells proliferate faster, being more aggressive than U138-MG. Moreover,
U138-MG cells have higher expression of the pro-apoptotic protein Bax, being more sensitive
to apoptosis [33]. This could explain the different concentrations to which doxazosin was more
effective (50 and 75 uM for U138-MG cells and 150 and 180 pM for C6 cells).

Doxazosin’s effective concentrations used on this study on rat C6 cells (150 and 180 pM)

exceeds the limits used for most cancer cells on the literature [22,34]. For the human cell line
U138-MG, effective doxazosin concentrations are 50 and 75 pM, which is in accordance with
what was used in the literature for other cancer cells. Future studies, however, are necessary to
determine if this in vitro therapeutic concentrations of doxazosin are effective against glioblas-
toma in vivo models.

In addition to inducing cell death, doxazosin decreased proliferation, shown by cell cycle
arrest in GO/G1 phase and decreased mitotic index. On human LNT-229 and U87-MG GB
cells, doxazosin also induced G0/G1 cell cycle arrest and concentration-dependent apoptosis
[13]. Several in vitro and in vivo studies show that the main mechanism underlying doxazosin-
induced apoptosis is inhibition of receptor-mediated signaling [39,40,41]. Therefore, we
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suggest that those effects and the apoptosis induction may be related with the decrease of Akt
phosphorylation/activation, which possibly affected the Akt downstream targets, GSK-3p and
p53. In PC-3 cells, doxazosin induced apoptosis in part through downregulation of Akt cell sig-
naling. Akt plays a pivotal role regulating cell growth and survival in cancer cells. This fact jus-
tifies the pharmacological use of doxazosin and derivatives, which possess quinazolinic rings,
for the development of a new class of apoptosis-inducing agents, which blocks activation of
Akt protein [42].

Moreover, doxazosin was shown to suppress PI3K and Akt phosphorylation on ovarian car-
cinoma cells [41]. The authors of this study suggest the hypothesis that doxazosin inhibits
PI3K/Akt activity. GSK-3p is involved in the processes of apoptosis and cell cycle, as well as
p53. One of the most important regulatory mechanism acting on GSK-3p is phosphorylation
of Ser9, which inhibits the protein. Several kinases are able to phosphorylate this protein,
including Akt [43]. Here we found that doxazosin, possibly through Akt inhibition, decreased
GSK-3p Ser9 phosphorylation. Also we observed that doxazosin cell cycle arrest and the
decrease on proliferation of C6 and U138-MG glioma cells appears to be mediated by GSK-3p
dephosphorylation/activation.

In cancer, GSK-3p has been reported as a “tumor suppressor” by repressing neoplastic
transformation and tumor development[44]. GSK-3p also appears to be involved in chemo-
therapy resistance. When treated with lithium, which is a GSK-3 inhibitor, hepatoma cells
became resistant to etoposide and camptothecin. On the other hand, GSK-3p activation with
LY294002 and with exogenous expression of Ser9 GSK-3p sensitizes hepatoma cells to apopto-
sis induced by those drugs [45]. LY294002 can also inhibit expression of p-Akt in cancer cells
via PI3K suppression [46], which supports the induction of cell death on C6 and U138-MG
cells shown here. Other reports show that GSK-3p activation enhances and sensitizes human
breast cancer cells to paclitaxel, 5-fluorouracil, cisplatin, taxol and prodigiosin [43]. Also, other
studies with GSK-3p inhibitors on GBM patients and two established cell lines (U251 and
U87-MG) showed that inhibition of GSK-3[ phosphorylation significantly reduced tumor
invasiveness [6].

Another protein that we found altered by doxazosin treatment is p53. This is a tumor-sup-
pressor protein that is activated upon various types of cellular stresses. The p53 protein is
involved with apoptosis induction, with inhibition of cell cycle progression [47], as demon-
strated here on C6 and U138-MG cells. In almost all types of cancer, p53 is frequently inacti-
vated, being a central tumor-suppressor. The p53 protein can regulate and be regulated by Akt
and also can interact with GSK-3f. It is well established that activation of Akt inhibits
p53-mediated apoptosis [47].

The p53 gene is mutated in 30-50% of glioblastomas and this mutation confers increased
malignancy and tumorigenicity to the cancer. Also it has been reported that p53 mutation
decreases chemosensitivity of malignant gliomas to TMZ [7]. The U138-MG cell line has a
TP53 mutation and is TMZ resistant [48]. Here we showed that doxazosin, unlike TMZ,
decreased cell viability and induced apoptosis in U138-MG cells, and also increased p53 phos-
phorylation in these cells.

We also found that doxazosin activated caspase-3 on glioma cells. Caspase-3 can be acti-
vated through inhibition of Akt phosphorylation, and consequently leading to the inhibition of
this kinase. When Akt is inactive, cells can undergo apoptosis through loss of mitochondrial
membrane potential, leading to activation of caspase-9 and caspase-3, resulting in apoptosis
[49].

In summary, our results suggest that doxazosin induces caspase-dependent apoptosis,
decreased mitotic index and induced cell cycle arrest on C6 and U138-MG glioma cells, and
this effect could be mediated by the inhibition of Akt and the activation of GSK-3p and p53
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proteins (Fig 7). Besides, we also show that doxazosin has low cytotoxicity on primary astro-
cytes and hippocampal organotypic cultures.

Conclusions

Development of new effective therapeutic strategies for the treatment of brain tumors is essen-
tial to reduce mortality and morbidity of the disease. Characterization of new drugs that may
act as an adjuvant to other anti-tumor therapies could be a very useful strategy for treating glio-
mas. Doxazosin’s pharmacology and safety profile is well-characterized in humans and its
adverse-effect profile is acceptable [22], since the most frequent side-effects are dizziness and
hypotension [50]. Moreover, Kyprianou and Benning [22] demonstrate that the therapeutic
doses of doxazosin with antitumoral effect in mice (3 to 100 mg/Kg) are compared to intracel-
lular doxazosin’s concentrations effective on human prostate cancer cells in vitro (100 uM).
They showed in vivo efficacy studies in which doxazosin treatment suppressed significantly the
tumorigenic growth of prostate cancer xenographs in SCID mice. Chon et al. [9] and Vashist
etal. [51] also demonstrated the in vivo functional significance of doxazosin’s action in a
mouse model of prostate hyperplasia and in the persistent reduction of intimal hyperplasia in a
rabbit model, respectively.

Therefore, we and others [13,22,41,52] suggest that doxazosin can become a new pharmaco-
therapy alternative for the treatment of cancer, especially gliomas, although more experiments
are needed to further elucidate the mechanism of action of this drug on tumor cells and animal
models.
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Abstract

Malignant tumors, including gliomas, are the most common primary intracranial
brain tumor in adults. This cancer display abnormal energy production and inherent
resistance to apoptosis, suggesting an underlying involvement of dysfunctional
mitochondria in glioma pathophysiology. The PI3K/Akt pathway is involved with glioma
tumorigenesis and resistance to therapy. GSK-3pB, a substrate of Akt, is reported as a tumor
suppressor and is involved with induction of intrinsic apoptosis. Nucleomitochondrial
interactions depend on the interplay between transcription factors (TFAM) and regulated
coactivators (PGC-1a). CREB is a transcription factor and a Akt substrate that enhances
tumor proliferation, chemotherapy resistance, PGC-1a transcription and impairs apoptosis
induction. Moreover, the cytokines TNF-a, IL-1p and IL-6 are negative regulators of PGC-
lo and increase tumor growth, malignancy and therapy resistance. Here, we analyzed how
doxazosin (an antihipertensive agent) treatment affected signaling between mitochondria
and cytoplasm/nucleus. In addition, we analyzed secretion of TNF-a, IL-1p and IL-6 by C6
cells after doxazosin exposure. Our results provide insight into doxazosin's effect on
mitochondrial dynamics and cytoplasmatic interaction in glioma. Understanding aberrant
mitochondrial function in gliomas is essential to provide new directions in the development

of novel research approaches that translate into therapies.

Keywords: Glioma, mitochondrial biogenesis, doxazosin, TFAM, PGC-1a, apoptosis

71



Introduction

Glioblastoma (GB), is the most common primary intracranial brain tumor in adults.
GBs are aggressive, resistant and invasive tumors. This leads to a high recurrence rate of
about 90% [1]. They constitute the second most common malignant neoplasia, representing
16% of all primary brain tumors [2]. Diagnosis and management of this type of cancer
results in extensive individual, social, healthcare and economic burden [3]. Therefore, it is
important to investigate new therapeutic strategies, due to GBs high recurrence rate (90%)
and mortality rate close to 100% [4].

The al-adrenoceptor antagonist doxazosin is a quinazoline-based drug and is the
most frequently prescribed drug, being approved by the FDA (Food and Drugs
Administration) for benign prostatic hyperplasia (BPH) and elevated blood pressure [5].
BPH or hypertension patients who were treated long-term with al-adrenoceptor antagonists
showed a significantly lower incidence of prostate cancer (a drop of 31.7%) [6]. In other
studies doxazosin induced apoptosis of normal and malignant prostate cells through an
alternative mechanism unrelated to the al-adrenoceptor [7]. The drug also exerted pro-
apoptotic effects in breast cancer [8], urothelial cancer [9], human prostatic stromal and in
prostate cancer LNCaP cells [10-11].

Advantages of repurposing drugs are the well-defined pharmacokinetics and side
effects, and the drug has passed the required toxicity and safety tests with settled protocols
and dosing [12]. Regarding doxazosin, it is established the drug’s antitumoral effects are
not related with its oal-adrenoceptor antagonism [7]. Due to its physicochemical
characteristics, doxazosin is able to permeate the BBB [13], and we found the drug
presented low neurotoxicity on non-tumor cells [14].
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Cancer cells can adapt and resist to various environmental changes, e.g. decrease in
oxygen concentrations and nutrients, as well as drug exposure. GB metabolism is
dynamical in order to maintain growth, survival and high proliferative rate even within a
hostile enviroment [15], which can provide resistance to many anticancer drugs [3].
Targeted therapies can also induce deep metabolic changes that regulate treatment response
due to cancer cells metabolic plasticicity [3, 16].

Mitochondria have a fundamental role regulating apoptosis, cell proliferation,
energy metabolism and reactive oxygen species balance [3]. Those processes are
deregulated in gliomas, with few studies investigating mitochondrial function and dynamics
in cancer cells [3].

Several studies demonstrate that mitochondrial metabolism greatly influences
cancer cell survival, proliferation, invasion, apoptosis and indicate a role for this organelle
in development of resistance to many anticancer drugs [3, 17-18]. Considering the
importance of mitochondria for cancer cells plasticity and GB’s innate treatment resistance,
we analyzed doxazosin’s effects on mitochondrial biogenesis and the signaling pathways
involved with this process on C6 glioma cells. Previously we showed doxazosin induces
apoptosis in glioma cells via PI3K/Akt pathway inhibition and GO/G1 arrest via p53
activation [14].

Mitochondrial biogenesis and function is regulated by nuclear and mitochondrial
transcriptional factors and coativators, e.g. mitochondrial transcription factor A (TFAM)
and peroxisome proliferator-activated receptor-y coactivator-lo. (PGC-1a), respectively
[19-22]. It is believed PGC-1la serves as a link between nuclear regulatory events and
mitochondrial transcription machinery, neuroprotection and therapy resistance [21-24].
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In addition, gliomas are characterized by a deregulated network of cytokines [25].
Cytokines are known for their role in immune response, however they have a vital
participation in other cellular processes, including cell differentiation and proliferation [26].

Here, we analyzed how doxazosin's treatment affected signaling between
mitochondria and cytoplasm/nucleus. Moreover, we analyzed secretion of the cytokines
tumor necrosis factor a (TNF-a), interleukin-1p (IL-1p) and interleukin-6 (IL-6) by C6
cells after doxazosin exposure, since these cytokines are negative regulators of PGC-1a
[27-29]. Our results provide insight into doxazosin's effect on mitochondrial dynamics and

cytoplasmatic interaction in glioma.

Materials and methods

Chemicals and materials

Cell culture media and fetal bovine serum (FBS) were obtained from Gibco-
Invitrogen (Grand Island, NY, USA). Doxasozin and Propidium iodide (PI) were obtained
from Sigma Chemical Co (St. Louis, MO, USA). All other reagents were purchased from
Sigma Chemical Co. (St. Louis, MO, USA) or Merck (Darmstadt, Germany). All other

chemicals and solvents used were of analytical or pharmaceutical grade.

Cell culture
C6 rat glioma cell line was obtained from American Type Culture Collection
(Rockville, Mariland, Md., USA). C6 cells were grown and maintained in Dulbecco’s

Modified Eagle’s Medium (DMEM, Gibco-Invitrogen, Grand Island, NY, USA)
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supplemented with 5% (v/v) FBS (Gibco-Invitrogen, Grand Island, NY, USA), and
containing 2.5 mg/mL of Fungizone® and 100 U/L of gentamicine (Shering do Brasil, S&o
Paulo, SP, Brazil). Cells were kept at 37°C, in an atmosphere of 5% CO; and were used

until the 30™ passage.

Doxazosin treatment

C6 glioma cells were seeded in DMEM/5% FBS in 24 well plates and grown for 24
hours. Doxazosin was dissolved in 20% ethanol/ milli-Q™ water (vehicle). Cells were
treated with the drug for 48 hours with concentrations ranging from 50 uM to 180 uM [14].
Control groups were processed in parallel without receiving treatment with doxazosin. The

results of vehicle groups were similar to control groups.

Caspase-3 activity

Caspase-3 activity was determined by fluorometric measurement of the kinetics of
7-amino-4-trifluoromethyl coumarin (AFC) release from the fluorogenic substrate Ac-
DEVDAFC (Sigma—Aldrich) in the presence of cell lysates. Cells were washed in PBS and
lysed on ice-cold PBS and 0.2% Triton X-100 solution. Extracts were clarified by
centrifugation at 10,000g for 5 min.For assays, 30 ug proteins were mixed with assay
buffer (g/mL) (Sucrose 0.1, CHAPS 0.001, BSA 0.0001 and HEPES-NaOH 0.024 , pH 7.4)
plus 10 pL of substrate solution (0.2 mg/ml). Caspase-3-mediated substrate cleavage was
monitored during 40 min (37°C) in a SpectraMax M5 Microplate Reader (excitation 390

nm/emission 520 nm).
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Enzyme-linked immunosorbent assay (ELISA)

ELISA was used to determine cytokine levels in the culture medium of C6 cells
after doxazosin treatment. After 48h of doxazosin exposure (150 and 180 uM), the culture
medium was collected, rapidly frozen, and stored at -20 °C for later measurement of IL-1f,
IL-6 and TNF-a levels using specific ELISA kits (R&D Systems, Minneapolis, MN, USA)
in accordance with the manufacturer’s recommendations. Standard curves were obtained

using recombinant rat IL-1f, IL-6 and TNF-a.

Flow Cytometry

Mitochondrial superoxide was measured using the MitoSOX® Red (Invitrogen®,
Molecular Probes, Eugene, OR — USA), while mitochondrial mass and membrane potential
were evaluated using Mito Tracker® Green and Mito Tracker® Red (Invitrogen®,
Molecular probes Eugene, OR — USA), respectively (FACS Calibur, BD Bioscience,
Mountain View, CA, USA). Cells were harvested by tripsinization and incubated in a
solution of phosphate-buffered saline (PBS) pH 7,4 with 1 uM MitoSOX for 10 min or 100
nM Mitotracker Green/Red for 45 min at 37°C, in the dark.

For analysis of TFAM and PGC-1la, C6 cells were trypsinized and centrifuged
at 400 x g for 5 min. Cells were resuspended in PBS containing 0,1% Triton X-100 and
incubated with the following antibodies: mouse anti-cleaved caspase 3 (1:100; Cell
Signaling), for 30 min at room temperature. Then, secondary antibody anti-mouse Alexa
Fluor 488 (1:100, Invitrogen) was added and, after incubation for 30 min, fluorescence

intensity was analyzed by flow cytometry.
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Data acquisition was done by flow cytometry using a FACS Calibur cytometry
system and Cell Quest software (BD Bioscience, Mountain View, CA, USA). Data

obtained was analyzed with FlowJo software (FlowJo, LLC, Ashland, Oregon, USA).

Confocal microscopy

Cells were seeded on coverlips and, 24h later, were treated with 180 uM doxazosin.
After 48h of treatment, cells were fixed with 4% (w/v) paraformaldehyde and stained with
10pg/ml Hoechst 33342 (Sigma) in the presence of 0.1% Triton X-100 and processed for
immunocytochemistry. Cells were incubated with blocking solution (5% albumin in PBS)
for 2h. Then cells were incubated with primary antibodies p-Aktses7z (1:500; Cell
Signaling), p-GSK-3ser9(1:500; Cell Signaling) and p-CREBser133 (1:500; Cell Signaling)
for 1h followed by incubation with secondary antibodies Alexa Fluor 488 (1:1000,
Invitrogen) or Alexa Fluor 555 (1:1000, Invitrogen) for 1h. Confocal images were taken in

an Olympus FV-1000 confocal microscope.

Statistical analysis

Data are expressed as meanstSE. All results are representative of at least 4
independent experiments. Analysis of variance (ANOVA) was applied to the means to
determine statistical differences between experimental groups. Post hoc comparisons were
performed by Newman-Keuls Multiple Comparison test. Differences between mean values

were considered significant when p<0.05.

Results
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Doxazosin increased mitochondrial biogenesis and superoxide production

Initially, we analyzed superoxide (SO) production in C6 cells after doxazosin
treatment. At concentrations of 150 and 180 uM, doxazosin increased SO production (Fig.
1a).

In order to evaluate mitochondrial biogenesis in C6 treated with doxazosin, we used
MitoTracker Green (MTG) and MitoTracker Red (MTR). We used the fluorescence
intensity emitted by MTG as an estimate of the overall mitochondrial mass, since it
accumulates in the mitochondria in a membrane potential independent manner. We used
MTR to analyze mitochondrial membrane potential (Aym). MTR stains mitochondria in
live cells and accumulates in proportion to the membrane
potential. At concentrations of 150 and 180 puM, doxazosin increased MTG (Fig. 1b) and
MTR (Fig. 1c) staining. In summary, doxazosin treatment increased SO generation and

induced mitochondrial biogenesis in C6 cells.

C6 cells decrease secretion of TNF-a after doxazosin exposure

Gliomas are characterized by a deregulated network of cytokines [25]. These are a
large group of secreted peptide molecules that act as paracrine messengers [25]. Secreted
cytokine levels were assessed in C6 cells after doxazosin treatment. After 48h of treatment,
doxazosin decreased the release of TNF-a by C6 cells, while levels of IL-1p and IL-6

remained the same (Fig. 2).

Caspase-3 activation by doxazosin induces apoptosis
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Doxazosin increased caspases 3 activity after 48h treatment at 150 and 180 uM
(Fig. 3a). In Fig. 3Db, it is shown, by Hoechst staining, the presence of picnotic nuclei - for

the concentration of 180 UM doxazosin.

Doxazosin treatment affects signaling between mitochondria and cytoplasm/nucleus

Peroxisome proliferator-activated receptor-y coactivator-la (PGC-1a) is a potent
inducer of mitochondrial biogenesis and also of a diverse range of mitochondrial processes
[22-23]. Mitochondrial transcription factor A (TFAM) is involved with the control of
mitochondrial DNA (mtDNA) maintenance and transcriptional expression [19]. Doxazosin
treatment for 48 h at 180 uM increased both, TFAM and PGC-a protein levels, in C6 (Fig.
43).

Next, we analyzed activation of proteins involved with glioma cell survival and
proliferation. As shown in figure 4 (Fig. 4b, ¢ and d), p-Aktsera73, P-GSK-3Bsero and p-

CREBser133 immunostaining decreased with 180 uM doxazosin treatment.

Discussion

Malignant tumors, including gliomas, display abnormal energy production and
inherent resistance to apoptosis, suggesting an underlying involvement of dysfunctional
mitochondria in glioma pathophysiology [3, 30-32]. In this study, we found doxazosin
increased MitoSox and MitoTracker staining as well as PGC-1a and TFAM protein levels
in C6 cells. Therefore, treatment increased mitochondrial superoxide production and

induced mitochondrial biogenesis. In addition, we showed doxazosin induced apoptosis in
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C6 cells through increase of caspase-3 activity and picnotic nuclei detection and the drug
decreased p-Aktseraza, P-GSK3Bserg and p-CREBser133 immunostaining.

Akt regulates cell proliferation and survival and, when active (phosphorylated), Akt
phosphorylates and inhibits GSK-3f at Ser9 [8, 14]. In hepatocellular carcinoma cells and
in glioma cells, when GSK-3p is phosphorylated by Akt, association of Hexokinase Il
(HKII) to the outer mitochondrial membrane (OMM) is enhanced. This association
contributes with the Warburg effect and cell proliferation in cancer cells and maintain the
mitochondrial permeability transition pore (PTP) locked, which contributes to the anti-
apoptotic phenotype in cancer cells. Moreover, activation of GSK-3p by Akt inhibition
favour mitochondrial detachment of HKII, allows for the opening of the PTP and leads to
apoptosis activation [33-36].

In addition, Akt phosphorylates CREB at Ser133 enhancing CREB’s transcriptional
activity [37]. In tumors, studies show phosphorylated CREB enhances tumor proliferation,
chemotherapy resistance and impair apoptosis induction [38]. Therefore, here and
previously [14] we found doxazosin inhibits a central survival signaling in gliomas: the
PI3K/Akt pathway. We showed several downstream targets of Akt are influenced by
doxazosin, ultimately leading to cell cycle arrest and apoptosis induction.

In regards to mitochondrial function in gliomas, there is lack of study on this topic.
In this study we showed doxazosin increased mitochondrial SO production and
mitochondrial biogenesis. Benhar et al. [39] demonstrated anticancer agents can induce
prolonged increase in ROS levels resulting in potentiation of apoptosis. Thus, ROS
modulates the ability of stress kinases to stimulate cell growth or death. In accordance with
this observations, Skildum et. al [40] showed troglitazone (a PPARYy ligand) increased
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mitochondrial superoxide generation and inhibition of cellular proliferation in breast cancer
cell lines and co-treatment with troglitazone potentiated the antitumoral effects of
doxorubicin. This was acomplished by increase in PGCl-a. mRNA levels. In our study,
doxazosin alone was able to induce glioma cell death, while increased mitochondrial SO
generation, PGC-1a and TFAM protein levels and mitochondrial mass and membrane
potential (which lead to mitochondrial biogenesis).

Nonetheless, it may seem contradictory that a drug induces both apoptosis and
mitochondrial biogenesis, but this was observed in some types of cancer. Yadav et al. [16]
demonstrated that chemotherapy induce mitochondrial biogenesis independently of
caspase-activated apoptosis in several cancer cell lines. In addition, Wang and Moraes [41]
treated three human cancer cell lines (HeLa — cervical carcinoma; 143B — osteosarcoma;
MDA-MB-231 — breast cancer) with bezafibrate - a PPARSs panagonist that also enhances
PGC-1a expression and induces mitochondrial biogenesis - and found cells had decreased
glycolytic and growth rates. Furthermore, Wu et al. [42] showed in SH-SY5Y
neuroblastoma cells that methanphetamine increased mitochondrial mass after 24h
treatment and, after 48 h, induced apoptosis, decreased mtDNA copy number and decreased
mitochondrial protein contents per mitochondrion.

On the other hand, some studies associate mitochondrial biogenesis as a drug
resistance mechanism by cancer cells. Zhang et al. [43] found BRAF'*®-mutated
melanoma cell lines (this mutation results in constitutively activated MAPK signaling)
increased mitochondrial biogenesis and oxidative phosphorylation (OXPHQOS) to survive
MAPK inhibitors treatment. In adittion, Vellinga et al. [24] showed on liver metastases of
colon cancer that mitochondrial biogenesis genes had higher expression levels in
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chemotherapy-treated tumors in comparison with nontreated tumors. Furthermore, the
authors treated patient-derived colonosphere cultures with chemotherapy and found
increased mitochondria mass and shifted glycolysis to OXPHQOS via sirtuin1l/PGC-1a.

Here, p-CREBsen3s levels decreased with doxazosin treatment. Studies show p-
CREB-mediated increase of PGC-1a transcription relates to changes in the cell metabolism
in response to alterations in the environment [19]. We found doxazosin increased PGC-1a
independently from CREB regulation. The increase in mitochondrial biogenesis could be a
mechanism of doxazosin’s antitumoral effects, instead of a mechanism of C6 cells
resistance to the treatment.

Furthermore, we previously found doxazosin induces cell death on glioma cells (C6
and U138-MG) and at 250puM presents low neurotoxicity on non-tumor cells (primary
astrocyte and hippocampal organotypic cultures), having a selectivity towards the cancer
cells [14]. Doxazosin’s increase in PGC-1a levels found here could provide an explanation
to the drug’s low toxicity in non-tumor cells. Dabrowska et al. [44] demonstrated PGC-1a
exerts neuroprotective effects by promoting mitochondrial biogenesis and functioning in
dopaminergic neurons exposed to lead insult. However, the precise regulatory role of PGC-
la in the control of mitochondrial dynamics and neurotoxicity is still largely unknown.

We found doxazosin treatment decreased secretion of TNF-a. This cytokine is
involved in survival, differentiation and death in non-tumoral cells. Balkwill [45] showed
TNF-o can act as tumor promotor when produced and secreted by the cancer cells via
stimulation of growth, proliferation, invasion, metastasis and angiogenesis. The balance
between cell survival and death in TNF-a signaling is determinant for cellular response.
Several studies have demosntrated TNF-a plasma levels increase in patients with cancer
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[46-48]. In addition, the cytokines TNF-a, IL-1p and IL-6 are negative regulators of PGC-
lo [27-29]. Therefore, the increase we found in PGC-la levels in cells treated with
doxazosin could be related to the decrease of TNF-a secretion.

Our findings demonstrate doxazosin alters mitochondrial dynamics in glioma cells.
Mitochondrial function is aberrant in gliomas and these organelles can influence cancer
cells therapy resistance. Therefore, understanding the effects of new therapeutic agents on

tumor cells mitochondria can improve the development of novel antiglioma therapies.
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Figure Legends:

Figure 1. Analysis of mitochondrial parameters after 48 h treatment with doxazosin in C6

cells. Cells were stained in a with MitoSox, in b with MitoTracker Green and in ¢ with
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MitoTracker Red. Data are represented as means + SEM (n = 6). *p< 0.05, **p< 0.01 and

***p<0.001 vs. control.

Figure 2. Levels of secreted cytokines by C6 cells after 48 h treatment with doxazosin. In a
are the IL-1p levels, in b is IL-6 and TNF-a in c. Data are represented as means £ SEM (n

= 6). *p< 0.05 vs. control.

Figure 3. Analysis of caspase activity and cell death (tem o Hoechst) in C6 cells after
doxazosin treatment for 48 h. Caspase 3 activity in a. In b, Hoechst staining with arrows
pointing to picnotic nuclei.Data are represented as means £ SEM (n = 8). ***p<0.001 vs.

control.

Figure 4. Analysis of proteins involved in signaling between mitochondria and
cytoplasm/nucleus after doxazosin treatment in C6 cells. Histogram of TFAM and PGC-1a
protein levels in a. Immunostaining of p-Aktsera7s In b, p-GKS-3Bserg in ¢ and p-CREBser133
ind.

Figure 5. Suggested model of the effects of doxazosin on mitochondrial dynamics on C6
glioma cells. Doxazosin inhibits the PI3K/Akt pathway, which activates GSK-3p. In turn,
GSK-3B influences induction of mitochondrial apoptosis through mitochondrial
permeability transition pore (mPTP) opening and caspase 3 activation. Doxazosin also
decreases TNF-a secretion, which could lead to PGC-1la activation. PGC-1o enhances

TFAM transcription, which induces mitochondrial biogenesis. HKI1: hexokinase I1.
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Figure 4
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Figure 5
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6. CAPITULO IV

Artigo: Doxazosin’s real-time autofluorescence on glioma cells: uptake, distribution
and pathophysiological response

Status: submetido ao periddico Oncotarget
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Abstract

Glioblastoma (GB), a malignant primary brain tumor, is a devastating disease with no
effective cure. Doxazosin is an a-adrenergic blocker that has become a promising
antiglioma agent. The drug’s chemical structure has several characteristics that indicate
the molecule is autofluorescent. We characterized doxazosin’s intrinsic fluorescence in
different solvents and in the presence of biomolecules. Doxazosin’s fluorescence in
hydro-alcoholic solution is blue and it changes in intensity and color (green and red) in
different solvents. The drug also interacts with biomolecules in solution. Due to the
drug’s fluorescence, it was possible to analyze its uptake, distribution and real-time
monitoring on C6 glioma cells. Doxazosin’s uptake and distribution were
heterogeneous; the drug localization was perinuclear and appeared to be vesiculated.
With Proton Nuclear Magnetic Resonance analysis, we show that doxazosin is not
present in C6 conditioned medium, meaning the drug is arrested intracellularly. The
greatest challenge of the current pharmacotherapy, especially against GB, is the cells
heterogeneity, since the cells may respond differently to therapy. Therefore, studies
should focus on the heterogeneity of this tumor. The fluorescence allows the
visualization and tracking of molecules and events in living cells and it is a valuable

tool for the study of cancer biology.

Keywords: doxazosin, glioma, fluorescence, uptake, cellular distribution
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Introduction

Glioblastoma (GB) is a central nervous system tumor [1]. GB is often characterized
by rapid growth and invasiveness into surrounding normal brain tissue [2]. This diffusely
infiltrative nature of GBs is one of the major obstacles to successful local resection, which
in turn causes failure of curative treatment, with most recurrences occurring at the site of
the original tumor [3].

There are many reasons for the therapy resistance of glioblastomas:

(1) The tumor can be located on and often invades inaccessible functional brain
areas, making it impossible to surgically remove the GB (infiltrative tumors) without motor
and/or cognitive impairment [4-5];

(2) The blood-brain barrier (BBB) protects the central nervous system from
systemically administered drugs, which prevents many chemotherapeutics from reaching
the tumor site. For this reason, many drug treatments that have been proven effective
against other malignancies may not be applicable in the treatment of primary brain tumors
[6];

(3) Glioblastomas are characterized by having a variety of genetic abnormalities.
This heterogeneity may be a therapeutic challenge because the cells may respond
differently to therapy [7].

This difficult clinical situation has stimulated interest in additional approaches to the
treatment of glioblastomas. A more specific local therapy is required to eradicate

unresectable tumor cells invading adjacent normal brain tissue. Fluorescent drugs can be
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used for fluorescence imaging at cellular and systemic levels for monitoring of drug
delivery, therapeutic response and even diagnostics [8].

Doxazosin is an alpha-adrenergic blocker used in the treatment of hypertension and
urinary retention [9]. Studies demonstrate its effects as an antitumoral agent in glioblastoma
[10-11], urothelial cancer [12], pituitary adenoma [13], breast cancer [14] and HelLa cells
[15]. Sakamoto et al. showed that early administration of doxazosin may prevent prostate
tumor formation and supress metastasis of human prostate cancer [16].

Due to its physicochemical characteristics, doxazosin is able to permeate the BBB
[17] and its relatively long half-life provides basis for once-daily dosing, which is a
therapeutic advantage [18]. Our research group [10] showed that 75-180uM doxazosin
induces cell death on glioblastoma cells (C6 and U138-MG) and at 250uM presents low
toxicity on neural non-tumor cells (primary astrocyte and hippocampal slice organotypic
cultures).

Fluorescence detection in analytical and biomedical techniques has been employed
to monitor drug release kinetics. It has been considered as a convenient and fundamental
tool to quantify the amount of drug released in less accessible intracellular environments
[8].

In addition, recent advances in imaging and quantitative analysis of image data have
led to earlier diagnosis of tumors and tumor response to therapy, providing oncologists with
a greater time window for therapy management [8].

In this study, we report the characterization of doxazosin’s autofluorescence and
uptake in C6 tumor cells. Fluorescence microscopy, flow cytometry and nuclear magnetic
resonance were used to investigate drug’s uptake and distribution in glioblastoma cells.
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Monitoring fluorescence spectral changes permits analysis of three-dimensional imaging,
cellular uptake, real-time drug release in tumor cells, cellular distribution and accumulation

of the drug [8]. This could provide more accurate treatment approaches in the future.

Results

Doxazosin’s autofluorescence

The presence of certain chemical groups in the chemical structure of molecules
favors the process of fluorescence. These are referred to as chromophoric groups [19-21].
These groups are present on the chemical structure of doxazosin, as we can observe on
figure 1a.

We first analyzed doxazosin’s autofluorescence in different solutions and in the
presence of biomolecules. In hydro-alcoholic solution, doxazosin has an absorption peak at
340 nm, approximately. Based on the results from the absorption spectrum, doxazosin was
excited at 340 nm in different solvents in order to analyze the autofluorescence. The drug
emits blue fluorescence with higher intensity in ethanol as compared to the drug in cell
medium and in H,O. Phenol red from the culture medium does not interfere with the drug's
fluorescence (figure 1b).

Next, we sought to analyze doxazosin’s fluorescence in solvents with different
polarities, pH and presence of proteins, lipids and DNA isolated from C6 cells (figure 1c).
In the apolar solvent Dimethylsulfoxide (DMSQO), doxazosin’s blue fluorescence increased
and the drug has green and red fluorescence. In acetonitrile, doxazosin’s blue fluorescence
decreases, while the green and red fluorescence also appear, but less intense than in DMSO.
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In the polar solvent ethanol, doxazosin’s fluorescence was similar as in DMSO solution. In
acid and basic pH, the blue fluorescence increased, while the green and red fluorescence
appeared only in basic pH (figure 1c).

In the presence of proteins, doxazosin’s blue fluorescence increases and is also
intensely red. When incubated with apolar lipids, doxazosin’s blue fluorescence increased;
and with polar lipids, the blue fluorescence remained unchanged, while the green and red
increased. In the presence of DNA, the blue fluorescence increased (figure 1c). These
results show that doxazosin’s fluorescence present blue, green and red colors, that the
fluorescence can change depending on the solvent and that the drug interacts with

biomolecules.

Doxazosin’s uptake is heterogeneous

In order to determine if doxazosin’s uptake occurs, we analyzed the intracellular
drug fluorescence, using C6 cells. We used flow cytometry and confocal microscopy to
determine if fluorescent changes occurred after 6h, 24h and 48h of treatment with varying
drug concentrations. The excitation optics of the flow cytometer used was a 488 nm argon-
ion laser. Therefore, we were able to analyze doxazosin’s green and red fluorescence with
this system and the blue fluorescence was detected with a fluorescent microscope. At 6h,
there is a small population of cells with increased green and red doxazosin fluorescence at
180 pM (figure 2a). At this concentration, doxazosin blue fluorescence was not detected
(figure 2b). Also, there is an increase in cell granularity (figure 2c).

At 24h, the majority of cells show both green and red fluorescence (figure 3a).
Green fluorescence alone appeared in a small percentage of cells (less than 1%). Blue
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fluorescence also appears at 24h, at the concentration of 180 uM (figure 3b). From the
photomicrographs, it is possible to observe that doxazosin is distributed around the nucleus.
There were three populations of cells with different granularities and the fluorescent cells
showed higher granularity (figure 3c).

At 48h, there were few cells with both fluorescences (figure 4a). A large percentage
of cells showed green doxazosin fluorescence alone and the percentage of green cells did
not increase with the drug concentration. Virtually no cells showed red fluorescence alone.
This occurred with all concentrations used. Blue florescence was present and was detected
in cells presenting green fluorescence (figure 4b). Again it is possible to observe a
perinuclear distribution of doxazosin. At this time, only two populations with different
granularities were observed (figure 4c).

We carried out a Proton Nuclear Magnetic Resonance (1H-NMR) analysis of the
conditioned medium in order to verify if drug remains in the C6 medium, if it enters the cell
and/or if it is biotransformed. In figure 5a, we show doxazosin’s 1H-NMR spectrum with
the positions of the characteristic peaks of the molecule (in red). In figure 5b, the dotted red
lines represent the characteristic positions of doxazosin in the spectrum (the same points
shown in figure 5a); the full lines represent the samples of C6 conditioned medium. As
shown in figure 5b, doxazosin is not detectable in the conditioned medium at 6, 24 and 48h,
meaning the drug is internalized by the cell. As shown in figure 5c, doxazosin’s uptake is
heterogenous: 24h after treatment, some cells show no doxazosin fluorescence, while others
show varying degrees of blue fluorescence intensity. Moreover, doxazosin appears to be
vesiculated and is distributed around the nucleus. At 48h, the majority of cells are dead, as
we demonstrated previously. In figure 5¢c doxazosin appears vesiculated and perinuclear.
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Therefore, the increase in granularity observed with the flow cytometry could be due to

increase in vesicles and accumulation of doxazosin in the cell.

Intracellular distribution of doxazosin

In C6 cells, doxazosin presents blue, green and red fluorescence in the cytoplasm,
nucleus and cellular processes. Upon analysis of the shots after 1h treatment, we chose 3
cells from the same field for further analysis based on their different morphology and
response to the drug. Cells numbers 1 and 2 showed little to none morphological changes,
while cell number 3 showed formation of blebs on the cytoplasm and nucleus. First we
analyzed the average fluorescence in each cell compartment (cytoplasm, nucleus and
cellular processes) in order to compare doxazosin’s distribution and fluorescence between
the cells and through the entire 60 min.

In the cytoplasm of all the observed cells, the peak in fluorescence average occurs
until 20 min after treatment for all colors and starts to decrease at this time-point (figures
6a, 7a and 8a). In the nucleus, doxazosin fluorescence is different between the cells and
regarding the fluorescence color. Cell #1 showed similar doxazosin distribution for all
fluorescence colors: a peak in fluorescence average until 20 min and decrease after this
time-point. Cell #2 blue nuclear fluorescence peaked later, around 35 min and remained
slightly higher than that of the cytoplasm and constant until the end of the 60 min. The
green fluorescence was similar to that of the cytoplasm, being slightly higher at the end.
Cell #2 red fluorescence was constant during the period analyzed and was lower than the

cytoplasmic red fluorescence. Nuclear fluorescence of cell #3 was similar to the
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cytoplasmic fluorescence for colors green and red; the nuclear blue color remained constant
during the time-points.

In the cellular processes, doxazosin’s fluorescence in cells #1 and #2 were similar to
that of the cytoplasm for all colors, but less intense.

Observing these results of fluorescence average, it is clear that doxazosin’s
distribution and fluorescence color differs between the cells. In order to analyze specifically
these differences in doxazosin’s distribution, we generated heatmaps using the separation of
the cells in grids of squares with 3 um and showed the fluorescence mean of each square
distributed throughout the cells cytoplasm, nucleus and processes. Based on the results
above, we chose the time-points of 0, 5, 10, 15, 20, 30, 40, 50 and 60 min for the heatmap
analysis.

With this, is possible to observe in cell #1 that the red fluorescence is higher (more
intense) than the green, which is higher than the blue throughout the cell and the time-
points. The green fluorescence distribution is homogenous through the cell, while the blue
and red fluorescence accumulate in one side of the cytoplasm, being perinuclear. This
accumulation occurs between 15 to 30 min for the blue color, and between 10 to 50 min for
the red. Also, red and green doxazosin appear in both cellular processes, while blue
doxazosin is evident in only one of them. Interestingly, doxazosin’s fluorescence is weak in
the nucleus of these cell and the higher intensities observed for the blue color are at 10-30
min while for the red color they occur earlier and last longer (5-50 min).

In cell #2, doxazosin’s fluorescence is similar in some aspects to cell #1. However,
while the blue doxazosin accumulates at one side of the cytoplasm, the red color is
accumulated in the cytoplasm around the whole nucleus. Moreover, the blue doxazosin
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starts increasing in fluorescence intensity at 5 min, as well as the red fluorescence. Another
difference between both cells is that cell #2 red fluorescence in the cellular processes is
more intense in one of them, while the blue fluorescence is weak in this region of the cell.
The blue fluorescence is weaker in the nucleus than in the cytoplasm, but the red
fluorescence is slightly more intense in the nucleus at 20 min.

As stated above, cell #3 showed morphological changes that included the formation
of blebs, in contrast to cells #1 and #2. The blebs started forming at 30 min. Cell #3 showed
weak perinuclear blue fluorescence intensity, with higher intensity on the cytoplasm
starting at 5 min, until 20 min of treatment. Also, a weak blue fluorescence is present in the
nucleus. The green fluorescence was homogenous, with slight increases in intensity in parts
of the cytoplasm and nucleus. The red fluorescence was overall more intense than the
others, being strong on one side of the cytoplasm, on a small perinuclear portion and inside
the nucleus. The fluorescence intensities started decreasing earlier than in cells #1 and #2,
from 30 to 60 min. However, a strong red fluorescence signal was still detected in the
nucleus and cytoplasm during this period. Therefore, in addition to doxazosin’s uptake

being heterogeneous, the drug fluorescence distribution varies between the C6 cells.

Discussion

Doxazosin is clinically used for hypertension and benign prostatic hyperplasia.
Several studies, however, have been repurposing the drug as an antitumoral agent. This
effect was demonstrated in glioblastoma [10-11], prostate cancer [22-23], breast cancer
[14]and bladder cancer [12]. The advantages of drug repurposing is availability of data on
pharmokinetics, bioavailability, toxicities, established protocols and dosing [24].
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As shown in our previous study, doxazosin induces cell cycle arrest and cell death
in approximately 70% of C6 cells in 48hs, and has low neurotoxicity in organotypic
hippocampal cultures and primary astrocytes cultures [10]. Here, we describe doxazosin’s
autofluorescence, the changes in fluorescence caused by different solvents and the drug’s
interaction with biomolecules, and we also demonstrate the drug’s uptake and distribution
in glioma C6 cells.

The presence of certain groups in the chemical structure of molecules, for example,
the grouping —NH; present in doxazosin (shown in figure 1a) favors the process of
radioactive fluorescence. Molecules with rigid aromatic rings and the presence of imines
groups (N=C), as is the case for doxazosin, also can exhibit fluorescence [19-21]. When a
fluorescent molecule interacts with other molecules, it can temporarily lose fluorescence or
shift to another color [25].

Doxazosin’s autofluorescence in hydro-alcoholic solution is blue and intracellularly
presents green and red colors and the blue fluorescence intensity varies. The different pH
values inside cellular compartments can protonate/deprotonate fluorescent molecules and
influence its fluorescence (in intensity and color shift) [19]. Here we show that changes in
pH solutions alter the intensity of doxazosin’s blue fluorescence and basic pH causes a red
shift. The different polarities of cellular components, e.g. proteins, lipids and DNA, and the
drug interactions with these biomolecules can also influence fluorescence intensity and
color. This occurred with doxazosin’s fluorescence: in the presence of proteins and lipids
the drug’s fluorescence can change and in the presence of DNA the intensity varies. This
suggests that the drug’s fluorescence is dependent on the environment and on interactions
with biomolecules.
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Doxazosin’s uptake in C6 cells was heterogenous, especially at 24h, as shown by
flow cytometry and microscopy. At 24h, doxazosin showed both green and red
fluorescence in the majority of cells; in 48h, however, the green fluorescence alone is in the
majority of cells. This does not mean that doxazosin’s fluorescence shifted from red to
green. This could be due to a temporarily loss of fluorescence caused by interaction with
different cellular components. It is important to note, however, that the photomicrographs
(Figures 3b and 4b) show the occurrence of three or two fluorescence colors at the same
position in one cell and also cells presenting only the green color.

The 1H-NMR analysis showed the drug was not detected in the extracellular
medium. Previously we described that at 48h of treatment (180 uM) doxazosin induces
apoptosis and necrosis in approximately 55% and 15% of cells, respectively [10].
Interestingly, even with cellular death, doxazosin and its biotransformation products are not
detected in the conditioned medium. This could mean that the drug is arrested inside of the
cell, possibly interacting with anchored proteins or inside vesicles.

We showed that doxazosin is internalized by the cells and accumulates around the
nucleus as early as 1h of treatment; however, doxazosin induces a statistical significant
physiological response only after 48h of being arrested inside the cell [10]. This raises the
question of why does it takes so much time for the drug to induce cell death. Due to an
intrinsic property of doxazosin we were able to demonstrate the heterogeneity in the drug
uptake, in its distribution and in the different physiological responses of the glioma cells,
without changes in the cells microenvironment. In a previous study we showed that C6

cells dedifferentiate to cancer stem cells in a hypoxic environment [26]. Here, we
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maintained the same culture conditions during all times studied and still found great
differences between the cells responses to the same molecule.

Studying mechanisms of cell death induction of antitumoral drugs and analyzing
total cell death is important. However, the greatest challenge of the current
pharmacotherapy, especially against glioblastomas, is the cells heterogeneity, since the
cells may respond differently to therapy.

In a large retrospective study with patients with glioblastoma, Scott et al. [27-28]
showed that the final mortality rate was close to 100%. This is an alarming statistic,
especially due to the advances in cancer therapy accomplished nowadays. Future studieson
glioblastoma pharmacotherapy should focus on the heterogeneity of this tumor and on the
understanding of the mechanisms of drug resistance. Moreover, the use of fluorescent drugs

like doxazosin for the study of this heterogeneity could greatly contribute for this purpose.

Materials and Methods

Chemicals and materials

Cell culture medium and fetal bovine serum (FBS) were obtained from Gibco-
Invitrogen (Grand Island, NY, USA). Doxazosin was obtained from Sigma Chemical Co
(St. Louis, MO, USA). All other reagents were purchased from Sigma Chemical Co. (St.
Louis, MO, USA) or Merck (Darmstadt, Germany). All chemicals and solvents used were

of analytical or pharmaceutical grade.

Fluorescence analysis
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Doxazosin’s absorption and fluorescence spectra were determined with a UV-2450
UV-Vis Spectrophotometer (Shimadzu Corporation, Kyoto, Japan) and a RF-5301PC
Spectrofluorphotometer (Shimadzu Corporation, Kyoto, Japan). Doxazosin in the
concentration of 180 uM was diluted in ethanol, ethanol and water solution, culture
medium and PBS for determination of the spectra. Spectral shifts were analyzed in solvents

with different polarities, pH and cellular components.

Cell culture

C6 rat glioma cell line was obtained from American Type Culture Collection
(Rockville, Mariland, Md., USA). C6 cells were grown and maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco-Invitrogen, Grand Island, NY, USA)
supplemented with 5% (v/v) FBS (Gibco-Invitrogen, Grand Island, NY, USA), and
containing 2.5 mg/mL of Fungizone® and 100 U/L of gentamicine (Shering do Brasil, S&o

Paulo, SP, Brazil). Cells were kept at 37°C, in an atmosphere of 5% CO,.

Treatment
Doxazosin was dissolved in 20% ethanol/ milli-Q™ water (vehicle) and cells were

treated with concentrations ranging from 50 uM to 180 uM and at 1, 6, 24 and 48h.

Flow Cytometry

For uptake assay, C6 cells were seeded in 6-well plates (3x10* cells/well) and
grown for 24 h. After treatments, cells were washed with PBS, trypsinized and fluorescence
intensity was analyzed by flow cytometry at different time points. Data was acquired with a
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FACS Calibur cytometry system (FACS Calibur, BD Bioscience, Mountain View, CA,
USA) and Cell Quest software (BD Bioscience, Mountain View, CA, USA). Data obtained

was analyzed with FCS Express 4 Software (De Novo Software, Los Angeles, CA, USA).

Nuclear Magnetic Resonance (1H-NMR)

C6 conditioned medium after treatment for 48 hours with doxazosin was filtered
through Amicon Ultra-15 membranes (3 kDa). Fractions with metabolites smaller than
3kDa were mixed with phosphate buffer, D,O, and 1 mM DSS (4,4-dimethyl-sulfonic acid
4-silapentano-1-acid) to a final volume of 600 uL. Samples were processed at a 600 MHz,
Varian Inova, (with triple resonance cryogenic probe system and room temperature probe)

NMR spectrometer and analyzed with Chenomx NMR Suite 7.0 program.

Confocal Microscopy

To quantify doxasozin and verify its distribution on C6 cells, confocal microscopy analysis
was carried out. Cells were seeded in 4-well glass bottom dishes with 10* cells in each well
and grown for 24 hours. For live cell imaging, cells were kept on a proprietary CO,
incubator, maintained with 90% humidity and 5% CO,. Cells were treated with doxazosin
at the time of shooting and shots were made for 1 h. Photomicrographs were also taken
after treatment for 6, 24 and 48 hours. A Confocal Laser Scanning Biological Microscope
FV1000 (Olympus Corporation, Tokyo, Japan) was used for live cell shooting and for
image acquisition. Doxazosin fluorescence was measured after excitation with laser beams
of 405, 473 and 559 nm. After live cell shooting, 3 cells were chosen for image analysis
based on their different morphology alterations during the 1h treatment with doxazosin.
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The image field of each cell was divided by a grid of 3 um squares and mean fluorescence
was measured in each square using ImageJ 1.50i software. The average of the fluorescence
in each time-point was plotted using GraphPad Prism 5.01 software (GraphPad Software,
La Jolla, CA, USA). The time-points of 0, 5, 10, 15, 20, 30, 40, 50 and 60 min were chosen
based on the previous graph of time versus average fluorescence. For the selected time-
points, a heatmap plot was generated using the R language for analysis of the fluorescence

distribution on the cells.
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Figure Legends

Figure 1. Doxazosin’s autofluorescence in diferrent solutions. (a) Chemical structure of

doxazosin[4-4-amino-6 ,7-dimethoxyquinazoline-2-yl)-piperazine]yl-1 (2,3-dihydro-1,4-
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benzodioxine-3-yl). In a, 1 and 2 indicate the presence of chromophore groups that could
contribute for the process of radioactive fluorescence of doxazosin. (b) Doxazosin’s
fluorescence spectrum in: hydro-alcoholic solution (EtOH), Water (H,0O), cell culture
medium, and we analyzed the culture medium without the drug. The solutions were excited
at 340 nm. (c) Doxazosin’s (DZ) fluorescence analyzed in solvents with different

polarities,pHs, and in the presence of proteins, lipids and DNA.

Figure 2. Analysis of doxazosin’s uptake by C6 glioma cells after 6h of treatment. (a) Dot
plot demonstrating doxazosin’s green (x-axis) and red (y-axis) fluorescence in C6 cells. (b)
Photomicrographs of doxazosin’s fluorescence blue, green and red fluorescence in C6
cells.Magnification: 600x. (c) Dot plot analysis of C6 cells granularity after doxazosin’s

treatment.

Figure 3. Analysis of doxazosin’s uptake by C6 glioma cells after 24h of treatment. (a) Dot
plot demonstrating doxazosin’s green (x-axis) and red (y-axis) fluorescence in C6 cells. (b)
Photomicrographs of doxazosin’s fluorescence blue, green and red fluorescence in C6
cells.Magnification: 1000x. (c) Dot plot analysis of C6 cells granularity after doxazosin’s

treatment.

Figure 4. Analysis of doxazosin’s uptake by C6 glioma cells after 48h of treatment. (a) Dot
plot demonstrating doxazosin’s red (x-axis) and green (y-axis) fluorescence in C6 cells. (b)
Photomicrographs of doxazosin’s fluorescence blue, green and red fluorescence in C6
cells.Magnification: 600x. (c) Dot plot analysis of C6 cells granularity after doxazosin’s

treatment.

Figure 5. Doxazosin's NMR spectrum in (a) hydro-alcoholic solution and in (b)
conditioned medium from C6 cells after treatment for 48h. (a) Characteristic peaks of the
molecule (in red). Number 1 in a indicates the characteristic peak of water and number 2
indicates the characteristic peak of ethanol. (b) NMR spectrum of the conditioned medium
from C6 cells. Red dotted lines indicated by the number 3 represent the positions where

doxazosin should be found in the spectrum; continue colored lines represent the samples of
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conditioned medium after treatment with different doxazosin concentrations (as shown in
the legend). (c) Doxazosin’s uptake after 24h (left) and 48h (right) of treatment is
heterogenous. Some cells show no doxazosin fluorescence, while others show varying
degrees of blue, green and red fluorescence intensity. Doxazosin appears to be vesiculated

and is distributed around the nucleus.

Figure 6. Intracellular distribution of doxazosin. Analysis of the shots for 1h of treatment
for cell number#l. (a) Doxazosin average fluorescence in each cell compartment
(cytoplasm, nucleus and cellular processes), during al time-points. (b) Heatmaps using the
separation of the cells in grids of squares with 3 pum show the fluorescence mean of each
square distributed throughout the cells cytoplasm, nucleus and processes.

Figure 7. Intracellular distribution of doxazosin. Analysis of the shots for 1h of treatment
for cell number#2. (a) Doxazosin average fluorescence in each cell compartment
(cytoplasm, nucleus and cellular processes), during al time-points. (b) Heatmaps using the
separation of the cells in grids of squares with 3 um show the fluorescence mean of each

square distributed throughout the cells cytoplasm, nucleus and processes.

Figure 8. Intracellular distribution of doxazosin. Analysis of the shots for 1h of treatment
for cell number#3. (a) Doxazosin average fluorescence in each cell compartment
(cytoplasm and nucleus), during al time-points. (b) Heatmaps using the separation of the
cells in grids of squares with 3 um show the fluorescence mean of each square distributed
throughout the cells cytoplasm and nucleus.

Figure 9. Schematic representation of doxazosin’s autofluorescence in solution and in C6
glioma cells. (a) In hydro-alcoholic solution, doxazosin shows blue fluorescence (blue
circles), while in contact with lipids, proteins and DNA, it shows blue/green/red, blue/red
and blue fluorescence, respectively. (b) In C6 cells, doxazosin’s uptake, distribution and

cell death induction is heterogeneous.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 9
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7. CAPITULO V

Artigo: Doxazosin targets EGFR and EGF pretreatment
potentiates the drug’s antiglioma effects

Status: em preparacao
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Abstract

Receptor tyrosine kinases (RTKSs) are regulators of the growth factor signaling that
controls cellular proliferation, metabolism and survival in response to environmental
cues. Glioblastomas are highly resistance to treatment with radiation and chemotherapy
and aberrant Epidermal Growth Factor Receptor (EGFR) signaling contributes to this
resistance. Amplifications and/or mutations of RTKs were detected in 66% of primary
GBs. This deregulated signaling system plays an important role in cancer pathogenesis
and therefore is an attractive target for therapeutic intervention. Doxazosin is a
quinazoline with antitumoral effects on glioma and several types of cancer. The
quinazolinic ring that is present in doxazosin’s molecular structure has been studied as a
ligand of the ATP binding site of EGFR. Here, we analyzed if the antiglioma action of
doxazosin is involved with EGFR and we co-treated glioma cells with doxazosin and
AG1478, an EGFR inhibitor. First, we pretreated glioma cells with Epidermal Growth
Factor (EGF) and found it increased cell proliferation and EGFR expression and
phosphorylation. Moreover, doxazosin treatment decreased p-EGFR levels and AG1478
treatment decreased EGFR phosphorylation and induced necrosis on glioma cells. Co-
treatment of doxazosin and AG1478 decreased EGFR phosphorylation and caused
necrosis. Upon increase in doxazosin concentration in the presence of AG1478,
however, cell death by apoptosis occurred. In addition, pretreatment of EGF sensitized
glioma cells to doxazosin and AG1478, leading to cell death by apoptosis. Previously
we showed doxazosin’s antiglioma action was due to inhibition of the PI3K/Akt
pathway. Our findings suggest doxazosin’s mechanism of action involves EGFR

signaling and we propose doxazosin as a potential antiglioma agent.

Keywords: glioma, doxazosin, EGFR, EGF, AG1478
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Introduction

Glioblastoma (GB) is the most common primary brain tumor in adults. GBs are
aggressive, resistant and invasive, presenting a high recurrence rate [1]. They are the
second most common malignant neoplasia, representing 16% of all primary brain
tumors [2].

Genetic alterations on receptor tyrosine kinase (RTKSs), including the epidermal
growth factor receptor (EGFR), have an important role on development, progression
and treatment resistance of GBs. One of the most common mutations associated with
malignant glioma is amplification of EGFR (also known as ERBB1 or HER1) with a
frequency of approximately 50% [3]. EGFR is a member of the superfamily HER of
RTKSs, in addition to ERBB2, ERBB3 and ERBBA4. Ligands that activate EGFR include
epidermal growth factor (EGF), transforming growth factor alfa (TGF-a), amphiregulin,
betacellulin, among others [4].

While inactive, EGFR appears on the plasma membrane as a monomer.
Interaction with EGF or other ligand (TGF-a, anfiregulina, betacelulina) induces
conformational changes that allow for the interaction between two monomers. This
results in autophosphorylation of the cytoplasmic domain and activation of downstream
signaling pathways, e.g. Ras-ERK (MAPK) and PI3K/Akt [5]. Moreover, upon ligand
binding, EGFR translocates to the nucleus, where it can modulate gene transcription and
promote radio and chemoresistance. It is interesting to mention that EGFR can also
translocate to the mitochondria [6].

In approximately 50% of tumors with EGFR amplification, a mutant form of the
receptor is detected: EGFRvIII, also known as type Il EGFR. Most GBs (54%)

overexpress EGFR wild-type (WtEGFR) and 31% overexpress WiEGFR and EGFRUVIII.
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EGFRVIII has a deletion of exons 2-7, resulting in deletion of 267 aminoacids from the
extracellular domain of the receptor [7]. Therefore, EGFRvIII is absent of the
extracellular domain on which the ligand interacts and this mutation maintains the
receptor constantly active.

In non-tumor cells, there are 4x10* to 1x10° EGFR molecules on the plasma
membrane, while tumor cells express more than 2x10° receptors per cell [4, 8]. For
these reasons, several therapeutic strategies against cancer are targeting EGFR.

RTK inhibitors (TKI) are promising agents for glioma treatment. They compete
with endogenous ATP for the catalitic domain of EGFR, therefore inhibiting
autophosphorylation of the cytoplasmic domain [4]. Tyrphostin 4-(3-chloroanilino)-6,7-
dimethoxyquinazoline (AG1478) is one of those competitive inhibitors of EGFR.
AG1478 has anti-proliferative effects both on in vitro and in vivo glioblastoma models
[9].

Doxazosin is an alfa-adrenergic blocker used for hypertension and urinary
retention treatment and the drug is being tested against several types of cancer [10-15].
The quinazolinic ring that is present in doxazosin’s molecular structure has been studied
as a ligand of the ATP binding site of EGFR [16]. Staudacher et al. [14] showed
doxazosin had pro-apoptotic effects on breast cancer through EGFR inhibition and
NF«kB signaling activation. Liao et al. [16] propose a possible interaction of doxazosin
with EGFR on breast cancer cells. Moreover, doxazosin’s molecular structure is similar
to AG1478 and to the small molecule EGFR inhibitors Erlotinib and Gefitinib.

Previously we showed doxazosin induces glioma cell death through inhibition of
the PI3K/Akt pathway [15]. Here we investigated doxazosin’s effect on EGFR

activation. We also analyzed the effects of EGF pretreatment on EGFR expression and
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on the response of glioma cells to doxazosin and AG1478 treatments after EGF

pretreatment.

Materials and Methods

Chemicals and materials

Cell culture medium and fetal bovine serum (FBS) were obtained from Gibco-
Invitrogen (Grand Island, NY, USA). Doxazosin, 5-Bromodeoxiuridin (5-BrdU) and
human recombinant epidermal growth factor (EGF) were obtained from Sigma
Chemical Co (St. Louis, MO, USA). All other reagents were purchased from Sigma
Chemical Co. (St. Louis, MO, USA) or Merck (Darmstadt, Germany). All chemicals

and solvents used were of analytical or pharmaceutical grade.

Cell culture

C6 rat glioma cell line was obtained from American Type Culture Collection
(Rockville, Mariland, Md., USA). C6 cells were grown and maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco-Invitrogen, Grand Island, NY, USA)
supplemented with 5% (v/v) FBS (Gibco-Invitrogen, Grand Island, NY, USA), and
containing 2.5 mg/mL of Fungizone® and 100 U/L of gentamicine (Shering do Brasil,

Sdo Paulo, SP, Brazil). Cells were kept at 37°C, in an atmosphere of 5% CO..

Treatment
For EGF concentration curve, C6 cells were seeded on 6-well plates (2x10*
cells/well) and grown for 24h. EGF was used at 2,5 ng/mL, 5 ng/mL and 10 ng/mL,

during 24h and 48h. The concentrations used were obtained from the literature [17].

132



Doxazosin was dissolved in 20% ethanol/milli-Q™ water (vehicle) and cells
were treated with 100, 150 and 180 uM of doxazosin alone for 48h or after treatment

with EGF 10 ng/mL for 48h.

Flow Cytometry

C6 cells were seeded in 6-well plates (2x10* cells/well) and grown for 24 h.
After treatments, cells were washed with PBS, trypsinized and cell counting was
performed by measuring the volume flow rate.

For cell cycle analysis, C6 cells were centrifuged at 400 x g for 5 min and
resuspended (10° cells/mL) in PBS containing 0,1% Nonidet, RNAse (100 pg/mL) and
P1 (5 pg/mL) for 15 min at room temperature.

Cell death was analyzed by flow cytometry. Both floating and trypsinized
adherent cells were collected. Annexin-V FITC/propidium iodide (PI) double stain kit
was used, following the manufacturer’s instructions (Invitrogen, Grand Island, NY,
USA). Samples were incubated in binding buffer containing Annexin-V FITC and PI
for 15 min in the dark at room temperature.

For pEGFR immunoquantification, cells were fixed with phosphate-buffered
saline (PBS) and 4% paraformaldehyde for 20 min, then were permeabilized with PBS
and 0.01% Triton X-100 and incubated with the primary antibody anti-pEGFR (1:50;
Cell Signaling Technology™) for 30 min. The secondary antibody, Alexa Fluor 488
anti-mouse (1:100; Gibco-Invitrogen), was added, and after a 60 min incubation, cells
were analyzed by a flow cytometer.

Data was acquired with a FACS Calibur cytometry system (FACS Calibur, BD

Bioscience, Mountain View, CA, USA) and Cell Quest software (BD Bioscience,
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Mountain View, CA, USA). Data obtained was analyzed with FCS Express 4 Software

(De Novo Software, Los Angeles, CA, USA).

Quantitative PCR

RNA was isolated using TRIzol Reagent (Invitrogen). RNA was quantified
using BioPhotometer Plus (Eppendorf, Hamburg, Germany) to measure the absorbance
at 260 nm relative to that at 280 nm. It was added 300 ng of total RNA to each cDNA
synthesis reaction, using SuperScript®-111 RT First-Strand Synthesis SuperMix
(Invitrogen). Specific primers for each gene were designed using IDT Design Software
(Integrated DNA Technologies Inc., USA). Primers used for EGFR were the following:
5’-CCTGGAAGAGACCTGCATTATC-3’ (forward) and 5-
CAGAGCTGTCAAACCCACTAC-3’ (reverse). Beta-2 microglobulin gene was used
as the internal control gene for all relative expression calculations. Primers for f2M
were: 5’>-TCCTGGCTCACACTGAATTC-3’ (forward) and 5’-
CTTTGTGGATAAATTGTATAGCA-3’ (reverse). q-PCR reactions were carried out in
a Step One Plus real-time cycler (Applied-Biosystem, New York, NY, USA), performed
in triplicates and containing 0.2 puM of forward and reverse primers, 0.5 ng/ul cDNA
and Platinum® SYBR® Green qPCR SuperMix-UDG with ROX (Invitrogen Corp.,
USA) in the thermal cycling conditions: 2 min at 50° C, 2 min at 95°C, followed by 40
cycles of 95°C for 15 s, 60°C for 30 s. Mean Ct values from triplicate measurements

were used to calculate expression of the target gene using the AACt formula [18].

Statistical analysis
Data are expressed as meanstSEM. All results are representative of at least 3

independent experiments. Student’s t test or analysis of variance (ANOVA) were
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applied to the means to determine statistical differences between experimental groups.
Post hoc comparisons were performed by Tukey test. Differences between mean values

were considered significant when p<0.05.

Results

EGF increases glioma cells proliferation and induces EGFR expression
EGF treatment at 5 and 10 ng/mL for 48h increased the number of C6 cells in

G2/M cycle phase (Fig. 1). EGF treatment also induced EGFR expression (Fig. 1d).

EGFR phosphorylation is decreased by doxazosin and AG1478 treatment

In agreement with what was demonstrated for other glioma cell lines [19],
AG1478 decreased p-EGFR protein levels on C6 glioma cells (Fig. 2). Doxazosin
decreased EGFR phosphorylation at 100, 150 and 180 pM. Inhibition of EGFR

phosphorylation was enhanced with co-treatment of AG1478 and 180 puM doxazosin

(Fig. 2).

EGF pretreatment and doxazosin on EGFR phosphorylation

Next we pretreated C6 cells with EGF for 48h and either exposed cells to
doxazosin (EGF pretreatment + doxazosin groups) or maintained cells without any
treatment for another 48h (EGF pretreatment group) (Fig. 3). In the EGF pretreatment
group, p-EGFR protein levels were increased compared with the control (Fig. 3).
Doxazosin treatment after EGF pretreatment was able to decrease EGFR

phosphorylation, but only at 150 and 180 uM (Fig. 3).
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Co-treatment of doxazosin and AG1478 induces glioma cells death

Co-treatment of doxazosin and AG1478 induced necrosis on approximately 60%
of cells at doxazosin’s concentrations of 150 and 180 pM (Fig. 4). Doxazosin’s
concentration of 180 UM in the presence of AG1478 also increased late apoptosis.
AG1478 alone caused cell death by necrosis. Previously we showed 100 uM doxazosin
induces ~40% of glioma cell death, while here co-treatment of inhibitor and 100 pM

doxazosin did not caused C6 cell death (Fig. 4).

EGF pre-treatment sensitizes glioma cells do doxazosin

Previously we showed 180 pM doxazosin treatment for 48h induces glioma cell
death at approximately 70% of cells. Here, pre-treatment of EGF for 48h followed by
180 uM doxazosin treatment induced early and late apoptosis on approximately 13%
and 86%, respectively (Fig. 5). AG1478 induced early and late apoptosis in

approximately 29% and 67% of cells, respectively (Fig. 5).

Discussion

Glioblastoma is the most common primary brain tumor in adults. These tumors
are characterized as highly infiltrative, lethal and resistant to radio and chemotherapy
[1]. EGFR gene amplification is one of the most common genetic alterations in
glioblastoma [20]. Thus, therapeutic strategies targeting EGFR are being investigated as
potential treatments for GBs [4].

Response of glioma cells to EGF treatment is influenced by the
microenvironment, the ligand concentration and the type of cell line [21-22]. Our

present findings demonstrate EGF treatment induced proliferation and increased EGFR
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expression on C6 glioma cells. In accordance with our findings, Lund-Johansen et al.
[23] found that treatment with EGF increased glioma cell growth, migration and
invasion on D247-MG and D37-MG cells and this was dependent on the expression
levels of EGFR. Furthermore, Pedersen et al. [24] found EGF-induced cell proliferation
occurred on invasive glioma cells that contained the highest levels of EGFR mRNA (D-
37MG, D-57MG and GaMG), but not on non-invasive cells with low EGFR expression
(U-1251MG and D-263MG) (1994). In addition, Korc et al. [25] found EGF and EGFR
are expressed at higher levels in human pancreatic cancer when compared with normal
human pancreas.

In contrast, Hognason et al. [26] demonstrated that expression of a dominant
negative Ras mutant in EGFR overexpressing cells potentiates EGF-induced apoptosis.
However, in this study we demonstrated EGF treatment induced C6 glioma proliferation
instead of cell death with the cells overexpressing EGFR. These results we found could
be because C6 do not express dominant negative Ras. Supporting our findings,
Sibenaller et al. [27] showed EGFR and Ras expression are increased in C6 cells
compared with expression in normal astrocytes.

Previously we demonstrated doxazosin inhibits PI3K/Akt pathway on glioma
cells [15]. In order to evaluate if this action could be through EGFR inhibition, in this
study we analyzed doxazosin’s connection with EGFR phosphorylation. We found that
doxazosin was able to decrease p-EGFR levels at 100, 150 and 180 uM and, beyond
that, this effect seems to be similar to AG1478 (an EGFR inhibitor). Furthermore, co-
treatment of C6 cells with 180 uM doxazosin and AG1478 potentiates the decrease of
EGFR phosphorylation.

Next we analyzed EGFR phosphorylation status on C6 cells after EGF

pretreatment. In the EGF pretreatment group, p-EGFR levels increased even in the

137



absence of the ligand, while 150 and 180 M doxazosin treatment was able to decreased
EGFR phosphorylation.

Glioma cells express a truncated form of EGFR that has a deletion of exons 2-7
(EGFRVIII) and therefore, lacks the extracellular domain and is constitutively active [7].
Ligand interaction with WtEGFR results in fast receptor internalization, followed by
dephosphorylation and receptor degradation or recycling [28]. EGFRvVIII expression
results in constitutive tyrosine phosphorylation of the receptor. Since EGF binding to
EGFRVIII is hindered, the receptor internalization is delayed, promoting a continued
state of basal signaling from the mutated receptor on the plasma membrane [28].
However, the increase in expression we found in this study could be of both forms of
the EGFR, since the primers we used do not discriminate between wild type EGFR
(WtEGFR) and EGFRVIII. Several studies that correlate the increase in EGFR
expression with increased EGF expression do not discriminate between both forms of
the receptor [23-25]. Since our objective was to analyze the pharmacodynamics between
doxazosin and EGFR, we first tested whether the endogenous ligand was able to
increase the receptor expression, based on evidences from the literature [29].

Therefore, the increase in p-EGFR we found in EGF pretreated cells could be
due to increase of WtEGFR and EGFRvIII on the cell membrane. Furthermore, Luwor et
al. [30] showed that EGFRvIII can form dimmers with and activate WtEGFR. Wiley et
al. [31] demonstrated that cells overexpressing EGFR increase ligand-independent
receptor activation. Moreover, since the recycling of EGFRVIII is delayed and this
mutated receptor is intrinsically active [28], the pretreatment with EGF could have
caused increase in the EGFRvIII expression. In this context, higher concentrations of

doxazosin were necessary to decrease p-EGFR levels after EGF pretreatment.
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In order to evaluate the mechanism of action of doxazosin on glioma cells, we
treated C6 cells with AG1478 alone and with doxazosin. Previously we showed
doxazosin induces apoptosis and necrosis on C6 cells, and that 100 uM doxazosin
caused ~40% of cell death [15]. In this study, however, co-treatment of 100 puM
doxazosin with AG1478 did not induced C6 cell death. The EGFR inhibitor AG1478
could be interfering with doxazosin’s action. Thus, these quinazoline drugs could be
competing for the same ligand site on the receptor.

Here we demonstrated AG1478’s mechanism of C6 cell death is via necrosis.
Previously we showed 150 puM doxazosin induces necrosis on approximately 10% and
apoptosis on ~45% of cells [15]. In this study, however, we found co-treatment of 150
MM doxazosin with AG1478 induced ~60% of necrosis on C6 cells. Moreover, the co-
treatment of 180 uM doxazosin and AG1478 caused a more pronounced necrotic death,
but also induces ~12% of apoptosis. These results could mean doxazosin in higher
concentrations is able to displace AG1478 and to exert its actions on the cells.

Furthermore, we showed in the present study that pretreatment of C6 cells with
EGF increased EGFR expression and sensitized the cells to doxazosin and AG1478.
Wiley et al. [31] demonstrated EGFRVIII increases the signaling pathways affected by
EGFR activation in the absence of ligands. The pretreatment with EGF appear to have
sensitized the resistance cells to doxazosin and AG1478 treatment, since the percentage
of total cell death increased in this experiment. Moreover, studies show AG1478
presents higher specificity to EGFRvIII than WtEGFR [32]. EGF pretreatment could be
increasing EGFRVIII expression and sensitizing the resistant cells to both doxazosin and
AG1478.

EGF is present in the blood stream and, therefore, can reach tumoral cells in

vivo. Here we showed pretreatment with EGF increases EGFR expression and
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sensitizes C6 cells to treatment. However, more studies are needed to evaluate the
mechanisms of EFGR expression induction by EGF.

In glioblastomas, approximately 50% of patients have amplification of EGFR
and can express EGFRVIII [7]. Moreover, McLendon et al. [20] showed RTK/Ras/PI13K
signaling is altered in 88% of these tumors. Liao et al. [16] previously showed
doxazosin inhibits EGFR on breast cancer cells. Petty et al. [33] demonstrated
doxazosin is an agonist of the RTK EphA2. Eph receptors, unlike other RTKSs, use Ras
and PI3K/Akt signaling to inhibit cell growth [34]. Here we found doxazosin decreases
EGFR phosphorylation and previously we showed this drug inhibits the PI3K/Akt
pathway.

Doxazosin is a quinazoline drug with similar molecular structure as Lapatinib (a
RTK inhibitor), Erlotinib (an EGFR inhibitor) and AG1478 (an EGFR inhibitor).
Lapatinib is currently in clinical trials for breast cancer [35] and Erlotinib is approved
by the FDA for non-small cell lung cancer and pancreatic cancer, and is in clinical trial
for several types of cancer [36-37]. Here and previously we demonstrated doxazosin’s
mechanism of action involves EGFR and PI3K/Akt inhibition. Moreover, since
doxazosin is used in the clinic for treatment of hypertension and benign prostatic
hyperplasia, the drug’s side effects and safety profiles are well known. Therefore, we

propose doxazosin is a potential candidate for repourposing as an antitumoral agent.
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Figure Legends

Figure 1. Effects of pretreatment of EGF on C6 glioma cells. In a, cell cycle
quantification of cells treated with EGF for 24h and in b for 48h. (c) Histograms of
DNA content in C6 cells treated with EGF for 48h. (d) mMRNA expression of EGFR on
C6 cells after EGF exposure for 48h. Data are represented as means + SEM (n = 4). *p<

0.05 and ***p<0.001 vs. control.

Figure 2. Histogram and graph of p-EGFR protein levels of C6 cells after treatment
with AG1478 alone or in co-treatment with doxazosin for 48h. Data are represented as

means + SEM (n = 4). ***p<0.001 vs. control.

Figure 3. Histogram and graph of p-EGFR protein levels of C6 cells pretreated with
EGF for 48h followed by treatment with doxazosin 48h. Data are represented as means

+ SEM (n =4). *p< 0.05 and **p<0.01 vs. control.

Figure 4. Analysis of cell death on C6 cells after treatment with AG1478 alone or co-

treatment of both quinazoline molecules for 48h. Dot plot and graph of cells stained
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with Annexin V and Propidium lodide. Data are represented as means + SEM (n = 4).

*p<0.05 and ***p<0.001 vs. control.

Figure 5. Analysis of cell death on C6 cells after pretreatment with EGF for 48h
followed by treatment with AG1478 or doxazosin for 48h. Dot plot and graph of cells
stained with Annexin V and Propidium lodide. Data are represented as means = SEM (n

= 4). *p<0.05 and ***p<0.001 vs. control.

Figure 6. Suggested model of doxazosin’s mechanism of action on glioma C6 cells.
EGF treatment for 48h induces C6 cell proliferation, EGFR phosphorylation and
increases EGFR messenger RNA. AG1478 alone decreases p-EGFRTyr1048 on C6
cells and induces necrosis. Doxazosin alone decreases p-EGFRTyr1048 and induces cell
death, mostly by apoptosis. Co-treatment of doxazosin and AG1478 decreases EGFR
phosphorylation and causes cell death mostly by necrosis. After EGF pretreatment, C6
cells maintain elevated levels of p-EGFRTyr1048, while treatment with AG1478 or

doxazosin decreases EGFR phosphorylation and dramatically increases apoptosis.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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8. CAPITULO VI

Artigo: Doxazosin-loaded nanocapsules: possible in vivo and in vitro
antiglioma agent

Status: em preparagao
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Abstract

Glioblastoma, a subtype of glioma (GB-grade 1V), is a malignant Central Nervous
System tumor. This neuropathology is associated with uncontrolled tumor proliferation
and resistance to apoptosis. GB is often characterized by rapid growth and invasiveness
into surrounding normal brain tissue. Doxazosin is clinically used for the treatment of
hypertension and urinary retention, and has become a promising drug in glioblastoma
treatment. In this study, we evaluated nanoencapsuled doxazosin’s (DOX-NC)
citotoxicity on in vitro and in vivo models and its neurotoxicity on organotipic
hippocampal cultures and the drug’s systemic toxicity. We previously described
doxazosin’s antitumoral effects on glioma cells and here we found DOX-NC caused
apoptotic and necrotic cell death in concentrations 100x smaller than free doxazosin
(DOX). Furthermore, DOX-NC and DOX decreased tumor area in a model of glioma
implantation on rat brains. Previously we showed DOX has low in vitro neurotoxicity
and in the present study we found this also occurred for DOX-NC. Both treatments
showed no signs of systemic toxicity on rats. Therefore, doxazosin is more selective
towards tumor cells in vitro and in vivo. Additionally, we found DOX-NC decreased
CD133 protein levels in vitro and both DOX-NC and DOX decreased CD133 in vivo.
We also demonstrate DOX-NC and DOX decreased pEGFR protein levels in vitro and
pPEGFR immunoreactivity in vivo. Both CD133 and EGFR are involved with glioma
tumorigenesis, proliferation and therapy resistance. Nanotechnology applied to
antitumoral therapy, especially in the case of CNS cancer can increase drug
vetorization, evade mechanisms of resistence to drug uptake, and permeate the bood-
brain barrier more easily than free drug. Those characteristics are important
requirements for the development of novel therapeutic strategies against brain tumours.
Therefore, our results confirm the potential of doxazosin as an attractive antiglioma

agent.

Keywords: glioma; in vivo; C6; doxazosin; glioma implantation; nanocapsules
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INTRODUCTION

Gliomas are the most common cancer of the Central Nervous System (CNS).
They represent more than 30% of all primary tumors and 80% of malignant tumors of
the CNS. Incidence of primary tumors of the CNS is estimated in 18,71 for 100,000
individuals per year [1].

Glioblastoma (GB) is a subtype of glioma, with characteristics of level IV
gliomas, presenting high rate of mitosis, presence of vascular proliferation and elevated
density of atypical cells [2]. GBs are characterized as invasive tumors with no clear
margins, not being possible to perform complete surgical resection [3]. Recurrence
occurs in 90% of patients with this tumor [4].

The ineffectiveness of drugs against GBs highlights the importance of
appropriate rodent models in the study of new therapies for the treatment of these
tumors. When implanted in Wistar rats, C6 glioma cells originate tumors with regions
of focal invasion into brain tissue, similar to the infiltrating pattern found in GBs [5-6].
C6 glioma cells show several general histopathological and specific tumor markers
similar with human GBs [6-7] and C6 tumors display areas of necrosis, nuclear
polymorphism and high mitotic rates [6].

Due to the variety of molecular patterns and high recurrence rates of GBs,
present therapeutic studies are focusing in vetorized therapy, which presents less
adverse effects. Many of the drugs being used in antitumoral therapy are toxic to both
tumoral and non-tumoral cells [8]. Pharmacodynamic issues as fast drug elimination
and ample drug distribution require administration of elevated doses of the antitumoral

drugs. This can lead to increase in toxicity, inappropiate dosage and decrease in
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treatment compliance. Moreover, ample drug distribution usually increase adverse
effects [8].

Nanodrugs applied to antitumoral therapy, especially in the case of CNS cancer,
increases drug vetorization to the tumor site [9]. Nanocapsules permeate the blood-brain
barrier more easily than the free drug. This technology applied to pharmacology is able
to increase drug efficiency and efficacy.

The al-adrenoceptor antagonist doxazosin is the most frequently prescribed
drug, being approved by the FDA (Food and Drugs Administration) for benign prostatic
hyperplasia (BPH) and elevated blood pressure [10]. We previously showed
doxazosin’s antitumoral effects on glioma cells [11]. Other studies have shown the
drug’s antitumoral potential on urothelial cancer [12], pituitary adenoma [13] and breast
cancer [14]. Sakamoto et al. [15] suggested early administration of doxazosin may
prevent clinical prostate tumor formation and suppress metastasis of human prostate
cancer.

Here we evaluated nanoencapsulated and free doxazosin’s citotoxicity in vitro
and on an in vivo model of glioma implantation. We analyzed nanoencapsulated
doxazosin’s neuro- and sytemic toxicity on organotypic hippocampal cultures and
histopathologic exam in vivo, respectively. Moreover, we evaluated protein levels of
PARP on organotypic cultures, and CD133 and EGFR in vivo and in vitro, after

treatments with the drug.

MATERIALS AND METHODS

Cell culture
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C6 rat glioma cell line was obtained from American Type Culture Collection
(Rockville, Mariland, Md., USA). C6 cells were grown and maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco-Invitrogen, Grand Island, NY, USA)
supplemented with 5% (v/v) FBS (Gibco-Invitrogen, Grand Island, NY, USA), and
containing 2.5 mg/mL of Fungizone® and 100 U/L of gentamicine (Shering do Brasil,

Séo Paulo, SP, Brazil). Cells were kept at 37°C, in an atmosphere of 5% CO..

Ethics statement

All animal procedures were approved by the local animal ethics comission
(Comisséo de Etica no uso de Animais/Universidade Federal do Rio Grande do Sul —
CEUA/UFRGS, under project number 26122) and follows national animal rights
regulations (Law 11.794/2008), the National Institute of Health Guide for the Care and
Use of Laboratory Animals (NIH publication No. 80-23, revised 1996) and Directive
2010/63/EU. We further attest all efforts were made to minimize the number of animals

used and their suffering.

Organotypic hippocampal slice culture

Organotypic hippocampal slice cultures were prepared according to the method
of Stoppini [17] with modifications [18] and as described previously [11]. Briefly,
Wistar rats (6-8 days-old) were decapitated, their hippocampi were removed and cut as
400 pm thick slices in ice-cold Hank’s balanced salt solution (HBSS), pH 7.2. Slices
were placed on Millicell culture membranes and the inserts were transferred to a six-
well culture plate. Each well contained 1mL of tissue culture medium consisting of
Minimum Essential Media (MEM) with 25% of HBSS and 25% of horse serum

supplemented with 36 mM glucose, 25 mM HEPES, 4 mM NaHCOg3, 1% Fungizone
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and 0,1 mg/mL gentamicine, pH 7,3. The cultures were kept in an incubator 37°C and

5% of CO, for 14 days.

Cultures treatment

Doxazosin-loaded nanocapsules (DOX-NC) were prepared as previously
described [19]. Nanocapsules without drug (unloaded nanocapsules — NC) were also
prepared using the same method. Nanocapsule suspensions were kept at room
temperature and protected from light until use. Cells and organotypic hippocampal
cultures were treated with DOX-NC with concentrations ranging from 0,05 puM to 0,18

MM for 48h. This values were previously tested in a concentration curve.

Fluorescence Microscopy

To identify cellular death, Annexin-V  fluorescein isothiocyanate
(FITC)/propidium iodide (PI) double stain kit was used (Invitrogen, Grand Island, NY,
USA). For organotypic cultures, 2 uL of Annexin-V FITC and 1 pL of PI were added to
6 well plates containing 2 mL per well, and incubated for 15 min in the dark at 37°C.
Annexin-V FITC and PI fluorescence were analyzed in an inverted microscope (Nikon
Eclipse TE300). Images were captured using a digital camera connected to the

microscope and analyzed using MacBiophotonics ImageJ software.

Flow Cytometry

Cell death was analyzed by flow cytometry. For C6, both floating and
trypsinized adherent cells were collected. Organotypic hippocampal slices were
dissociated as previously described [11]. Annexin-V FITC/propidium iodide (PI) double

stain kit was used, following the manufacturer’s instructions (Invitrogen, Grand Island,
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NY, USA). Samples were incubated in binding buffer containing Annexin-V FITC and
PI for 15 min in the dark at room temperature.

For cleaved PARP, CD133 and pEGFR immunoquantification, cells were fixed
with phosphate-buffered saline (PBS) and 4%paraformaldehyde for 20 min, then were
permeabilized with PBS and 0.01% Triton X-100 and incubated with the primary
antibodies anti-cleaved PARP (1:50; Cell Signaling Technology™), anti-CD133 (1:50;
Cell SignalingTechnology™) and anti-pEGFR (1:50; Cell Signaling Technology™) for
30 min. The secondary antibody, Alexa Fluor 488 anti-mouse or Alexa Fluor 555 anti-
mouse (1:100; Gibco-Invitrogen), was added, and aftera 60 min incubation, cells were
analyzed by a flow cytometer.

Data acquisition was done by flow cytometry using a FACS Calibur cytometry
system and Cell Quest software (BD Bioscience, Mountain View, CA, USA). Data
obtained was analyzed with FCS Express 4 Software (De Novo Software, Los Angeles,

CA, USA).

Glioma implantation

Glioma implantation was performed as previously described [16]. Briefly, C6 rat
glioma cells at around 80% confluency were trypsinized, washed once in DMEM/5%
FBS, pelleted and ressuspended in the same medium. A total of one million cells in a
volume of 3 pL were injected at a depth of 0.6 mm in the right striata (coordinates with
regard to bregma: 0.5 mm posterior and 3.0 mm lateral) of anesthesized male Wistar
rats (9 weeks-old, 250-270 g). After 20 days, rats were weighted, followed by
decapitation. Blood was collected for hematocrit and plasma proteins analysis in a

certified animal laboratory (Bluts, Porto Alegre, RS, Brazil). The entire brain and
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organs were removed and weighted. After, organs were fixed with 10% formaldehyde

for pathological analysis.

Animal treatment

After 10 days of glioma implantation, animals were randomly separated in the
following groups: non-treated (tumor); treatment with 20% ethanol in 0,9% NaCl
solution (vehicle); treatment with 25 mg/Kg doxazosin in solution (DOX); treatment
with unloaded nanocapsules (NC); treatment with 2.5 mg/Kg doxazosin
nanoencapsulated (DOX-NC). The sham group was submitted to stereotaxic surgery,
but the animals did not receive C6 cells injection. Animals were treated by oral gavage

during 10 days, once a day.

Pathological analysis

Hematoxylin and eosin (H&E) sections (3 um thick, paraffin embedded) from at
least three animals of each experimental group were analyzed by the Veterinary
Pathology Department of Universidade Federal do Rio Grande do Sul. The veterinary
pathologists also examined other organs of the treated animals, such as lungs, spleen,
liver, kidneys, intestine, stomach and heart. For tumor area determination, images were
captured by a CCD camera attached to a Nikon Eclipse E600 microscope. Images of the

tumors at 40x magnification were used to determine tumor area with Image J software.

Imunohistochemical staining
Paraffin embedded, 3-pm formalin fixed tissue sections were mounted on
microscope slides. Tissue sections were heated at 60°C for 40 min, dewaxed in xylene

and rehydrated with alcohol-destilled water baths. Sections were washed twice with 1%
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Triton X-100 in phosphate buffered saline (PBS), followed by incubation in blocking
solution containing 5% Fetal Calf Serum (FCS) in PBS for 2h at room temperature.
Incubation with the following antibodies was performed overnight at 4°C in a humid
chamber: anti-CD133 (1:50; Cell Signaling) or anti-phospho-EGFR (1:50; Cell
Signaling). Following this, sections were washed twice with PBS and incubated with
secondary antibody Alexa Fluor 594 (Invitrogen) for 2h at room temperature. Slides
were then washed with PBS, stained with Hoechst 33342 and mounted with mineral oil.
Slides were maintained at 4°C in the dark until microscopic analysis. Images were
captured using a Nikon Eclipse E600 Fluorescence Microscope and were analyzed with

Image J software.

Statistical analysis

Data are expressed as meanstSEM. All results are representative of at least 4
independent experiments or from at least 10 animals per group. Analysis of variance
(ANOVA) was applied to the means to determine statistical differences between
experimental groups. Post hoc comparisons were performed by Tukey test. Differences

between mean values were considered significant when p<0.05.

RESULTS

Evaluation of nanoencapsulated doxazosin toxicity on organotypic hippocampal
culture

In organotypic culture (Fig. 1), nanoencapsuled doxazosin caused necrosis in a
small percentage of cells at 0,18 uM. Cell death was more pronounced at CA1l region,

as demonstrated by photomicrographs with Annexin V and Pl staining (Fig. 1b).
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Furthermore, cleaved PARP levels of organotypic hippocampal cultures remained

unaltered after DOX-NC treatment (Fig. 2).

Nanoencapsuled doxazosin is 100 times more potent than free drug

Previously we have shown doxazosin induces apoptosis in C6 cells at 180 uM
[11]. Here, cells were treated with a concentration curve of DOX-NC for 48 (Fig. 3).
DOX-NC induced necrosis on C6 cells at 0.05, 0.15 and 0.18 uM and late apoptosis at
0.05-0.15 puM.

Next we compared the effects of DOX-NC treatment and the free drug (DOX)
on CD133 and pEGFR protein levels (Fig. 4). DOX-NC decreased CD133 at 0.15 and
0.18 uM (Fig. 4a), while DOX treatment did not alter CD133 protein levels (Fig. 4b). In
addition, DOX-NC decreased pEGFR levels at all concentrations tested (Fig. 4c), while

DOX decreased EGFR phosphorylation at 50, 100 and 180uM (unpublished data).

Nanoencapsuled doxazosin showed no systemic toxicity

Cytopathological reports of major drug absorption, biotransformation and
excretion organs showed both DOX and DOX-NC did not cause systemic toxicity (Figs.
5 and 6). In small intestine, the tumor group showed increase in organ percentage of
body weight, while both DOX-NC and DOX treatments returned this measure to the
sham group levels (Fig. 5). In the liver, DOX, NC and DOX-NC decreased percentage
of body weight (Fig. 5), as compared with the sham group, although no alteration on
liver histology was detected (Fig. 6). In addition, hematocrit and plasma protein levels

remained unaltered with the tumor implantation and treatments (Fig. 5).
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Nanoencapsulated and free doxazosin decrease tumor area on a glioma
implantation model

Glioma implantation resulted in tumor formation with intense tumor cell
proliferation from the corpus callosum to striatum, arranged in a solid form,
nonencapsulated and infiltrating the adjacent neuropil (Figs. 7b and 8). Tumor cells
were elongated to oval-shaped, with eosinophilic cytoplasm. Nuclei are oval, with
granular chromatin and inconspicuous nucleoli. There is moderate anisocytosis and
anisokaryosis and a mean of three atypical mitose figures per higher magnification field
(400x). In addition, there is marked inflammatory infiltration composed of macrophages
and lymphocytes as well as formation of perivascular cuffs adjacent to the neoplasic
lesion (Fig. 7b).

Treatment with DOX decreased the tumor area in about half (Fig. 7c). In the
majority of animals treated with DOX-NC, tumoral cells were not detected, although
there were signs of inflammatory infiltration. In the DOX-NC-treated animals that
showed detectable tumors, tumor area decreased to approximately 80% when compared

with untreated animals (Fig. 7c).

Evaluation of in vivo CD133 and pEGFr levels

Both treatments decreased the number of CD133-positive cells in the tumor
tissue (Fig. 9a). With DOX treatment, some CD133-positive cells with high
immunoreactivity were detected, while with DOX-NC CD133-immunoreactivity was
faint. pPEGFR-immunoreactivity decreased with both treatments, while the number of

PEGFR-positive cells remained unaltered (Fig. 9b).

DISCUSSION
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Gliomas are common central nervous system tumors, and glioblastoma (GB-
grade V), which is a subtype of glioma, has poor prognosis and is the most lethal of all
brain tumors [20-21].

In vitro culture models allow the evaluation of cell signaling, biochemistry and
molecular mechanisms, as well as study of new pharmacological targets and of the
microenvironment with high reproductivity. The microenvironment formed favors
signal integration that shape the phenotypic behavior of cells [22]. However, cultured
cells do not represent all interactions between organs and systems, as occurs in vivo.
The model of C6 glioma cells implantation on rat brains was proposed by Takano et al.
[5] and is suited for investigation of tumor biology as well as studies on new therapeutic
approaches for glioma treatment.

Our results demonstrate nanoencapsulated doxazosin (DOX-NC) caused cell
death on C6 glioma cells at all concentrations tested (0.05-0.18 pM). We previously
showed doxazosin (DOX) induced cell death on glioma cells at concentrations ranging
from 50 to 180 puM [11]. In the present study, DOX-NC induced glioma cell death at
concentrations 100 times smaller than the free drug.

DOX treatment decreased tumor area at about half, while DOX-NC caused
approximately 80% of tumor regression. Furthermore, both treatments decreased tumor
malignity, as observed by the decrease in angiogenesis and perivascular scuffs as well
as mitotic figures.

One of the characteristics of solid tumors is high proliferativerate and the
presence of neovascularizations. Tumor angiogenesis often results in defective tissue
architecture [23]. In this context, nanodrugs have more accessibility to the tumor site
than free drug. Heath and Davis [9] found the pores present in tumoral vasculature

accumulate 10 to 100 times more nanodrugs than free drugs.
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Current anticancer drugs have limitations by presenting cytotoxicity, low
specificity and prolonged use may be lethal to healthy cells [24]. Glioblastoma is a
radio- and chemio-resistant cancer. This makes it necessary to increase chemotherapy
dosage or add more drugs for treatment, which increases toxicity on non-tumour cells
[24].

Additionaly, Béduneau et al. found [25] nanoparticles enter cells via
endocytosis. Therefore, nanodrugs can evade mechanisms of resistance to drug uptake
as glicoprotein P and other protein pumps.

Here we found DOX-NC has low toxicity on organotypic hippocampal cultures
and both DOX-NC and DOX showed no systemic cytotoxicity on rats. We previously
showed DOX was also more selective towards tumor cells [11], demonstrating the drug
shows certain specificity to cancer cells. This selectivity could be due to doxazosin’s
acting on signaling pathways that are altered in tumor cells but not in non-tumoral cells.
However, at this time it is not clear why this drug specificity occurs. Nevertheless, it is a
positive characteristic of doxazosin because the drug could be targeting infiltrative
tumor cells separated from the tumor bulk.

In addition, we found DOX-NC did not induced poly(ADP-ribose) polymerase
(PARP) cleavage on organotypic cultures. PARP is a nuclear protein involved with
DNA repair and is one of the earliest proteins targeted for cleavage during apoptosis
[26]. Studies have demonstrated in various cell death models that PARP cleavage of the
89-kDa signature fragment implies activation of caspase 3-like activity [27-28]. PARP
cleavage is a very sensitive assay of apoptosis, detecting cell death very early in
different models and it detects apoptosis even in minor populations of cells [26, 29].

GBs are characterized by their infiltrating nature, high proliferation rate and

resistance to chemotherapy and radiation [2]. This cancer results from accumulation of
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genetic and epigenetic alterations that drive the transformation of normal cells to
malignant cells [29-30]. Therefore, chemotherapeutic treatment of tumors in the CNS is
associated with severe systemic side effects and affects patient’s quality of life.

In gliomas, CD133 is used to enrich a highly tumorigenic cancer cells
subpopulation [32]. In addtition, CD133-positive cells influence long-term tumor
growth [33], and Zeppernick et al. [34] showed CD133 expression correlates with
patient survival in gliomas. We found treatment with DOX-NC decreased CD133
protein levels on C6 cells. In agreement with those results, both treatments decreased
CD133-positive cells in the tissue, with a more pronounced decrease in the DOX-NC
group.

The epidermal growth factor receptor (EGFR) pathway is frequently upregulated
in glioblastomas through gene amplification and by mutations that constitutively
activates the receptor [35-36]. Preclinical and clinical studies suggest EGFR signaling
plays an important role in radiation resistance [37-39] in human gliomas and
Chakravarti [40] demonstrated expression of EGFR increases tumor cell malignancy,
decreasing patient survival. Furthermore, EGFR and its ligands are associated with
molecular abnormalities that affect signal transduction, transcription factors, apoptosis,
angiogenesis and the extracellular matrix [41-42]. Under normal conditions, these
factors conduct central nervous system growth and development and are expressed from
embryogenesis, throughout brain development and adulthood. These factors are
involved in the proliferation, migration, differentiation, and survival of all CNS cell
types and their precursors [43].

Previously we showed doxazosin decreased activation of key kinases in the
EGFR signaling pathway cascade [11]. Here we found EGFR phosphorylation

decreased in C6 cells treated with both DOX-NC and DOX, and pEGFR-
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immunoreactivity was also decreased in vivo by the treatments. The EGFR-family of
tyrosine-kinase receptors are being studied as a target for possible glioma therapeutic
interventions [44]. Hui et al. [14] showed doxazosin inhibits EGFR signaling and
induces breast cancer cell apoptosis. However, Petty et al. [45] found doxazosin induced
EphA2 tyrosine kinase receptor internalization and decreased migration of prostate
cancer, breast cancer and glioma cells. The authors also showed doxazosin reduced
distal metastasis and prolonged survival in an in vivo model of prostate cancer.

The major therapeutic challenges of CNS tumors are accessibility to the brain
through the blood-brain barrier (BBB) and, in the case of glioblastomas, the highly
infiltrative nature of the disease. It is important for novel antitumoral agents to display
tumor selectivity and low toxicity. Doxazosin is able to permeate the BBB [46], has
long half-life [47] and we showed here and previously [11] the drug is selective to
tumor cells. Since the drug is already used clinically and is FDA-approved as an
antihypertensive, its pharmacology and safety profile are well-characterized in humans
and its adverse-effects are mild and acceptable [48].

In this study we showed nanoencapsulated doxazosin induced glioma cell death
and decreased CD133 and pEGFR protein levels in vitro and demonstrated DOX and
DOX-NC decreased tumor area and malignancy in vivo, with DOX-NC being more
potent than DOX in glioma regression. Nanoencapsulation of doxazosin allowed for
decrease of drug concentrations of 100 times in vitro and 10 times in vivo, with the
same or better results. Additionally, we found both free doxazosin and
nanoencapsulated doxazosin are more selective towards tumor cells.

Application of polymeric nanoparticles for use as carriers for anticancer drugs
enhance drug vetorization, efficient drug protection, cell internalization, as well as drug

transport, release and retention at the tumor site [9].
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Nanotechnology applied to pharmacology can enhance antitumoral drug
efficiency and efficacy. Those characteristics are important requirements for the

development of novel therapeutic strategies against gliomas.
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FIGURE LEGENDS

Figure 1. Analysis of cell death in organotypic hippocampal cultures after
nanoencapsulated doxazosin treatment for 48h. (a) Dot plot and graph of cultures
stained with Annexin V and Propidium lodide. (b) Photomicrographs of organotypic
hippocampal slice cultures stained with Annexin V and Propidium lodide after
treatment with nanoencapsulated doxazosin. Magification: 40X. (c) Schematic
representation of a hippocampal slice. Data are represented as means + SEM (n = 6).

**p<0.01 vs control.

Figure 2. Histogram and graph of cleaved PARP protein levels of organotypic

hippocampal cultures after treatment with nanoencapsulated doxazosin. Data are
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represented as means £ SEM (n = 6). DOX-NC: nanoencapsulated doxazosin; NC:

unloaded nanocapsule.

Figure 3. Analysis of cell death on C6 cells after nanoencapsulated doxazosin treatment
for 48h. Dot plot and graph of cells stained with Annexin V and Propidium lodide. Data
are represented as means + SEM (n = 4). *p<0.05, **p<0.01, ***p<0.001 vs. control.

DOX-NC: nanoencapsulated doxazosin; NC: unloaded nanocapsule.

Figure 4. CD133 and pEGFR protein levels on C6 cells after treatment with
nanoencapsulated and free doxazosin for 48h. Histogram and graph of CD133 levels
after treatment with (a) nanoencapsulated and (b) free drug. (c) Histogram and graph of
PEGFR levels after treatment with nanoencapsulated doxazosin. Data are represented as
means = SEM (n = 4). *p<0.05, **p<0.01, ***p<0.001 vs. control.DOX-NC:

nanoencapsulated doxazosin; NC: unloaded nanocapsule. DOX: free doxazosin.

Figure 5. (a) Systemic toxicity analysis of nanoencapsulated and free doxazosin on
Wistar rats. Graphs show the percentage of body weight of each organ analyzed and
photographs demonstrate the result of the necropsies from each organ. (b) Graphs of
hematocrit and plasma protein levels of animals exposed to treatment. Data are
represented as means £ SEM (n = 10). *p<0.05, **p<0.01 vs. control.S: sham; T:
tumor; V: vehicle; DOX: free doxazosin. DOX-NC: nanoencapsulated doxazosin; NC:

unloaded nanocapsule.

Figure 6. Histopathological analysis (HE staining) of rat organs after tumor

implantation and/or nanoencapsulated and free doxazosin treatment (n = 10). DOX: free
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doxazosin. DOX-NC: nanoencapsulated doxazosin; NC: unloaded nanocapsule.

Magnification: 200X.

Figure 7. Effect of nanoencapsulated and free doxazosin on tumor regression and
morphology on an in vivo model of C6 glioma cells implantation. (a) Graph of
percentage of body weight of the brain. (b) Photographs demonstrate the result of the
brain necropsies. (c) Histopathological analysis (HE staining) of rat brains from
experimental animals showing tumor location and morphology. (d) Graph of tumor area
quantification. Data are represented as means + SEM (n = 10). ***p<0.001 vs.
control.S: sham; T: tumor group; V: vehicle; DOX: free doxazosin. DOX-NC:
nanoencapsulated doxazosin; NC: unloaded nanocapsule; t: indicates tumor location.

Magification: 2.5X, 40X and 200X.

Figure 8. Histopathological analysis (HE staining) of rat brains from experimental
animals showing tumor tissue morphology after tumor implantation and/or
nanoencapsulated and free doxazosin treatment. V: indicates neovascularization;
dashed lines separate tumor tissue from healthy tissue; arrows indicate mitotic figures.

Magification: 200X and 400X.

Figure 9. Immunofluorescence of CD133 and pEGFR of rat brains after tumor
implantation and/or nanoencapsulated and free doxazosin treatment (n = 4). DOX: free

doxazosin. DOX-NC: nanoencapsulated doxazosin.

Figure 10. Schematic representation of free (DOX) or nanoencapsulated (DOX-NC)

doxazosin effects on in vitro and in vivo glioma/non-tumoral models. On organotypic

176



hippocampal cultures, DOX-NC showed low neurotoxicity, while on C6 glioma cells it
induced necrotic and apoptotic death with decrease in pEGFR and CD133 levels. On an
in vivo model of glioma implantation, both DOX and DOX-NC showed no apparent
toxicity and decreased tumor area, mitotic figures, vascularization and CD133 levels.

Moreover, DOX-NC decreased pEGFR immunoreactivity in vivo.
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Figure 2
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Figure 4
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Figure 5
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Figure 7
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Figure 10
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9. DISCUSSAO
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O glioblastoma representa 0 mais comum e maligno tumor primario cerebral.
Possui alta taxa proliferativa e € muito invasivo, sendo resistente aos tratamentos
utilizados na clinica (Dolecek et al., 2012; Huse et al., 2013). Pacientes com esse tipo
de céncer apresentam taxas elevadas de recidiva. Os farmacos utilizados para essa
malignidade ainda se mostram ineficazes, além de apresentarem muitos efeitos adversos
(Plotkin e Wen, 2003). H& ainda a dificuldade de ultrapassar a barreira hemato
encefélica (BHE) e os baixos tempos de meia-vida desses fa&rmacos resultam no uso de
altas doses terapéuticas, contribuindo para a toxicidade.

Glioblastomas sdo tumores que possuem areas hipoxicas (Persano et al., 2011;
Hardee e Zagzag, 2012). Microambientes hipoxicos contribuem para a progressdo do
cancer, promovem a sobrevivéncia celular, motilidade e angiogénese (Keith e Simon,
2007).

Além disso, evidéncias sugerem que a hipdxia induz a desdiferenciacdo de
celulas tumorais maduras para células-tronco tumorais (CTT), responsaveis pelo
crescimento tumoral, pela resisténcia a radio e quimioterapia e pela alta taxa de recidiva
nesses tipos de cancer (Soeda et al., 2009; Persano et al., 2013).

Visto que a hipdxia contribui para a malignidade tumoral e resisténcia aos
tratamentos e que estudos com linhagens celulares geralmente ndo abordam esse
aspecto de tumores sélidos, um de nossos objetivos foi o desenvolvimento de um
modelo in vitro de ambiente hipdxico que se aproximasse da realidade in vivo, para
avaliarmos possiveis adaptacGes desenvolvidas pelas células de glioma de rato C6. Os
resultados descritos no Capitulo | mostram que a hipdxia aumentou os niveis proteicos
de nestina e CD133, e a presenca desses marcadores, conforme ja descrito na literatura,
ocorre no nucleo de tumores solidos. Observamos também alteracbes morfoldgicas nas
células que se assemelham as caracteristicas de CTT.

Além disso, analisamos o periodo de reoxigenacdo. Durante esse processo
observamos aumento dos niveis proteicos de GFAP, o que se assemelha com a periferia
de tumores in vivo (Persano et al., 2011).

Estudos demonstram que o ndcleo tumoral hipéxico de glioblastomas in vivo
apresenta resisténcia a temozolomida, que é o principal farmaco utilizado no tratamento
dessa malignidade (Stupp et al., 2005). Dessa forma, recriar 0 microambiente hipoxico
in vitro, tentando aproximar algumas caracteristicas presentes nos tumores solidos,
podera contribuir para estudos futuros de novos farmacos. Neste trabalho, modificamos
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as condi¢des no ambiente tumoral e analisamos qual seriam as respostas desse tumor
heterogéneo frente a essas modificagdes.

A seguir avaliamos o potencial terapéutico e a citotoxicidade da DOX in vitro,
os resultados sdo apresentados no Capitulo Il. A DOX, apesar de ser um anti-
hipertensivo utilizado na clinica, possui caracteristicas na sua estrutura quimica que a
torna uma molécula semelhante a varios farmacos antitumorais ja em uso, bem como a
outros que ainda estdo em desenvolvimento.

A DOX apresentou baixa toxicidade em culturas primarias de astrécitos e
culturas organotipicas de hipocampo, modelos de célula e tecido ndo tumoral,
respectivamente. O farmaco induziu morte celular apoptédtica e necrética em células de
glioma de rato C6 nas concentracdes de 150 e 180 uM e morte celular apoptética nas
concentracdes de 50 e 75 UM em células de glioma humano (U138-MG). Essas
diferencas de concentracGes podem ser explicadas pelas diferentes espécies bem como
pelas diferencas nas mutagdes que cada linhagem possui (Vogelbaum et al., 1999).

AlteracOes génicas sdo frequentes nos glioblastomas e resultam em desregulagéo
de vias de sinalizacdo intracelulares levando a resisténcia a morte celular e aumento de
proliferacdo (Rasheed et al., 1999; Maher et al., 2001; Wechsler-Reya e Scott, 2001;
Ghosh et al., 2005). O mecanismo de agdo dadoxazosina in vitro pode estar associado a
via da PI3K/Akt. A via da Ras/PI3k/Akt encontra-se mutada em 88% dos GB. A
sobrevida média de pacientes com GB que tem ativa a via da PI3K (n = 42/56) e Akt
(37/56) é de 11 meses em compara¢do com pacientes com niveis mais baixos de
ativacdo de PI3K e Akt (40 meses). A DOX foi capaz de induzir a diminui¢cdo da
fosforilacdo da Aktsers73 € diminuicdo da fosforilacdo da GSK-3Bser.g. Quando tratamos
as células com o LY294002 (inibidor de PI3K), ocorre um efeito similar ao causado por
doxazosina em relacdo a diminuig&o na fosforilagdo da GSK-3ser-o.

A proteina supressora tumoral p53 apresenta-se mutada em 87% dos
glioblastomas. Conforme demonstrado ainda no Capitulo II, o tratamento com DOX
induziu aumento da fosforilagdo da proteina p53 e promoveu parada no ciclo celular em
GO0/G1 em ambas as linhagens. A DOX também promoveu a diminui¢cdo do indice
mitdtico e ativacdo de caspase-3 clivada.

Estes resultados sugerem que o mecanismo da acdo da DOX possui certa
especificidade ao tecido canceroso, viabilizando uma possivel avaliacdo in vivo do
farmaco. A toxicidade é um problema associado a véarios farmacos, principalmente
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quimioterapicos (Plotkin e Wen, 2003). Além disso, 0 mecanismo de acdo da DOX
pode estar associado a inibi¢do da via da PI3K/AKkt.

As mitocondrias sdo organelas que possuem papel fundamental na regulacéo de
varios processos celulares. Muitos desses processos estdo desregulados nos gliomas,
dentre eles: a morte celular por apoptose (via intrinseca), a proliferacdo celular, o
metabolismo energético e o equilibrio de espécies reativas de oxigénio (Ordys et al.,
2010). A sinalizacdo celular mitocondria-nicleo muitas vezes encontra-se
comprometida no cancer. No Capitulo 11l demonstramos que a DOX induziu aumento
de PGC-1a e de TFAM, com consequente aumento na biogénese mitocontrial a0 mesmo
tempo em que foi capaz de promover a morte celular apoptética. O PGC-1a pode estar
relacionado com neuroprotecdo, ja que no nosso estudo anterior a concentragcdo que
induziu morte nas células cancerosas nao foi toxica para as células sadias. Por outro
lado, ha& estudos que citam a biogénse mitocondrial como sendo um mecanismo de
resisténcia da célula cancerosa a exposicao a farmacos e agentes toxicos (Vellinga et al.,
2015).

O fator de necrose tumoral alfa (TNF-a), uma das citocinas quantificadas nesse
estudo, esta relacionada com Vvéarios eventos celulares como sobrevivéncia,
diferenciacdo e morte (Christofides et al., 2015). O TNF-o € um promotor enddgeno
tumoral pois estimula o crescimento, a proliferacdo, invasdo, metastase e angiogénese.
A maioria das células do cancer é resistente a citotoxicidade induzida pelo TNF-a o que
resulta em promocédo tumoral (Balkwill, 2002). A acdo dessa citocina é dubia, mas o
balango da sinalizagdo do TNF-o em induzir sobrevivéncia e morte celular é
determinante na resposta celular. Modular e estudar esse balango pode ajudar no
desenvolvimento de farmacos que sdo capazes de prevenir/tratar o cancer. Varias
pesquisas tém demonstrado que a concentragdo de TNF-o no plasma aumenta em
pacientes com diferentes tipos de cancer (Yoshida et al., 2002; Pfitzenmaier et al.,
2003; Michalaki et al., 2004). Alguns estudos mostram que 0 TNF-a é capaz de
promover a tumorigénese e outros demonstram que ele possui efeitos antitumorais em
alguns modelos experimentais (Balkwill, 2002).

Como observado em nosso estudo, houve diminuicdo na secre¢do de TNF-a
apos tratamento com doxazosina por 48 h. Como o0 TNF-a pode agir como antitumoral
ou proé-tumoral e sua regulacdo ainda estd em estudo, as diferentes respostas celulares
podem ser atribuidas as diferencas entre os organismos, 0 meio no qual a células esta e
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ainda, na exposicdo a carcinégenos. As citocinas (TNF-a, IL1-B, IL6) exercem um
papel importante como reguladores negativos do PGC-la. Portanto, o aumento dos
niveis do PGC-1la pode estar associado a diminuicdo na secrecdo do TNF-o pelas
células que receberam tratamento.

No Capitulo IV, caracterizamos a autofluorescéncia da doxazosina e a partir
dessa caracteristica da molécula nds conseguimos mapear a distribui¢do do farmaco nas
celulas de glioma. O monitoramento do fa&rmaco no ambiente celular pode auxiliar na
descoberta do mecanismo de acdo do mesmo e/ou de resisténcia celular. As diferencas
de pH dos compartimentos celulares podem protonar e desprotonar a doxazosina e, de
acordo com essa caracteristica fisico-quimica, influenciar na fluorescéncia da mesma
(intensidade e mudanga de cor) (Chung e Eaton, 2013). Da mesma forma, as diferentes
polaridades dos constituintes celulares - tais como lipideos, proteinas e a molécula do
DNA - e a interacdo do farmaco com essas biomoléculas também podem influenciar na
fluorescéncia (Chung e Eaton, 2013). O estudo mais aprofundado da fluorescéncia da
molécula associado a caracterizacao fisico-quimica do ambiente tumoral pode auxiliar
no desenvolvimento de novos agentes terapéuticos com marcacdo fluorescente
especifica (Garland et al., 2016). Sabe-se, por exemplo, que as células tumorais criam
um ambiente mais &cido ao seu redor do que as celulas ndo-tumorais (Sinha et al.,
2006). Entdo, sintetizar uma molécula ou partir de um protétipo que tenha sensibilidade
a essas mudancas de pH e que induz morte celular em gliomas seria interessante de ser
utilizado em estudos farmacoldgicos in vivo e in vitro.

Analisando os resultados obtidos de captacdo celular em 48 h, o aumento da
concentracdo da doxazosina ndo aumenta proporcionalmente com o aumento da
fluorescéncia, ou seja, ocorre uma saturacdo da fluorescéncia (citometria/verde),
podendo ser esta devido a um mecanismo de interagdo com alguma proteina receptora.
Como visto no Capitulo 11, concentragdes crescentes de doxazosina induzem aumento
proporcional na morte de linhagens de glioma. No entanto, em relacdo a fluorescéncia,
percebemos que o aumento da concentracdo do farmaco ndo leva a aumento
proporcional de células fluorescentes. Dessa forma, as alteracBes na fluorescéncia
intracelular podem estar relacionadas com as mudancas morfolégicas ou com 0s
mecanismos que levaram a morte celular.

Em 24 h podemos observar, também, a presenca de vesiculas. O farmaco parece
estar vesiculado, visto que em 48 h de acordo com a ressonancia magnética nuclear de
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hidrogénio (Capitulo 1V, figura 5), ndo observamos o farmaco integro nem
biotransformado no meio de cultivo. Em 48h, por outro lado, observamos morte celular
por apoptose (cerca de 55% das células) e por necrose (15% das células) na
concentracdo de 180 uM (Capitulo I, figura 3) e o farmaco ndo se encontra no meio
extracelular (Capitulo IV, figura 5).

De acordo com os resultados obtidos no Capitulo I, mantivemos as condi¢oes
ambientais, ou seja, as mesmas condi¢des experimentais, sem mudancas drasticas de
nutrientes, oxigénio, fatores de crescimento e percebemos que, mesmo assim, o tumor
se comporta de maneira heterogénea. As células tumorais apresentaram diferencas na
captacdo do farmaco, na resposta fisioldégica - se estd mais estatica ou forma
prolongamentos citoplasmaticos (blebs) - e no tempo em que essa resposta ocorre.

No Capitulo V, nos avaliamos se o efeito antiglioma da DOX esta relacionado
com o EGFR. AlteracGes génicas em RTKs sdo comuns em glioblastomas (McLendon
et al., 2008). Uma das mutacfes mais comuns é a amplificacdo de EGFR. Além disso,
estudos demonstram que o EGFR pode ser expresso em sua forma mutada em
glioblastomas (EGFRVIII). Por esses motivos, o EGFR e sua forma mutada sdo
potenciais alvos terapéuticos em glioblastomas (Hatanpaa et al., 2010).

Nos tratamos as células C6 com EGF, o ligante endégeno do EGFR, com o
intuito de aumentar a expressdao de EGFR nas células. Hayat e colaboradores (2005)
demonstraram que ligantes enddgenos podem aumentar a expressao de seus receptores.
No Capitulo V nds vimos que o tratamento das células C6 com EGF por 48 h aumentou
a proliferacdo celular e a expressio do RNA mensageiro de EGFR. Corroborando
nossos resultados, Lund-Johansen e colaboradores (1990) demonstraram que tratamento
com EGF induz crescimento, migracdo e invasdo de células de glioma. Além disso,
Pedersen e colaboradores (1994) descobriram que a indugéo de proliferacdo em células
de glioma ocorreu nas linhagens que apresentavam niveis elevados de expressdo de
EGFR, ndo em células com baixa expressédo do receptor.

Por outro lado, Hognason e colaboradores (2001) descreveram que o tratmento
com EGF induziu apoptose em células tumorais que expressam um mutante negativo
dominante da Ras e superexpressam EGFR. No entanto, as células de glioma C6
apresentam aumento de expressao de Ras e de EGFR, o que pode explicar os efeitos de

inducdo de proliferacdo do EGF nessa linhagem.
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Em seguida, nés vimos que a DOX diminui a fosforilagdo de EGFR1yr106s €M
células C6 e que o co-tratamento com AG1478 (inibidor de EGFR) potencializou este
efeito, demonstrando que esses dois derivados quinazolidinicos podem estar agindo em
sinergismo. Alem disso, o pré-tratamento com EGF aumentou os niveis de p-EGFR e 0
tratamento com DOX reverteu essa fosforilagdo, mas apenas nas concentragdes mais
elevadas do farmaco.

O EGFRvIII é uma forma truncada do receptor de EGF que estd presente em
glioblastomas, a qual ndo possui 0 dominio extracelular e estd constitutivamente ativa
(Hataanpa et al., 2010). A expressao aumentada de EGFR que observamos nesse estudo
pode ser das duas formas do receptor, visto que os primers utilizados ndo diferem entre
eles. Portanto, esse aumento de expressdo pode ter ocorrido para ambos WtEGFR e
EGFRVIII. Luwor e colaboradores (2004) demonstraram que o EGFRvIII pode formar
heterodimeros com WtEGFR e ativar o receptor. Wiley e colaboradores (1988)
descobriram que células que superexpressam EGFR aumentam a ativacdo do receptor
independente de ligante. Nesse contexto, concentracbes maiores de DOX foram
necessarias para diminuir a fosforilacdo de EGFR ap0s pré-tratamento com EGF.

NoOs também avaliamos a inducdo de morte celular do co-tratamento da DOX
com 0 AG1478 e do pré-tratamento de células C6 com EGF, seguido de tratamento com
DOX ou AG1478. O inibidor de EGFR induziu morte celular por necrose. No Capitulo
Il nds vimos que a DOX induz principalmente morte celular por apoptose nas células
C6 e isso ocorre nas concentracdes de 100, 150 e 180 uM. Quando co-tratamos DOX e
AG1478, houve morte celular por necrose nas concentragcdes de DOX de 150 e 180 uM,
e apoptose em 180 pUM. Esses resultados demonstram que as duas moléculas podem
competir pelo mesmo sitio de ligagdo no EGFR e que foi necessario aumentar a
concentracdo de DOX no co-tratamento para que o farmaco exercesse sua acao.

No Capitulo V nds também demonstramos que o pre-tratamento de células C6
com EGF sensibilizou as celulas resistentes a inducdo de morte celular pela DOX e o
AG1478. Novamente, isso pode estar relacionado a um aumento da expressdo de
EGFRVIII pelo pré-tratamento com EGF, visto que o AG1478 tem maior especificidade
pela forma mutada do receptor (Sibenaller et al., 2005).

A diminuicdo da fosforilagdo de EGFR provocada pelo tratamento com a
doxazosina e a inibicdo da via da PI3K/Akt pelo farmaco mostrado nesse estudo
sugerem que o EGFR é um alvo da DOX em células de glioma. Corroborando nossos
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resultados, Liao e colaboradores (2011) demonstraram que a DOX inibe EGFR em
celulas de cancer de mama.

No Capitulo VI, utilizamos o farmaco na sua forma nanoencapsulada. As
vantagens das nanocapsulas sdo muitas, dentre elas a diminuicdo da dose, obter efeitos
mais vetorizados ao 6rgdo-alvo, bem como aumentar a eficacia do mesmo (Heath e
Davis, 2008). Nesse estudo, demonstramos que a DOX nanoencapsulada (DOX-NC)
induziu morte celular em linhagem de glioma de rato C6 em concentragfes 100 vezes
menores do que as que utilizamos para a doxazosina em solucdo (DOX) conforme
descrito no Capitulo 1. N6s também analisamos o efeito da DOX-NC em culturas
organotipicas de hipocampo e, da mesma maneira que o observado com a DOX, a
DOX-NC demonstrou baixa toxicidade, sendo seletiva para células tumorais.

O modelo de cultura celular in vitro permite avaliar mecanismos de sinalizagéo
celular, bioquimicos, moleculares, analise de alvos farmacologicos e caracteristicas
fisiopatologicas especificas, com alta reprodutibilidade. O microambiente formado
permite a integracdo de sinais que modelam o comportamento fenotipico das células
(Freshney, 1986). Porém as culturas ndo permitem a integracdo de todos os sinais entre
0s 0rgdos e sistemas como ocorre em modelos in vivo.

O modelo de implante de células C6 de glioma em cérebro de ratos foi proposto
por Takano e colaboradores (Takano et al., 2001) e é adequado para estudos que
investigam a biologia do tumor, bem como para novas abordagens terapéuticas no
tratamento dos gliomas. Nesse estudo, células C6 foram implantadas no estriado dos
animais e, ap6s 10 dias do implante do tumor, as nanocapsulas contendo DOX e na sua
forma livre foram administradas por gavagem durante 10 dias consecutivos. Através de
analise histopatoldgica foi possivel observar significativa reducdo do volume tumoral. E
importante ressaltar que as nanocapsulas de DOX, além de reduzir o volume tumoral,
foram capazes de reduzir as caracteristicas histopatoldgicas de malignidade dos tumores
(figuras de mitose, neovascularizacéo, hemorragia).

Gliomas apresentam alta taxa proliferativa e presenga de neovascularizacoes, o
que geralmente resulta em arquitetura tecidual defeituosa. FArmacos nanoencapsulados
demonstram maior acessibilidade ao tecido tumoral do que o farmaco livre, pois 0s
poros presentes na vasculatura tumoral acumulam 10 a 100 vezes mais nanofarmaco do

que o farmaco livre. Além disso, Béduneau e colaboradores (Beéduneau et al., 2007)
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demonstraram que nanoparticulas sdo endocitadas pelas células, o que permite que elas
evitem os mecanismos de resisténcia a captacdo de fArmacos nos tumores.

A fim de confirmar o grau de malignidade das células remanescentes ap0s 0s
tratamentos, procedeu-se a analise das proteinas CD133 e pEGFR in vitro e in vivo. Em
gliomas, CD133 é utilizado como marcador de células-tronco tumorais e para
enriquecimento dessa subpopulacdo (Singh et al., 2003). Células tumorais expressando
CD133 influenciam o crescimento tumoral a longo prazo e o aumento da expresséo
desse antigeno esta correlacionado com sobrevivéncia de pacientes com glioma
(Zeppernick et al., 2008). Nesse estudo, demonstramos que a DOX-NC diminuiu 0s
niveis proteicos de CD133 em células C6 e ambos tratamentos (DOX-NC e DOX)
diminuiram as células CD133-positivas in vivo.

A via de sinalizacdo do EGFR estd muito ativa em gliomas e estudos pré-
clinicos e clinicos sugerem que essa via aumentada leva a resisténcia a radioterapia
(Wong et al., 1987; Wong et al.,, 1992; Lammering et al., 2001). Ainda, foi
demonstrado que a expressdo de EGFR aumenta malignidade tumoral e diminui a
sobrevivéncia de pacientes (Chakravarti et al., 2004). Além disso, a via do EGFR em
tumores esta associada alteracbes em fatores de transcricdo, apoptose e angiogénese
(Feldkamp et al., 1999).

No Capitulo I, demonstramos que a DOX diminuiu a ativagdo de cinases
presentes na cascata de sinalizacdo de EGFR em células de glioma. Por outro lado, no
Capitulo VI evidenciamos que o tratamento com DOX-NC e DOX diminuiu a
fosforilacdo de EGFR e a imunorreatividade ao EGFR in vitro e in vivo,
respectivamente. Hui e colaboradores (Hui et al., 2008) comprovaram que a DOX inibe
a sinalizacdo de EGFR e induz apoptose em células de cancer de mama, o que esta de
acordo com nossos achados. Os resultados descritos no Capitulo VI demonstram que a
DOX apresenta efeito antitumoral in vivo e que sua acdo in vitro e in vivo foi
potencializada pela nanoencapsulacdo do farmaco. Assim, confirmamos o potencial
antitumoral da DOX e da nanotecnologia aplicada a farmacologia para o
desenvolvimento de novas estratégias terapéuticas para o tratamento de gliomas.

Os nossos estudos estédo baseados na fisiopatologia do tumor frente a mudangas
de condicBes experimentais. Primeiramente, avaliamos o tumor em mudangas no
ambiente (hipoxia, nutrientes e reoxigenacdo) mimetizando o ambiente hipdxico in vitro
para que se aproximasse do ambiente in vivo. Estudamos a exposi¢do do tumor a um
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agente quimico, a DOX (Figura 8). Utilizamos diferentes modelos experimentais a fim
de observar se os efeitos se confirmavam tano in vitro como in vivo. Observamos a
captacdo do farmaco in vitro, a fim de utilizar a fluorescéncia intrinseca da DOX como

aliada para observacdo da distribuicdo do farmaco nas células.
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Figura 8: Representacdo esquematica dos efeitos da doxazosina em células de glioma. A doxazosina
apresenta autofluorescéncia azul em solucgdo hidroalcoolica e o farmaco € captado de forma heterogénea
por células de glioma, apresentando fluorescéncia azul, verde e vermelho no meio intracelular. A
doxazosina induz morte celular por apoptose e parada do ciclo celular via inibicdo da via do
EGFR/PI3K/Akt e ativacio de GSK-3f e p53. GSK-3p pode estar agindo na mitocondria pela indugdo da
abertura do poro de transi¢cdo mitocondrial (mPTP), induzindo morte celular por apoptose. A doxazosina
também diminui a fosforilagdo de CREB e a secrecdo de TNF-0, o que pode ter contribuido para a
inibicdo da proliferacdo e aumento de PGC-1a, respectivamente. PGC-10 induziu a transcri¢cdo de TFAM,
o0 qual induziu biogénese mitocondrial.
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Também alteramos as propriedades fisico-quimicas da  molécula,
nanoencapsulando o farmaco. O objetivo das nanocapsulas é melhorar a distribuigéo e a
biodisponibilidade do farmaco, para ter efeitos mais pronunciados, com relacdo a
vetorizacdo, diminuicdo da dose terapéutica e, consequentemente, da toxicidade, além
de adequacao da posologia, melhorando a qualidade de vida do paciente.

Enfim, conhecer como ocorrem 0s mecanismos de resisténcia aos farmacos,
estudar as caracteristicas da fisiopatologia da doenca, investigar como as células se
adaptam a determinados ambientes mudando o modelo de estudo, aproximar com mais
veracidade da patologia, se certificar da neurototoxicidade, e, se for o caso, alterar as
caracteristicas fisico-quimicas do farmaco, tornam possivel a investigagdo de novos

agentes terapéuticos que se aproximam da realidade in vivo.
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10. CONCLUSOES
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Esta tese apresentou os resultados obtidos no estudo dos efeitos da doxazosina
em modelos in vitro e in vivo de glioma. Como importantes contribui¢des para o tema

de pesquisa desenvolvido nesta tese destacam-se:

e O desenvolvimento de um modelo para mimetizar o microambiente hipoxico in
vitro e o0 envolvimento da hipoxia e  reoxigenacdo  na

desdiferenciacao/diferenciacéo de células de glioma (Capitulo I);

¢ O efeito antitumoral da doxazosina em linhagens de glioma humano e de rato e a
seletividade que o farmaco demonstrou pelas células tumorais, visto que causou
baixa neurotoxicidade em cultura primaria de astrocitos e em cultura

organotipica de hipocampo (Capitulo 11);

e A capacidade da doxazosina em reduzir a atividade da via da PI3K/Akt, os
niveis de p-EGFR e p-CREB e de TNF-a secretados pelas células de glioma;
assim como ativar as proteinas GSK-3B, p53, TFAM e PGC-la e induzir
biogénese mitocondrial e apoptose em linhagens de glioma (Capitulos II, 11l e
V);

e A sensibilizacdo das células de glioma ao tratamento com doxazosina por meio

de pré-tratamento com EGF (Capitulo V);

e A caracterizagdo da autofluorescéncia da doxazosina e a utilizagdo dessa
caracteristica da molécula para analisar os padrbes de captacdo e distribuicdo
celular do farmaco em células de glioma (Capitulo 1V), descrito por nés pela

primeira vez;
e O efeito antitumoral da doxazosina nanoencapsulada e diminuicdo de CD133 e

da fosforilacdo de EGFR em células de glioma; além de sua baixa

neurotoxicidade em culturas organotipicas de hipocampo (Capitulo V);
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e A regressdo tumoral e diminuigdo dos marcadores de malignidade CD133 e
PEGFR em modelo de implantacéo de glioma in vivo provocada pela doxazosina

na sua forma livre e nanoencapsulada (Capitulo V).

A sequéncia de trabalhos apresentados nesta tese permitiu aprofundar o
conhecimento sobre o potencial antitumoral da doxazosina e sua neurotoxicidade e
toxicidade sistémica, sobre a fisiopatologia de gliomas frente a alteragbes no
microambiente tumoral, sobre caracteristicas fisico-quimicas da doxazosina e o uso de
propriedades da molécula para estudar os mecanismos de acdo desse farmaco em

gliomas.
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11. PERSPECTIVAS
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Como continuacdo desse trabalho, pretende-se seguir com 0s seguintes objetivos:

e Mimetizar o microambiente hipoxico e tratar as células com DOX;

e Analisar morte celular, a marcacdo com CD133, nestina e GFAP associadas com
a captacao do farmaco;

e Marcar vesiculas e observar se elas se co-localizam com o farmaco (co-
localizag&o/confocal);

e Sintetizar derivados da DOX e testa-los em gliomas.
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Figura 1. Classificacdo histologica dos tumores priméarios do SNC.

Figura 2. Algoritmo de classifica¢do de gliomas difusos de acordo com caracteristicas
histoldgicas e moleculares.

Figura 3. Estrutura quimica da doxazosina [4-4-amino-6,7-dimetoxiquinazolina-2-il)-
piperazina]l-il-(2,3-diidro-1,4-benzodioxina-3-il).

Figura 4. Caracteristicas do microambiente hipéxico em glioblastoma.

Figura 5. AlteragBes no DNA e as mudangas no nimero de cdpias nas vias de
sinalizacdo: (a) receptor tirosina-quinase (RTK), RAS, e fosfoinositol-3-quinase (PI13K),
(b) supressor de tumoral p53, e (c) supressor de tumores retinoblastoma (Rb).

Figura 6. Estrutura quimica da doxazosina [4-4-amino-6,7-dimetoxiquinazolina-2-il)-
piperazina]l-il-(2,3-diidro-1,4-benzodioxina-3-il).

Figura 7. Desenho esquematico da composi¢do de uma nanocapsula com mesilato de
doxazosina.

Figura 8: Representacdo esquematica dos efeitos da doxazosina em células de glioma.
Tabela 1. Classificacdo dos gliomas segundo os graus de malignidade.

Tabela 2. Principais caracteristicas de glioblastomas IDH-selvagem e IDH-mutado.
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and need to be completed to continue the submission process.
Keywords & Subject Areas
A screen where the author provides at subject areas of the manuscript from the list provided. If needed, the author can
praovide keywords for the manuscript by typing it in any boxes that might be provided.
Detailed Information
This screen asks for more detailed information regarding the manuscript. Though the questions in this tab may vary from
journal to journal, typical questions include "Conflict of Interest" and "Dual Publication”.
Author Review Suggestions
This screen allows the user to provide "suggested reviewers" to include for the revision process. The author can also provide
reviewers to exclude from the revision process.

o

o

o

3. Validate
o Approve Files
The screen allows the user to verify that the manuscript has been uploaded and converted to the PDF format correctly.
o Approve Manuscript
This screen provides the user with all the information gathered from the submission process. It will provide a summary of all
of the data entered so far, with the option to change any of those items.

4. Submit
This screen is the final step of the submission process. The system will check to make sure everything is completed before the
manuscript is submitted. If the manuscript is ready for submission, then there will be text that reads: "Your manuscript is
ready to be submitted. Click the link below to finalize your submission."” Otherwise, it will ask that you madify your submission
to fulfill all of the submission requirements.

Submitting Revisions

If you have been asked to revise your manuscript and you are ready to resubmit it, log on to the submission system and, on your author
home page, click the "Revise Manuscript" link of the manuscript you wish to resubmit. You will be asked to review the information you
ariginally submitted to confirm its accuracy. If any of the original files have been revised, replace them. Include only the final version of
each file in your revision submission.

In your rebuttal letter, please be sure to provide a point-by-point reply to the reviewers' comments as well as a listing of all the changes
made, including any changes to authorship, noting the page numbers on which the individual changes appear. When you have successfully
resubmitted your manuscript, you will receive acknowledgment via email. The revised version of your manuscript may undergo another
review if the original submission required extensive changes or if the authors' responses to the criticisms entail rebuttal rather than
revision. A decision as to whether or not the manuscript will be sent back out for review is made at the discretion of the Editors.

Getting Help

= Context-Sensitive Hel|:|O

If you need additional help, you can click on the help signs spread throughout the system. A help dialog will pop up with context-
sensitive help.

Contact Journal Staff

You may contact the Journal Staff at any time by clicking the "Send Manuscript Correspondence" link under the "More Manuscript Info
and Tools" header on the manuscript details screen.

Login Help

If you have forgotten or do not know your login name or password, simply click the "Unknown/Forgotten Password" link on the home
page. You will be asked to enter either your Login Name or your First and Last Name. If a single account can be found in the
database, the system will automatically and instantly send you an email with your login name and a new, temporary password. If a
single account cannot be identified from the information provided, you will need to contact the Journal Staff to reset your password
for you.

Manuscript Status
After you approve your manuscript, the submission process is complete. You can get the status of your manuscript via:
1. Logging into the system with your password.
2. Clicking on the link represented by your manuscript tracking number and abbreviated title.
3. Clicking on the "Check Status" link at the bottom of the displayed page.
This procedure will display detailed tracking information about where your manuscript is in the submission/peer review process.
Starting

The manuscript submission process starts by pressing the "Submit Manuscript” link on your "Home" page after you have logged into the
system. Please make sure you have gathered all the required manuscript information listed above BEFORE starting the submission
process.

Please press HOME to continue.
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