LUCAS FELIPE FERNANDES BITTENCOURT

REDUCAO NA EXPRESSAO DA PROTEINA G3BP1 DE GRANULOS DE ESTRESSE

SENSIBILIZA CELULAS DE GLIOBLASTOMA TRATADAS COM QUIMIOTERAPICOS

Instituto de Ciéncias Bioldgicas
Universidade Federal de Minas Gerais

2019



LUCAS FELIPE FERNANDES BITTENCOURT

REDUCAO NA EXPRESSAO DA PROTEINA G3BP1 DE GRANULOS DE ESTRESSE

SENSIBILIZA CELULAS DE GLIOBLASTOMA TRATADAS COM QUIMIOTERAPICOS

Tese apresentada ao Programa de Pos-Graduagido em
Biologia Celular do Departamento de Morfologia, do
Instituto de Ciéncias Biologicas, da Universidade Federal
de Minas Gerais, como requisito parcial para obtencgao
do titulo de Doutor em Ciéncias.

Area de concentracio: Biologia Celular

Orientadora: Dra. Luciola da Silva Barcelos

Instituto de Ciéncias Biologicas
Universidade Federal de Minas Gerais

2019



Bittencourt, Lucas Felipe Fermandes.

Fedungdo na expressio da proteina G3EFP1 de granulos de estresse sensibiliza
células de glioblastoma tratadas com quimioterapicos [manuscrito] / Lucas
Felipe Fermandes Bittemconrt. — 2019,

125f -5l ;¥ 5cm

Crientadora: Dra. Luciola da Silva Barcelos.
Tese (doutorado) - Universidade Federal de Minas Gerais, Instituto de
Cigncias Biclogicas. Programa de Pos-Graduagio em Biclogia Celular.

1. Biologia Celular. 2. Apoptose. 3. Glicblastoma_ 4. Bortezomib. 3.

Etoposideo. 6. Autofagia [ Barcelos, Luciola da Silva. I1. Universidade Federal
de Minas Gerais. Instituto de Cidncias Bioldgicas. ITL Titulo.

CDU: 578

Ficha elaborada pela Biblioteca do Instituto de Ciéncias Biclogicas da UFMG




Universidade Federal de Minas Gerais - Instituto de Ciéncias Bioldgicas
Programa de Pés-Graduacio em Biologia Celular

ATA DA DEFESA DE TESE DE DOUTORADO DE vy
enirada
LUCAS FELIPE FERNANDES BITTENCOURT et

As treze horas do dia 31 de main de 20019, reuniv-se, no Instituto de Cignelas Bioldgicas da
UFMGE, a Comissie Examinadora da Tese, indicada pelo Colegiado do Programa., para julgar, em
exame final, o trabalho final intitulado: "REDUCAD NA EXPRESSAQ DA PROTEINA G3BP1
DE GRANULOY DE  ESTHRESSE SENSIBILIZA CELULAS DE GLIOBLASTOMA
TRATADAS COM QUIMIOTERAPICOS", requisito final para obtencio do grau de Doutor em
Biologin Celular. Abmindo a0 sessfo, 5 Presidente da Comissio, Dira. Luciola da Silva Barcelos.
apds dar a conhecer ans presentes o teor das Normas Regulamentares do Trabalho Final, passou a
palavra o candidate, para apresentagdo de seu trabalho. Scguin-se v arpuigio pelos examinadores,
com a respectiva delesa do cendidale. Loge apds, @ Comiss3o se reunit, sem a prescnga do
candidato e do pablico, para julggmento ¢ expedigio de resullado final. Foram atribuidas as
seguintes indicagdes:

Prof./Pesy. Instituigio . Indicacin
Dra. Luciola da Silva Barcelos UFMG Aﬁﬁﬂb"ﬂi}:j‘_
Dra. Maria Cristina Rodrignes Rangel Lsp |WA (0]
Dra. Raguel Gouvéa dos Santos CDTN | ﬂptdﬁ-"ﬁ'ﬂxﬂ
Drra, Flaine Maria de Souen Fugundes UG . Fﬂ*"’ﬂyﬂr-w
Dira. Catherine Maryvette Ropert UFMG H%JM

Pelas indicagdes, o candidato foi considerado: W ..DO

() resultado final foi comunicado publicamente ao candidato pela Presidente da Comissao. Nada
mais havendo a tratar. a Uresidente encerrou a reunido ¢ lavrou g presente ATA, que serd assinada
por todos os membros parlicipanies da Comissio Examinadora. Belo Horizonte, 31 de maio de
2019,

D, Luciola da Silva Barcelos (Urientadira) £

De*. barta Cristina Rodrigoes Range!

{
D, Raguel Giouvéa dos Santos M W "/
P Al
¢, Elaine Maria de Souza Fugundes é@ﬂu/w m b

[, Catherine Maryvetie Roperl

"
ez .
i L
Prf, Lk Oistna Joge.
(b Ezoe documento néo teri vitlidiade sem a assoaiaea @ canmbo do Coordenador me fe i Graduag
o Bcng s ICBIUPYG

ﬁm%w @Ju s



Dedico esta tese a meus pais, Ana Maria e Valber, e a minha avo Francisca,

sem os quais este trabalho ndo seria possivel.

5



Agradecimentos

Primeiramente ndo posso deixar de agradecer a minha orientadora, Dr* Luciola da Silva Barcelos por ter

aberto as portas de seu laboratério e me dado a oportunidade de desenvolver este trabalho.

Agradeco aos colaboradores do artigo, Dra. Rosy Azambuja e suas alunas Ana Gabriela Silva e Isabela
Brescia pelos ensaios de CAM. A Miriane Dutra e sua orientadora Dra Rafaela Silva pelos ensaios de Real-
time. A Dra. Lirlandia Souza e sua aluna Graziele Negreiros-Lima pelos ensaios de Blotting ¢ 2 Ana Carol

Dias e professor Frederico Soriani pelo auxilio nos ensaios com siRNA.

Em seguida, agradeco com um grande carinho e aperto no coragdo meus incriveis colegas de laboratorio,
Alan, Mari, Gilmara, Marina, Helder (Hedden + Elder), Polly, Jousie, Camila e Leandro Barbosa. Vocés

sdo pessoas unicas e foi uma honra dividir meus dias com vocés durante estes quatro anos. Muito obrigado!!

Gostaria de agradecer também alguns professores que me influenciaram e me ajudaram de diversas formas

ao longo desta jornada, professor Greg, professor Aristobolo e professora Waleska.

Agradego também, a minha familia belo Horizontina, com quem morei durante os melhores anos de
doutorado, Rai, Jeff, André e Carlos Alberto. Nos criamos uma casa juntos e agora somos uma familia,
indissoluvel e eterna. Muito obrigado pelas experiéncias incriveis, por todo o apoio, conforto e risadas — e

que venham muitas mais.

De coragdo aberto, agradeco meu namorado Ricardo Augusto, que me deu total suporte durante a escrita

desta tese e contribuiu de forma expressiva para o meu bem-estar e felicidade neste Gltimo ano.

Saudosamente agradeco meus amigos de floripa, especialmente Rafael Paulo, por sempre me receberem de

bragos abertos nas férias, me ajudarem e ouvirem sempre que precisei nestes 4 anos.

Por 1ultimo, mas nunca menos importante, agradego imensamente meus pais, Ana Maria e Valber por seu

incondicional apoio em todas as decisdes da minha vida e por contribuirem massivamente para que eu



chegasse no ponto que estou. Vocés nunca mediram esfor¢os em se tratando de educagao, e agora, temos o

primeiro doutor da familia. Muito, muito obrigado por tudo. Amo vocés.

Agradeco também a CAPES, ao CNPq e a FAPEMIG pelo apoio financeiro.



Sumario

RESUINMO.....cooi et e e s s e e e ah e e s s b e e e e e e e s s b e e e s enr e e e e s nneeeeenneeeeseaneees 12
ADSEFACE. ...ttt et et e e st e et e e e b et e a b e e s b ee e Rt e e eh e e e sabeeeebeeeareeesreeesaneeeanreean 13
LiSta de fIGUIAS .........ooiiiiiiiiiie ettt e e bt e e s be e sbe e saae e e sabeesbeesabeesnaeeesabeeeates 14
LAStA de STGIAS.......cooiiiiiiiiiiiee et e et e e st sba e s ate e shte e sateesabaesabeesabeesabes 16
Consideragies IMICIALS ............eeiiuiiiiiiiii et st s e e sar e e eb e e e beesneeeanes 18
Introduction: The Stress Granule Tri-force, a mini review of a tiny organelle .................................. 23
Y« ] 4 o N 24
4T 0T LT 1 o T o 25
Stress granules current KNOWIEAEE .........cceiiiiueiiiiiiniiiiiiniiiiinniieiieniiessieesiiessissesisssss 26
Nuclear factors regulate SGS dYNAMICS........cciiieeeceiiieeeierireeeerireeeeerreenserrennsseerernssesseenssssssennnanns 27
Inflammatory response is modulated and modulates SGs..........ccccerrreeeiiirieeeiiireeerinrreenceeeennnnes 28

X G302 o o s 1 o 1 13 30
Stress response relationship With SGS ......c.cccviiiiiiiiiniiiiiiiiniiis s essessssessens 31
Apoptotic response to chemotherapeutic agents affects SGS ......ccccccirreeeriirieeeririreerirrrenesceeeenens 31

SGS X AULOPRAGY eeviiieeeiiiiiicirtteeerrreneeeerreneeesrnnssesrnnsssesesnnsssseennsssssennsssssesnssssseenssssseennssssseennnans 32
Diseases, stress and autophagy —a SG correlation..........cccceieiiieeiiiiiininiiinnninneen, 33

Y T3 o T=T 0 Vo = ] = T o= 34
ChemotherapeULiCs VS SGS ......iiiiuuieirreeiierrieeiereneniesrrnnsssrenassssrennsssssennsssssennsssssesnsssssesnsssssennnns 35
00T T [T [T - 8 =12 4 F= T o 36
3= =T =T Vo 36



Graphical QbStract .......ccueeiiiiieiiieec ettt rrrcee e e s ene e s e s ene s s s ennss s e eenasssseennssssrennsssseeennsnssennnns 43

ODJELIVOS ...t sttt ettt sn e e s r e e ne e es 44
0/ 1A ] 44
ODjJetiVOS ESPECIfICOS.....cuvvuuuuirisiriiirirnnnniisiiiiiiiiiinssssisiisiirersssssssiisiiterssssssssistismmsmrsssssssssssssssesssses 44

LY = d 3 Yoo Lo o -4 PSRRI 45
L I 1 1 17 S 45
Chemotherapeutic treAMEN . ..........uuuuvvennnrnrsessnnisesisisisesesisisssssssasssssssesssssssssssssssssssssssssasse 45
L] IR 7|11 45
IMMUNOSIUOTESCONCE ASSAY .ceuvverreiiiiriiienrnnriiisiiiiiirississsiisiiirissasssssssssstiersssssssssssssstmrersssssssssssssnenes 46
SMall iNterference RINA ..........uuuueveenunininenininininenuninnneiesisisesesasisiassesistasisssssssrsrisessrssssrsssrsse 46
g 1] 1111 (O . 47
Cell cycle analysis by hypotonic solution of propidium iOdide .................eeuueeriiiriiirerennneissssseineennnnns 48
Bz Y LA ] A V. ) 48
W 7/ 17 111 PPt 48
Chick chorioallantoic membrane (CAM) ASSAY ......eeeuveveiriiirerennsssissiniiiermssssssssisiiiiimessssssssssismieesss 49
Stem cell QUANTIJICALION ......ccuueuuenniiiiiiiierennniiiiiiiiiiiissssisiisiirerssssssiisiiiersssssssssssistisersssssssssssssnn 50
Determination of lysosomal accumulation by cytochemical-staining (AAU) .........ceueueeeeciiiriiennnnnne. 50
Acidic vesicles detection by acridine orange staining and flow CYIOMELYY ...........uvvvviiiiiiiisisissisnnnns 51
LC3 PPOLEIN d@LECLION «......vvveeveerneiiiiiiiiinnnnssiiiiiiiiiinesssisisiisiiinisssasssssissimmesssssssssssssesensssssssssssssssnns 51
STAUSTICAL ARALYSIS «uvevvnnniiiiiinernnniiiiiiiiiieiissiiiisisiiiiirerssssissisiiiersssssssiistiimsmmsssssssssstseeesssssssssssssans 52



Results - G3BP1 knock-down sensitizes U87 glioblastoma cell line to Bortezomib by inhibiting

stress granules assembly and potentializing apoptosis ............c.coiviiiiiiiii 53
ABSTRACT ...ttt s s s s s s s s s s s s s s s s b b bR e 54
LIV 20 1 TV o I [0 Y 54
IMATERIALS AND IMETHODS .......ieiiiieiiieiiieniirieirenisreseraessrsasisensssrssssrssssseasssrssssrensssesssssasssranssnes 56

L= | oL 1 ¥ = N 56
Chemotherapeutic treatment .........ccceeeeeiiiiieiiiieirccrcrere e e s rera e s res s s seenssssseeansssseennssssennnes 56
Cell viability and IC50 determination........cccccuceieieniirieirece e e eereeensesseensssseennsssseennssssesnnes 56
Small interference RNA......... oo s s e e aaa s s s s s e e e e nns 57
IMMUNOfIUOIESCENCE ASSAY ...iivuuuiiiienniiiiinnniiiiinniiiiiirniieiieaiieiirsssetimsssssttssssssssrssssssssssssssssassssss 57
(3 =E T T 0T o O S 57
Annexin V / 7-AAD staining and flow Cytometry .......ccceieieiiiiiiiiiiiinireccccseseeccssesesssessseesssessssnenens 58
IMMUNODBIOTEING ..ciivieiiiiiiiiiiiiicerr et ee e ssesesssssesesssssssesssssssesssssssnsnnsssss 58
Chick chorioallantoic membrane (CAM) @SSAY ....cccccerereneirrrnennirrreneneereenensssrennsesssennsssssennsssssennnns 59
Statistical ANANYSIS ....ceeeeeiiiieiciricccree e e s ee e s s e e e e e s e e n s s e s e e nn s e e e nnnanneenann 60
0 I N 60
Bortezomib treatment leads to transiently SG formation in U87 cells........cccceceerirnniiiriinniiciinnnnnnns 60

G3BP1 down-regulation increases U87 cells sensitivity to chemotherapy: apoptosis activation ..61

G3BP1 down-regulation induces anti-angiogenic effect of U87 cells ........ccccovveereiirreenciirreenccrnneene. 62
DISCUSSION ....iiiiiineiiiiieitiieeennenssseeseittesensssssssssssssessssssssssssssssssssnssssssssssssessssnssssssssssssssssnnnssssssssans 62
REFERENCES......cuuituiiiiiiiieiiiniinieeniiiieseiiesiiastiastissssssstasesssssssessssssssssssasssssssasssassenssssssssssssssanssasssns 65



FIGURES and LEGENDS...........cccovnmmmiieiiiiiiiinnnniteiiiciiiusnieieeeiimmssmenieeeimsssssiseseiessmsssmsesssssessss 71

Expanded results............cccooiiiiiiiiiiii 79
Cell viability and calculation of ICsp CUFVES........uuuueuureiiiiiiiiiiineiiiiiiiiiinieeesssss s eesees 79
Determination of SGs dynamics by immunofluoreSCence aSSAYS ..........cuuvvureerisiriiirerennssssssssssensennes 81
SGs impairment by G3BP1 knockdown with SIRNA teCRIIQUE............ccouveenecrisiriiiienennniisssisiininnenaes 84
Cell viability G3BP1-dependent sensitization to chemotherapeutic agents ...............cevevvvvvvrirsssinnnnn. 91
Cell cycle modulation by Etoposide is not influenced by SGS impairment .................euueeeecirnrinevennne. 93
Annexin V- 7AAD apoptotic staining: a BZM — G3BPI relation ...............cvveivvevnnnnnnisiiirnninennnnnnnnnns 95
Acidic vesicles peaks detection by acridine Orange time-COUTSE ........uuuvueresieiiniiierssassssssisiireesssssssses 97
AAU — Autophagy detection by lysosomal accumulation is modulated by G3BP1 knockdown ....... 100
LC3B protein detection as an early-autophagic MArker ..............uueueeeeueeneenennvnnnneneeeneeneneeneeeneeneene 102
Cultured media in CAM angiogenic histological ASSAY .............eeuueeriviriiiiennnneisisieiiniinerannsssssisnn 104
Angiogenic effects are VEGF-IRAEPENAERL ............euveeiviiiiinenneniisiiiiiiiiiinnnniiisiiiiiiisssse 106

COMCIUSION ... et e st e bt e e s bt e e st e e s bt e s beeesateesbeeebeeeaseeeanreesnaeesrneans 118

REFEIEIICES ...ttt sttt e a et et e sr e e bt e sh e e st e st e et eneeeneeere e 119

11



Resumo

O glioblastoma multiforme ¢ uma enfermidade de baixa incidéncia, mas de alta letalidade. Um dos
principais problemas no tratamento € a resisténcia deste tipo de tumor & quimioterapia. Nesta linha, esta
tese teve como objetivo estudar uma via de resisténcia a farmacos, conhecida como formagao de granulos
de estresse (GS). Os GS sdo pequenas organelas citoplasmaticas ndo membranosas que se formam quando
uma célula esta sujeita a estresse fisico ou quimico. Sua funcdo ¢ a de proteger mRNAs essenciais para a
sobrevida da célula até que o fator estressor seja retirado ou metabolizado. Sua fungao fisioldgica ¢ clara,
porém, em se tratando de tumores, esta resposta ¢ corrompida e exacerbada, causando uma grande
resisténcia aos tratamentos empregados no tratamento do cédncer. Neste trabalho, entfo, utilizamos a
metodologia de interferéncia por RNA para diminuir a expressao da principal proteina enucleadora destes
granulos, a G3BP1. Utilizando desta técnica, conseguimos com sucesso reduzir a formagdo de GS em
células das linhagens tumorais T98G e US7MG quando expostas aos quimioterapicos Bortezomib (inibidor
de proteassoma - BZM), Etoposideo (inibidor da topoisomerase II) e Temozolomida (agente alquilante).
Observamos redugao na viabilidade de células submetidas a inibicdo de G3BP1 em relagdo as ndo inibidas,
para todas as drogas. Para elucidar o que levava estas células a morte, focamos na linhagem U87MG e
observamos um aumento nos niveis de apoptose pela técnica de citometria de fluxo utilizando marcagdo de
anexina-V e 7-AAD. Este aumento estava presente em células tratadas com BZM e que haviam tido G3BP1
inibida. Confirmamos o aumento de apoptose pelo ensaio de imunoblotting de caspase 3 cliavada. Em
seguida realizamos ensaios para determinar o nivel de autofagia das células tratadas. Utilizamos o ensaio
de acumulo de lisossomos e observamos aumento indireto de autofagia em U87 tratada com TMZ. Para
elucidar este efeito usamos laranja de acridina (AO) em ensaio de vesiculas acidicas por time-course, o que
revelou aumento no acumulo destas vesiculas para ETO e TMZ em 8H para U87 e 10-12H BZM/ETO e
TMZ, respectivamente para T98. Como AO ja marca lisossomos e autofagossomos maduros, queriamos
observar se a expressao de LC3B havia sido modulada, anteriormente a maturacdo lisossomal. Por
citometria de fluxo conseguimos observar aumento na expressao de LC3B para TMZ em 6 ¢ 8H (U87 ¢
T98, respectivamente). Paralelamente, observamos que a inibi¢ao de G3BP1 também leva a diminui¢do de
angiogénese induzida por células U87 tratadas com BZM e essa diminui¢do ndo VEGF- dependente.
Podemos concluir que, autofagia provavelmente tem um papel decisivo na reducdo de viabilidade de U87
com inibi¢do de GS e tratamento com TMZ. Também concluimos que, a inibicdo de GS potencializa
resposta apoptotica, reduzindo a viabilidade celular e diminui a angiogénese em células da linhagem
U87MG tratadas com o quimioterapico BZM.

Palavras-chave: Apoptose, Glioblastoma multiforme, Bortezomib, Etoposiico, Temozolomida, Granulos
de estresse, G3BP1, US7MG, T98G, autofagia.
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Abstract

Glioblastoma multiforme (GBM) is the most lethal form of gliomas. These astrocytic-derived pathologies
have been studied for many years, yet, not actual cure was achieved with regular treatments. New therapies
are currently in development to tackle treatment limitations. In this work, we aim to inhibit a stress-related
cellular response triggered by chemotherapeutic agents. Thus, non-membranal organelles known as Stress
Granules (SGs) allow cells to recruit and protect vital mRNAs during stress and, when conditions improve,
release these mRNAs to resume cells normal activities. This SGs are composed of various proteins, being
G3BP1, a core element that enucleates and therefore, results in SGs assembly. Interfering in G3BP1 mRNA
and protein expression with short-interference RNA, we were able to successfully diminish SGs assembly.
Using calculated IC50 of three chemotherapeutic agents (Bortezomib — proteasome inhibitor, Etoposide —
Topoisomerase Il inhibitor and Temozolomide — alkylating agent) we observed a reduced cell viability with
MTT assay when comparing negative controls and G3BP1 knocked down cells. To elucidate how cells
were losing viability in a G3BP1-dependent manner we performed the apoptotic hallmark assay Annexin
V/7-AAD concerning phosphatidyl serine domains exposition (PS) and necrosis. Negative control BZM
treated group displayed no increased apoptosis when comparing to control without drugs, however, G3BP1
silenced BZM group had a significative increased in apoptotic response. Through Caspase 3 protein
quantification by immunoblotting confirmed BZM G3BP1 silenced effects, increasing protein quantity
when compared to negative BZM treated group and control groups. In order to better comprehend cells
viability loss, we performed a lysosomal accumulation assay which revealed increased autophagy in U87
cells treated with TMZ when SGs were impaired. Further on, we assayed a late stage autophagy assay with
acridine orange in a time-course regimen, as results we obtained increased acidic vesicles at 8H for U87
treated with ETO and TMZ and 10-12H for T98 treated with BZM/ETO and TMZ, respectively. Based
onobtained results we assesses cells LC3B expression, an early autophagic assay, in time-point prior to
ones obtained with AO. Our results demonstrated a possible increase in LC3B expression in U87 cells
treated TMZ for 6H and in T98 cells treated with ETO and TMZ for 8 hours. In parallel, we observed a
reduced VEGF-independent angiogenesis in SG impaired U87 cells treated with BZM. We can conclude
that autophagy probably has a pivotal role in reducing cellular viability in SG impaired U87 TMZ-treated
cells All data obtained leads to a new and exciting phenomenon of apoptotic potentializing, anti-angiogenic
effects in US7MG GBM cells with impaired SGs assembly.

Key words: Apoptosis, Glioblastoma multiforme, Bortezomib, Etoposide, Temozolomide, Stress granules,
G3BP1, US7TMQG, T98G, autophagy
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Consideracoes iniciais

A presente tese ¢ apresentada em inglés, com a introducdo e parte dos resultados no formato de artigos.
Mais precisamente, a tese ¢ composta de (1) um artigo de revisdo sobre dados na literatura envolvendo
granulos de estresse (GS), apoptose, autofagia e quimioresisténcia, (2) um artigo original descrevendo parte
dos resultados obtidos durante o periodo de doutoramento do discente, (3) resultados e metodologia

expandidos, contendo objetivos adicionais da tese, e (4) discussao global dos resultados obtidos.

Tendo em vista a grande letalidade do glioblastoma multiforme (GBM), este trabalho visa
contribuir para o conhecimento cientifico crescente acerca de uma das principais vias de resisténcia a
quimioterapicos, os GS. Utilizando a técnica de RNA de interferéncia, ferramenta que estd sendo avaliada
em ensaios clinicos para tratamento de pacientes com os mais diversos tipos de cancer, nosso alvo foi inibir
a expressao da principal proteina enucleadora dos GS, a G3BP1, a fim de se obter uma possivel inibi¢ao da

formacao dos GS em linhagens celulares de GBM e aumentar a sensibilidade das células a quimioterapicos.

Mesmo esta sendo uma enfermidade sem cura conhecida, melhorar a eficiéncia do tratamento
quimioterapico nos pacientes, potencialmente aumentara a expectativa de vida em alguns meses ou anos,
bem como permitird possivel remissao do tumor. Dessa forma, os resultados aqui obtidos poderao contribuir

com descoberta de novos alvos que permitirdo a busca por novos tratamentos e abordagens terapéuticas.
Assim, as hipoteses elaboradas a serem aceitas ou rejeitadas pelos dados experimentais sdo:

HO — O knockdown da expressdo de mRNA e, consequentemente, da expressdo da proteina
enucleadora de granulos de estresse G3BP1 reduz a formagdo de GS e sensibiliza células das linhagens

humanas de glioblastoma U887MG e T98G a quimioterapicos.

H1 — O knockdown da expressio de mRNA e, consequentemente, da expressdao da proteina
enucleadora de granulos de estresse G3BP1 néo reduz a formaciao de GS e néo sensibiliza células das

linhagens humanas de glioblastoma U87MG e T98G a quimioterapicos.
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Gliomas are the most common type of primary brain tumors. Amongst different types and grades,
the most lethal is known as Glioblastoma multiforme, a grade IV astrocyte derived cancer (FURNARI et
al., 2007). Despite being relatively rare in comparison with breast or lung cancer, for instance, it is far more
lethal (Figure 1). Patients diagnosed with this incurable disease are subjected to severe resection surgery
and intense sessions of chemotherapy and radiotherapy. Still, survival rates are of 5% in 5 years post-
diagnosis and median of survival is 14,6 months (OHGAKI, 2009). There has been intense research in the

scientific community to improve patients further survival and quality of life (OSTROM et al., 2014).

Distribuicdo proporcional dos dez tipos de cincer mais incidentes estimados para 2018 por

sexo, exceto pele ndo melanoma®

Localizacdo Primaria o Primaria Casos

Prostata 54.220 T Homens Mulheres Mama Feminina 58.700 28.5%

Traqueia, Bronguio e Pulmao 18.740 B.7% = Colon & Reto 16.980 94%

Cilon & Aeto 17.380 B1% o Colo do Utero 16.370 B1%

Estomago 13.540 6,3% o Tragueia, Bronquio e Pulmao 12530 6.2%

Cavidade Oral 11.200 52% I Glandula Tireide 8.040 4.0%

Esdfagn 8.240 3.6% R Estdmago 7.790 3.8%

Bexiga 6.680 3.1% .'? Corpa do Otero 6.600 3.3%

Laringe 6.380 3.0% L Ovario 6.150 3.0%

Lescemias 5.540 2.8% | | Sistena Mervoso Cenmtral 5.510 27%

Sistema Nervoso Central 5.810 27% | Leucemias 4.860 2.4%
*“Ndmeros arredandados para miltiplos de 10
Figure 1 — Cancer estimative in Brazil for the year 2018

Source: (INCA, 2017)

New therapies have been intensively studied and among them the small interfering RNA (siRNA),
a common form of RNAi-based therapeutics. Silencing specific genes associated with cancer resistance to
chemotherapeutic agents and cancer progression can potentially become a new form of therapy in the near
future (KU et al., 2014). Despite clinical limitations such as the lack of specificity of siRNA delivery in
tumor sites and its easy degradation during circulation, solutions are constantly being proposed (ALAGIA;
ERITJA, 2016). Some of them include new delivery systems that protect siRNA from endogenous

nucleases and site-specific injections (MALHOTRA; MITTAL, 2014).
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Our research group has recently demonstrated that the inhibition of the phosphorylation of the
eukaryotic translation initiation factor 2 alpha (elF2-alpha) reduces stress granules (SG) assembly and
sensitizes Glioblastoma (GBM) cell lines to the chemotherapeutic agents Bortezomib, a proteasome
inhibitor, Etoposide, a topoisomerase Il inhibitor, and Cisplatin, an alkylating agent, by enhancing apoptosis
(VILAS-BOAS et al., 2016). These results prompt us to pursue the SG assembly as a potential target for
new co-adjuvant therapies to treat gliomas. Therefore, we propose to evaluate if and how SG directly

contributes to the chemotherapeutic resistance of brain tumor cell lines.

Stress granules have been studied for their role in cancer resistance to chemotherapeutic agents in
many cell types (KEDERSHA et al., 1999), but glioma cells. SGs are non-membranous cytoplasmic foci,
composed of non-translating messenger ribonucleoproteins (mRNPs) that rapidly aggregate in cells
exposed to adverse environmental conditions such as chemical and physical stress (BUCHAN, 2014). The
polysome disruption and transfer of polysome-released mRNA of housekeeping and stress-related genes
into SGs play a resistance to stress role. As stressing factors fades away, SGs enter into a recovery phase
by disassembling and all stored mRNAs escape and are selectively translated in polysomes, repairing stress-
related cell damage (LAVUT; RAVEH, 2012). The Ras-GTPase-activating protein SH3 domain-binding
protein 1 (G3BP1), used as siRNA target in the present work, is an essential RNA-binding protein that
dephosphorylates at Ser-149 leading to multimerization and consequent initiation of SG assembly. It has
been demonstrated that upon G3BP1 knockdown, SGs formation is essentially abolished (MATSUKI et al.,

2013).

The autophagic pathway plays an essential role in the clearance of SGs (figure 2). Autophagy
involves an autophagosome, a double-membrane bound structure that forms from extant membrane-bound
organelles (CHAN; TANG, 2013). The autophagosome engulfs regions of the cytosol and fuses with the
lysosome to become the autophagolysosome where its contents are catabolized (SCORRANO, 2013).
Autophagy has been linked to the clearing of the large protein aggregates that feature prominently in several

neurodegenerative diseases and SG clearance by diverse mechanisms, such as decapping SG mRNAs,
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returning sequestered mRNAs to active translation, and direct 5’ to 3’ digestion of constituent mRNA

molecules. The metabolic and homeostatic mechanisms of mRNA translation and degradation likely reflect

a very dynamic, complex cycle, of which autophagy is a critical player
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Figure 2. Stress granules dynamics

Source: (WHEELER et al., 2016)
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Therefore, we propose to silence the G3BP1 gene to inhibiting SG assembly in human GBM cell

lines and assess a possible effect on the sensitization of GBM cell lines to chemotherapeutic agents.

22



Introduction: The Stress Granule Tri-force, a mini review of a tiny
organelle

Bittencourt, L.F.F. and ! *Barcelos, L.S.

"Departamento de Fisiologia e Biofisica, Instituto de Ciéncias Bioldgicas, Universidade Federal de Minas

Gerais (UFMQG), Minas Grais, Brasil.

*Address correspondence to:

Luciola da Silva Barcelos

Departamento de Fisiologia e Biofisica

Instituto de Ciéncias Biologicas (ICB)
Universidade Federal de Minas Gerais (UFMGQG)
Av. Antonio Carlos, 6627 - Pampulha

31270-901 BELO HORIZONTE MG BRASIL
Phone # 55 31 3409 2955 (direct line)

e-mail: luciolasbarcelos@gmail.com

23



Abstract

The rise of scientific publications that include stress granules (SGs) is on the verge. New and more complex
unfolding of SG dynamics influence in many pathologies are highlighting researchers worldwide to invest
in the study of these tiny membrane-less organelle. In this mini-review we will discuss and learn from the
latest and more prominent articles involving SGs dynamics, their links with apoptotic and autophagic
pathways and, mainly, chemoresistance. We will tackle several aspects of SG assembly and how nuclear
factors, mRNA binding proteins, cytokinetic inflammatory proteins and circadian cycle can augment or
diminish it. The role of SGs in apoptotic response will be examined as we dive into how oxidative stress,
cellular stemness, gene modulation Ca2+ and mitochondrial proteins are influenced. Genes related to ALS,
glucocorticoids, Syk-binding proteins and valosin are a few of the factors modulated by SGs in autophagic
events. These two events are vital in order to comprehend how SGs are utterly essential in cellular
chemoresistance and what are the pathways involved and how can we use the in favor of medical advance.
Understanding and visualizing this glimpse of literature, we hope to aid in the development of new therapies

and drugs to treat those afflicted by cancer, ALS and many other pathologies.

Keywords: Stress granules; cancer; apoptosis; autophagy; inflammation; chemoresistance
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Introduction

Stress granules (SGs) are a class of cytoplasmatic macromolecular RNA aggregates alongside with p-bodies
(PB), germ granules and neuronal granules. Although many reviews tackled other types of granules [1-4],
we will focus mainly on SGs and their role on key cellular events: apoptosis, autophagy and

chemoresistance in cancer.

Translational shutdown as a response to stress exposure is a cellular tool that allows cells to survive. This
inhibition of protein synthesis is mediated by a phosphorylation mechanism involving the eukaryotic
initiation factor 2 (elF2a) and assembly of the e[F4F complex. As translation arrest happens, small foci of
SGs form in the cytoplasm. SGs comprise mRNAs from disassembled polysomes, translation initiation

complexes, messenger ribonucleoproteins and RNA-binding proteins [5].

SGs assembly occurs in a very dynamic way, initiating with nanoscopic SG seeds that are formed and
recruit nearby seeds via weak electrostatic interactions, interactions with neighboring SG seeds, and
coalescence to form microscopically irregular visible SGs. Microscopically visible SGs can fuse to produce
larger SGs and after stress release, events that promote SG disassembly may include increase in
concentrations of ternary complexes; phosphorylation of eIF4E-binding protein 1 (4E-BP1) by mammalian
target of rapamycin (mTOR), releasing the eIF4E block; and reactivation of elF4A activities. As SGs
shrink, the Laplace pressure increases to promote further fusion with adjacent SGs. Over time, fewer and

larger SGs appear before they eventually disappear from the cytoplasm [6].

SGs form during acute stress and their presence correlates with the transient translational silencing. SG
formation is fast, and it does not require transcription [7]. The stress response is auto-regulated, and the
phosphorylation of elF2alpha triggered upon stress induction facilitates translation of proteins that mediate
elF2alpha dephosphorylation. The mRNA encoding GADD34 / PPP1R15a, the regulatory subunit of

protein phosphatase 1 (PP1), a phosphatase for elF2alpha reactivation that is found in SGs, contains
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different uORFs (upstream Open Reading Frames) and therefore, enhances translation upon elF2alpha

inactivation [8, 9].

Almost a hundred of translation factors and modulators, splicing factors, nucleases, and a few other
molecular functions, are essential SG components. SG composition can be varied according to the nature
of the stress stimulus and also change, progressively, during the response. In addition, SGs are not
homogenous, and some components can concentrate in microdomains [10, 11]. An example was reported
for the endonuclease PMR1, which is normally associated to polysomes. PMR1 interacts with TIA1 (TIA1
Cytotoxic Granule Associated RNA Binding Protein) and is recruited to arsenite-induced SGs in a mature
phase [12]. The incorporation of an endonuclease at late stages is compatible with the idea that SGs serve
as reparation sites to reactivate translation, and that mRNAs that fail to be reused for translation are
destroyed. Virus-induced SGs may show a progressive change in composition, as a consequence of viral
activity. Initially, poliovirus-induced SGs contain G3BP, PABP and 4G. However, during later phases of
the infection these molecules are cleaved and no longer detected in SGs, which still contain polyadenylated
RNA and TIA1 [7]. Finally, SGs may incorporate PBs or PB components at later stages. PBs are mainly
composed of Lsm4/CCR4/Dhhlp [13], EDC3 [14], GW182 [15], EDC4 [16], and SGs have mostly
TIA1/TIAR [17], MNL51 [10], Pumilio 2 [18],Caprin [19], TDP43[20] and G3BP [21]. Differences in the
composition of SGs triggered by distinct stimuli, as well as changes observed along the response
undoubtedly reflect distinct physiological conditions that may affect mRNA metabolism and other

functions that remain to be unveiled.

Stress granules current knowledge

Even though PubMed lists as many as 235 entries for “stress granules” + “cancer”, we are only scratching
the surface on the importance of these aggregates in cancer hallmarks. As no specific cancer is known to
mainly depend on SGs to survive, cancer research as a hole is benefiting from all new information about

SGs role in tumor progression. As an example, one of the most lethal types of cancer, gliomas, are a rising
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hot-spot of studies. Narrowing the criteria to “stress granules” + “glioma” we get only 10 results. Amongst
these results, only 5 articles do describe SGs in their content. Thus, the importance of more research on
SGs on these types of cancer is evidenced and exalted. Our group is responsible for one of these
publications, in which we described the importance of eukaryotic translation initiation factor (elF2a) in
SGs assembly as well as in chemoresistance response in U87MG and C6 cells in vitro (Fabricio de Almeida

Souza Vilas-Boas et al. 2016).

Nuclear factors regulate SGs dynamics

As knowledge around SGs evolve, many new publications describe novel molecules, proteins and nuclear
factors that regulates positively or negatively SGs assembly/disassembly. The recent discovery of Ataxin-
2-like protein (ATXN2L) as a SG down-regulator in gastric cancer (GC) is an example of the evolving
knowledge around this subject. Examining clinical follow-ups of GC patients Lin et al., 2019 found that
ATXN2L was upregulated in patients with poor prognosis, diminishing survival and increasing tumor
recurrence. These findings were supported with in vitro ATXN2L knockdown leading to promoted GC cell

migration and invasion via epithelial to mesenchymal transition.

Many other factors influence SGs assembly, including nuclear factors who indirectly affects SGs. The
DEAD-Box Helicase 3 X-Linked (encoded by DDX3X gene) has been associated with cell cycle control,
apoptosis, and tumorigenesis [24]. By using medulloblastoma single-cell resolution to assess translation
efficiency link with DDX3X, researchers revealed that SG hyper-assembly correlated precisely with
impaired global translation. SG hyper-assembly and translation impairment driven by mutant DDX3X were
rescued by a genetic approach that limited SG assembly and by deletion of the N-terminal low complexity
domain within DDX3X. Thus, in addition to a primary defect at the level of translation initiation caused by
DDX3X mutation, SG assembly itself contributes to global translation inhibition. These findings a context-

dependent survival advantage that must be considered as a possible contributor to tumorigenesis [25, 26].
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Another nuclear factor that plays a role in SGs assembly are the adenylate-uridylate-rich elements binding
proteins (AUBPs), which controls mRNA stability or translation through their binding to AU-rich elements
enriched in the three prime untranslated regions (3'-UTR) of inflammation- and cancer-associated mRNA
transcripts. Thus, AUBPs influence mRNAs recruitment into SGs. Altered expression of AUBPs
Alterations in the expression and activities of AUBPs and SG assembly have been observed to occur with
colorectal cancer (CRC) progression, indicating the significant role AUBP-dependent post-transcriptional
regulation plays in controlling gene expression during CRC tumorigenesis. Accordingly, these alterations
contribute to the pathological expression of many early-response genes involved in prostaglandin
biosynthesis and inflammation, along with key oncogenic pathways. One of these AUBPs, HuR (ELAVL1),
that belongs to the Embryonic-Lethal Abnormal Vision in Drosophila (ELAV) family of RBPs [27] can
directly bind to miRNAs (such as microRNA-21) and thus prevent the downregulation of their targets [28].

HuR is frequently upregulated in most human cancers and exerts oncogenic functions [29].

Following nuclear factors that influence on mRNA, there is the nucleoporin GLEI, a highly conserved,
essential modulator of RNA-dependent DEAD-box proteins that exists as at least two distinct isoforms in
human cells. Gle1A is required for proper SG formation, whereas Gle1B functions in mRNA export at the
nuclear pore complex. Since GlelA is required for SG function, it is hypothesized that SG-dependent
survival responses are also be Glel-dependent. GlelA is required for the sodium arsenite (SA) survival
response, and overexpression of GlelA supports survival response. Overexpression of the SG-component

G3BP1 enables a similar response [30].

Inflammatory response is modulated and modulates SGs

Considering that tumors imply in a general inflammatory niche, cytokinetic proteins epithelial cell
transforming 2 and Aurora kinase B (AurkB) are localized to stress granules in human astrocytoma cells.
Chemical (AZD1152-HQPA) and siRNA inhibition of AurkB results in fewer and smaller stress granules

when analyzed using high-throughput fluorescent-based cellomics assays. Using RNA
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immunoprecipitation with the known stress granule aggregates enucleating proteins TIA1 and G3BP on
astrocytoma cells, revealed that astrocytoma stress granules harbor unique mRNAs for various cellular
pathways, including those of cancer hallmarks: cellular migration, metabolism (proliferation), translation,
and transcriptional regulation. RNA stress granules are a novel form of epigenetic regulation in astrocytoma
cells, which may be targetable by chemical inhibitors and enhance astrocytoma susceptibility to
conventional therapy, such as radiation and chemotherapy [31]. Taken in consideration tumor cell
populations heterogenicity, it is vital to consider stem cells role in the scenario. The mitotic
serine/threonine-protein kinase 6 (Aurora A), has recently been identified to regulate alternative functions
like cell polarity, asymmetric cell division, and epithelial to mesenchymal transition in glioma stem cells

[32].

One important concept to introduce is the Integrated stress response (ISR), which is activated in different
forms of neurodegeneration. Since neuroinflammation is common to many neurodegenerative diseases —
including cancer, the endogenously produced product of inflammation, 15-Deoxy-A12,14-prostaglandin J2
(15-d-PG1J2), triggers elF2a phosphorylation thereby activating the ISR, repressing bulk translation, and

triggering SG formation [33].

Stress granule formation is important for stress response in normal cells and could lead to chemotherapy
resistance in cancer cells. Aberrant SGs dynamics are also known to disrupt proteostasis, affect RNA
metabolism, and contribute to neuronal cell death [34]. Formation of SGs varied by zeitgeber time in mouse
liver. Moreover, altering circadian regulation by silencing the core circadian gene Brain and Muscle ARNT-
Like 1 (BMALI) significantly increased stress granule dynamics, while the overexpression of Bmall
decreased them. Increased SG dynamics and formation by transient decrease of BMALI1 coincided with
increased resistance to stress-induced cell death. The circadian regulation of SGs was mediated by
oscillating elF2a expression. At zeitgeber time when BMALI and elF2a were at nadir, reduction of

unphosphorylated elF2a could significantly alter the ratio of phosphorylated/total elF2a and quickly lead
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to increased formation of stress granules. Therefore, diurnal oscillating elF2a connects the circadian cue to

a cellular stress response mechanism that is vital for both neurodegeneration and cancer [35].

The pivotal role of SGs in tumor progression becomes more evident as new studies link various previously
known molecules and factors with SGs expression. As the influence of multiple actors over SGs expression

are brought to light, it is also vital to understand how SGs themselves influence tumor hallmarks.

SGs x Apoptosis

Concerning how SG dynamics influence cellular death, some works describe an increased apoptotic
response when chemotherapeutic and other stress agents are employed [36]. Depending on the intensity of
physical or chemical stress, cells can activate defense mechanisms or rather activate the apoptotic default
program. One of the possible defense mechanisms induced by oxidative stress is the formation of
cytoplasmic SGs, a multimolecular aggregate that manifests an arrest of mRNA translation and might avoid
the generation of misfolded proteins. Although the execution of apoptotic cell death and SG formation are
mechanistically unrelated, AIF (apoptosis induction factor) can be placed in the intersection of the two
phenomena. AIF determines the balance between NAD(P)H and glutathione (GSH) under stress conditions
and maintains the levels of non-oxidized GSH, which indirectly determines SG formation. When localized
in the nucleus, AIF actively participates in DNA digestion [37, 38] utterly resulting in cellular death. When
present in mitochondria, AIF catalyzes redox reactions whose optimal and physiologically relevant electron
donors and acceptors remain elusive. Both functions of AIF, the pro-apoptotic function and the redox-

active, SG-modulatory one, can be separated because they rely on distinct molecular domains [39].

Not only by tempering with SGs core proteins influence in apoptotic response, as the siRNA-knockdown
of apoptosis-inducing factor AIF, a mitochondrial protein involved in regenerating intracellular, reduced
GSH levels ended up causing a general augmented oxidative stress in the cell and up-regulating elF2a.

Thus, leading to an increased SG-positive cell number in BHK (Baby hamster kidney 21, strain WI2)
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infected with West Nile flavivirus, thusly demonstrating a again, a connected pathway between apoptosis

and SGs [40].

Stress response relationship with SGs

Using hydrogen peroxide (H202) an oxidative agent, the TIA1 SG-enucleating protein is oxidized,
impairing SG assembly in U20S osteosarcoma cells. Also, when ER-stress is induced with thapsigargin or
sodium arsenite SG assembly is up-regulated due elF2o phosphorylation. Combined, H202 and
thapsigargin also lead to SG impaired assembly, demonstrating that even though cellular redox imbalance
is an important trigger for SG assembly, the lack of functional SG core proteins such as TIA1, affects SGs
dynamics. This impairment led to a significative increase in apoptosis in comparison to non-oxidized TIA1

cells thus, linking directly SGs absence to increased cell death [41].

Besides cytosolic events affecting apoptosis, there are nuclear events than influence cell death in a SG-
dependent manner. A mutation in progranulin (PGRN) gene exon 1 that introduces a charged amino acid
in the hydrophobic core of its signal peptide at residue 9 (named PGRN A9D) causes a mis-sorting in the
protein angiogenin (ANG) a stress-response factor and neurodegenerative disease-related protein, from
nucleus to cytoplasmic SGs, interacting with each other and activating its cytoprotective stress-response
program by cleaving transfer RNAs (tRNAs) to tiRNAs (tRNA-derived, stress-induced small RNAs), thus

promoting PGRN A9D cell survival and preventing apoptotic response [42].

Interestingly, not directly related actors like some stem cell maintaining-phenotype factors like Musashil
(MSI1) gene in CRCs. When up-regulated, MSI1 displays a positive correlation with SGs, therefore,

promoting an anti-apoptotic effect [43].

Apoptotic response to chemotherapeutic agents affects SGs

Correlating with drug treatments, the study of Comba et al. 2018, described the relationship of arginylated

calreticulin (R-CRT) in apoptosis of human glioma cell lines (HOG, MO59K) treated with Bortezomib
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(BZM). The two cell lines had distinctive susceptibility to apoptosis and BZM efficiency was found to be
correlated with a subcellular distribution of R-CRT. In MO59K (apoptosis-resistant), R-CRT was confined
to SGs formed following BZM treatment. In contrast, HOG (apoptosis-susceptible) treated with BZM
showed lower SG formation and higher levels of cytosolic and plasma membrane R-CRT. Increased R-
CRT level was associated with enhanced mobilization of intracellular Ca2+ and with sustained apoptosis
activation via upregulation of cell death receptor 5 (DRS). R-CRT overexpression in the cytoplasm of

MOS59K rendered the cells susceptible to BZM-induced cell death.

One another work also demonstrated an increase in apoptotic response when using quercetin and
temozolomide (TMZ) in T98 glioblastoma (GBM) cells. These findings were not linked to SGs as TIA1 or
G3BP1 proteins were not stained. However, the authors described presence of several cytoplasmatic
granules in treated cells. As they relate theses unknown granules to endoplasmic reticulum (ER)-stress we

can propose the idea that they were indeed SGs [45].

Similarly, our group demonstrated an apoptotic potentializing (annexin V and cleaved caspase 3) when

knocking down G3BP1 enucleating protein in U87 cells treated with the chemotherapeutic agent BZM.

Together, these findings reveal how apoptosis can and is influenced directly and indirectly by SG trigger

and impairment.

SGs x Autophagy

The studies involving autophagy and stress granules are recent (less than 10 years) and not very elusive.
Case reports about up-regulated SG and autophagic proteins (valosin-containing protein — VCP — CDC48)

already suggested an SG clearance-role of autophagy [46].

Exploratory experiments attempt to elucidate autophagic influence in SGs dynamics. Using baker's yeast,

125 genes were identified in a genetic screen that affected the dynamics of SGs. Analyses of mutants,
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including CDC48 alleles, provided evidence that SGs can be targeted to autophagic vacuoles, a process
named granulophagy. Moreover, stress granule clearance in mammalian cells is reduced by inhibition of

autophagy or by depletion or pathogenic mutations in VCP, the human ortholog of CDC48 [47].

Concerning the role of autophagy in SGs clearance, proteomic analyses of Syk-binding (spleen tyrosine
kinase) proteins identified several interacting partners also found to be recruited to stress granules. Treating
cells with SGs inducers resulted in Syk recruitment to SGs. This recruitment required the phosphorylation
of Syk on tyrosine and resulted in the phosphorylation of proteins at or near the stress granule, like the
growth factor receptor-bound protein 7 (Grb7). This recruitment promotes the formation of
autophagosomes and the clearance of stress granules from the cell once the stress is relieved, enhancing the

ability of cells survival [48].

Diseases, stress and autophagy — a SG correlation

As autophagy is knowingly linked to cellular stress, chronic environmental stress and high glucocorticoid
trigger mTOR-dependent inhibition of autophagy, leading to Tau (microtubules stabilization proteins)
aggregates accumulation and utterly, cell death in P301L-Tau expressing mice and cells. The disturbed
cellular homeostasis triggers insoluble accumulation of different RNA binding proteins (RBPs), such as
Poly(A)-binding protein (PABP), G3BP1, TIA-1, and FUS, forming SGs and Tau aggregation. An mTOR-
driven pharmacological stimulation of autophagy attenuates the high glucocorticoid-driven accumulation
of Tau and SG-related proteins as well as the related cell death, suggesting a critical interface between
autophagy and the response of the SG-related protein in the neurodegenerative potential of chronic stress
and high glucocorticoid [49]. Most observations of SGs involvement with autophagy were described in
diseases. One of the most studied pathologies is the amyotrophic lateral sclerosis (ALS). ALS-causing
genes, including TARDBP (Transactive DNA-binding protein 43 - TDP-43), FUS (fused in sarcoma gene),
MATR3 (Matrin-3), chromosome 9 open reading frame 72 (C9ORF72) and several others fall into two

functional categories: RNA-binding/homeostasis and protein-quality control (i.e. autophagy and
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proteasome). The RNA-binding proteins tend to be aggregation-prone with low-complexity domains
similar to the prion-forming domains of yeast. Mutant forms of TDP-43 and FUS perturb SG dynamics,
lengthening their cytoplasmic persistence. Persistent SGs may give rise to intractable aggregates that disrupt
neuronal homeostasis, thus failure to clear SGs by autophagic processes may promote ALS pathogenesis
[50].The expression of ALS-linked FUSR521C impairs the disassembly of SG under oxidative stress
conditions. As FUS-positive SGs colocalize with the classical autophagy marker LC3, up-regulating
autophagic dynamics reduced the number of SGs, including FUSR521C positive ones. This augmented
clearance attenuated the neurotoxic consequences of mutant FUS expression under oxidative stress
conditions that induced SG assembly in neurons. Specifically, neurite fragmentation and cell death were

ameliorated in these cells [51].

Very interesting questions that remain not entirely answered were risen by Lee, 2015 :How do cells regulate
and harmonize formation/disassembly/autophagic degradation of SGs in response to different stresses in
physiology and pathology? Which signals induce autophagic clearance of physiological or pathological
SGs as opposed to disassembly of SGs? How are transient or persistent SGs recognized by autophagy
machineries? Unravelling the pathways around these questions could lead to new strategies of treatment for

ALS and other diseases, such as cancer.

SGs x Chemoresistance

Being able to resist cytotoxic effects of the broad arsenal of chemotherapeutic agents is a main challenge
when fighting cancer. Tumors use all sorts of escape routes to dampen pharmacological effects and avoid
cellular death. A variety of genes and proteins have their expression modulated in cancer. Previously
mentioned ATXN2L, promotes cell invasiveness and oxaliplatin resistance and can be upregulated by
epidermal growth factor (EGF) via PI3K/Akt signaling. ATXN2L may be an indicator and therapeutic

target in GC, especially for oxaliplatin-based chemotherapy [23].
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When considering chemotherapy regimen, it is important to know they affect and target DNA or RNA.
Receptor for activated C kinase 1 (RACK1) a protein mediating cell survival and apoptosis, is a component
of 5-fluorouracil-induced stress granules. Analysis of 5-fluorouracil metabolites led to the conclusion that
SG assembly is caused by RNA, not DNA incorporating 5-fluorouracil metabolites. Incorporation of
chemotherapeutics into RNA may result in stress granule assembly with potential significance in

chemoresistance [53].

Chemotherapeutics vs SGs

Chemotherapeutic agents’ effects are often lessened by SGs formation. When C6 and US7MG cells were
exposed to BZM, cisplatin, or etoposide SG formation peaked. However, when forced expression of a
dominant negative mutant of elF2a (elF2a(DN)) was employed to block this pathway, SG assembly was

impaired. Less SGs enhanced chemotherapeutically-induced cell death for all three drugs [54].

Another protein that is directly linked to anti-cancer drugs is MSI1, that promotes human GBM stem cells
and enhances chemoresistance when exposed to sublethal stress. The overexpression of MSI1 leads to a
protective effect in mitigating drug-induced cell death, thus facilitating the formation of chemo resistant
SGs in response to arsenic trioxide (ATO) treatment. SG components, such as protein kinase RNA-activated
(PKR) and elF2a, are dominantly activated and assembled, in cells treated with ATO. The activated PKR
and elF2a contribute to downstream enhancements in stem cell genes, thereby promoting the progression
of GBM. By silencing MSI|1, the effect was abolished. Thus, MSI1 plays an important role in SG dynamics
that grants cancer stem cells chemo resistant stress granules in GBM, in response to stressful conditions
(Chen et al., 2018). Intracellular MSI1 SGs also enhances the chemoresistance of CRCs by promotion of
stemness phenotype. An analysis of clinical CRC samples indicated that MSI1 expression was prominent
in CRC stage IIA and IIB. By critically modulating and promoting development of CD44+ (surface
adhesion receptor) stem cells phenotype and also enhancing CRC chemoresistance via formation of SGs

[43].
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Chemoresistance is a multi-factor phenomenon that thrives with complexity. Cell ability to resist drug
treatment is surprising, and, with the pathways and actors being discovered and elucidated, we are on a path

to overcome it.

Concluding remarks

Stress granules studies have been arising in the domain of publications. Not only they are been described
as mechanisms of chemoresistance but their influence in autophagic and apoptotic pathways is undeniable.
As many factors modulate SG dynamics of assembly and disassembly, we can only wonder how influential
are these little membrane-less organelles in a variety of pathologies. The answer is being constructed by

science, brick by brick and as knowledge is formed, new therapies can be developed and lives, saved.
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Objetivos

Objetivo geral

Avaliar os efeitos da redugdo da expressdo do mRNA e, consequentemente, da expressao da proteina

enucleadora de granulos de estresse G3BP1 sobre a formagado de GS e sobre a sensibilizagdo de células das

linhagens humanas de glioblastoma U87MG e T98G aos quimioterapicos Bortezomib (BZM), Etoposideo

(ETO) e Temozolomida (TMZ).

Objetivos especificos

L.

Definir a concentragdo de inibicao de 50% (half maximal inhibitory concentration - 1Cs) para os
quimioterapicos BZM, ETO e TMZ;

Avaliar a dindmica temporal de formacao de GS durante a exposi¢ao as drogas BZM, ETO e TMZ;
Definir qual é a melhor sequéncia (dentre trés possibilidades) capaz de reduzir a expressdao do
RNAm de G3BP1 com a técnica de silenciamento por RNA de interferéncia;

Avaliar o efeito da redugdo da expressao do RNAm de G3BP1 na viabilidade celular da linhagem
U87MG tratada com BZM, ETO e TMZ;

Avaliar o efeito da redugdo da expressao do RNAm de G3BP1 no ciclo celular da linhagem US7MG
tratada com BZM, ETO e TMZ;

Avaliar o efeito da reducdo da expressao do RNAm de G3BP1 na morte celular induzida pelos
quimioterapicos BZM, ETO e TMZ na linhagem US7MG;

Avaliar o efeito da redugdo da expressdo do RNAm de G3BP1 na autofagia apos tratamento das
células da linhagem U87MG com BZM, ETO e TMZ;

Avaliar o efeito da reducdo da expressao do RNAm de G3BP1 na angiogénese induzida pelas

células da linhagem U87MG tratadas com BZM, ETO e TMZ.
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Methodology
Cell culture

Cells from two glioblastoma multiforme lines (U-87 MG [ATCC® HTB-14™] and T98G [ATCC® CRL-
1690™]) were cultured in high-glucose Dulbecco’s modified Eagle’s medium (hgDMEM) supplemented
with antibiotics (Penicillin-Streptomycin, SigmaAldrich®), L-glutamine (GlutaMAX™, ThermoFisher

Scientific®) and 10% fetal bovine serum at 37°C in 5% CO2.

Chemotherapeutic treatment

GBM cells were exposed to three different chemotherapeutic agents: Bortezomib (BZM), Etoposide (ETO)

and Temozolomide (TMZ) (All from Sigma-Aldrich®, 0,05% in DMSO) diluted in hgDMEM 1% FBS.

Cell viability

Cellular drug resistance was tested with MTT assay. In both cell lines, 10* cells were plated on 96-well
plates and kept in hgDMEM supplemented with 10% FBS for 24 hours and then subjected to drug treatment
in hgDMEM supplemented with 10% FBS for additional 24 hours in cell incubator. The concentrations
tested ranged from 5nM - 500uM. After treatment, cells were washed with PBS and added MTT ((3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Sigma-Aldrich®) in a final concentration of
0,2mg/mL for two hours. The solution was withdrawn, and the formed formazan crystals were dissolved in
DMSO and read on a plate reader (Versamax™, Molecular Devices®) using a reference wavelength of

570nM (AMERICAN TYPE CULTURE COLLECTION, 2011).
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Immunofluorescence assay

Cells from U87MG and T98G cell lines were plated over round glass coverslips in 24-well plates at a
concentration of 10° cells/well and kept in hgDMEM supplemented with 10% FBS for 24 hours. Briefly,
after the desired drug incubation time (4,6,8,10,12,14,16 or 24 hours) in hgDMEM 1% FBS and siRNA
transfection (when applicable), cells were washed with PBS and fixed with paraformaldehyde 4% for 10
minutes. Fixed cells were permeabilized and blocked with a 3% Triton X-100 (Sigma-Aldrich®), 10%
bovine serum albumin (BSA) PBS solution for 1 hour. Then, cells were incubated with primary anti-G3BP1
antibody (1:150, TT-Y:sc-81940, Santa Cruz Biotechnology®) and/or TIA-1 antibody (1:20, C-20:sc-1751,
Santa Cruz Biotechnology®) diluted in staining solution (3% Triton X-100, 1% BSA) overnight at 4°C
and Alexa Fluor 488/594 fluorescent secondary antibodies (1:200, Abcam™) for 2 hours at room
temperature. We analyzed the DAPI-counterstained slides using confocal microscope (Zeiss™ Axiovert
LSM 880, Carl Zeiss, Jena, Germany) equipped with a Plan-APOCHROMAT 63X/1.40 oil DICII objective
(Zeiss™, Carl Zeiss, Jena, Germany) and determined the overlap between these proteins as described
previously [15]. We analyzed the DAPI-counterstained slides by using filter sets that provide an excitation
of 364, 488 and 633 nm with emission band pass (BP) of 437 to 490 nm, 515 to 534 nm and 651 to 704 nm
to detect the fluorescence of DAPI, Alexa Fluor® 488 (A-11034) and Alexa Fluor® 633 (A-21050),
respectively. Foci analysis was carried out considering de following scores: 4 — 75-100% cells harboring

SGs, 3 —50-75%, 2 —25-50% and 1 — 0-25%.

Small interference RNA

Cultured U87 cells were plated in a density of 10° cells per well in 6-well plate (blotting) or 10* in 24-well
plates (immunofluorescence and annexin) or 103 in 96-well plates (MTT). Cells were kept in hgDMEM
supplemented with 10% FBS for 24 hours. Transfection was carried out using specific siRNA for human

G3BP1 (TriFecta™ kit, IDT®) and universal negative control - SCRAMBLE at a final concentration of
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10pmol with transfection reagent FuGENE 6 (Promega®) in hgDMEM 10% FBS, according to product’s

manual, for 48 hours.

Real-time PCR

Total ribonucleic acid (RNA) from siRNA transfected cells was isolated with TRIzol (Invitrogen, USA)
and treated with DNAse I Amplification Grade (Sigma, USA) following the manufacturer's specifications
before quantification using a spectrophotometer (NanoDrop® ND-1000, Thermo Scientific, USA). For
reverse transcription polymerase chain reaction (RT-PCR), we used a standard. First, 250 ng of RNA were
added on a mix 1 with 300 ng/ul of random primers and 7 pL of MiliQ water up to a final volume of 10 pL.
The mix 1 was heated at 70° C for 10 minutes and immediately chilled on ice. Then, another mix was
prepared and added to the mix 1, containing 4 puL of 5x buffer solution, 1,25 pL of Deoxynucleotide
(10mM), 2 uL of Dithiothreitol, 1 pL of TR4 enzyme and 1,75 puL of MiliQ water. For the RT-PCR, we
performed the following program: heating at 42° C for 60 minutes, 70° C for 15 minutes and cooling at 4°

C for 10 minutes before a new quantification.

The expression level of the G3BP1 marker was analyzed by quantitative real-time polymerase chain
reaction (qQPCR) on Life Viia 7 PCR System (Applied Biosystems, USA) using Power up SyBr Green
Master Mix (Thermo Fisher Scientific, USA) following all manufacturers’ specifications, running 50 cycles
in the fast mode. We used the QuantStudio Real-Time PCR Software (Applied Biosystems, USA) and the
AACt method in order to obtain the relative G3BP1 gene expression in RNAi-treated and control human
glioblastoma cells. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 18s ribosomal RNA (18s)
were used as endogenous controls and control group (CT) as the reference sample. Primer sequences are:
G3BP1 Forward CTT TGG GTT TGT CAC TGA GC, Reverse GGT GTT TGC TGT CTT TCT TCA GGT

TCC, 18S Forward CGT TCC ACC AAC TAA GAA CG, Reverse CTC AAC ACG GGA AAC CTC AC
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and GAPDH Forward GG AGT CCA CTG GCG TCT TCA C, Reverse GAG GCA TTG CTG ATG ATC

TTG AGG.

Cell cycle analysis by hypotonic solution of propidium iodide

As previously described (RICCARDI; NICOLETTI, 2006), 10* cells were plated in 24-well plates, kept at
hgDMEM 10%FBS for 24 hours, transfected with siRNA in hgDMEM 10% FBS for 48 hours and treated
with chemotherapeutic agents IC50 in hgDMEM 1% FBS for further 24 hours. Then, cells were harvested
with trypsin (0,05%), resuspended in PBS, centrifuged at 200g for 5 minutes and stained with hypotonic PI
solution for 1 hour. Stained nuclei were evaluated by flow cytometer at PI-A channel. Data was analyzed

by FlowJo.

Annexin V - 7AAD

Platted, siRNA transfected and IC50 drug in hgDMEM 1% FBS treated cells were harvested with trypsin
(0,05%) from 24-well plates at 10* density, resuspended in 500ul of binding buffer. Incubated with 1ul
Annexin V-FITC (BD Biosciences) and 2ul 7AAD (BD Biosciences) for 15 min at 37 °C in cell incubator.

Cells were analyzed by flow cytometer. Dot plots were analyzed by FlowJo.

Immunoblotting

Cleaved and total caspase 3 expression in U87 glioblastoma siRNA transfected and IC50 drug treated cells
was evaluated by Western blot. Whole cell extracts were obtained 6-well cultured cells seeded at 105
density, kept for 24 hours in hgDMEM 10% FBS and transfected with siRNA in hgDMEM 10% FBS for
48 hours, by using a lysis buffer (0.5% Triton X-100, 100 mM Tris/HCI, pH 8.0, 10% glycerol, 5 mM

EDTA, 200 mM NaCl, 1 mM DTT, 1 mM PMSF, 25 mM NaF, 2,5ug/ml leupeptin, Sug/ml aprotinin, and
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1 mM sodium orthovanadate) on ice. Lysates were centrifuged at 13,000g for 10 min at 4 °C and quantified
using the Bradford assay reagent (Bio-Rad Hercules). Extracts (20ug) were separated by electrophoresis on
a denaturing 10% polyacrylamide-SDS gel and transferred onto nitrocellulose membranes. Membranes
were blocked overnight at 4 °C with PBS containing 5% (w/v) nonfat dry milk and 0.1% Tween-20, washed
three times with PBS containing 0.1% Tween-20, and then incubated with Caspase 3 and Caspase 3 —
cleaved antibody (Cell signaling - 1:1000 final dilution) in phosphate-buffered saline containing 5% (w/v)
BSA and 0.1% Tween-20. After washing, membranes were incubated with horseradish peroxidase-
conjugated secondary antibody (Santa Cruz Biotechnology - 1:3000 final dilution). Immunoreactive bands
were visualized through an enhanced chemiluminescence detection system (GE Healthcare). Cleaved and
total caspase 3 levels were quantified by using a densitometric analysis software (ImageJ, Image Processing
and Analysis in Java), and these values were normalized to the values of B-actin (1:10000) in the same

sample and expressed in arbitrary units (PIETRANI et al., 2018).

Chick chorioallantoic membrane (CAM) assay

The CAM is immunodeficient and highly vascularized, making it a natural in vivo model of tumor growth
and angiogenesis. CAM begins to develop by day 3 after fertilization and matures by day 14. The CAM is
naturally immunodeficient and highly vascularized, making it an ideal system for implantation of. Briefly,
fertilized chicken eggs (Gallus gallus) were purchased from Incubator Rivelli (Mateus Leme, MG, Brazil)
and maintained in a 37° C incubator under a moist atmosphere with 70% humidity. After three days, a hole
was cut in the egg shell, following sealing with tape and incubation of eggs at 37°C. On the 10th day a
silicone ring was placed in each CAM and BZM IC50 siG3BP1 and siSCRAMBLE conditioned US§7MG
media was added. After three days the silicone ring with CAM was removed from the eggs and fixed
aldehyde fixation 4% (w/v) in PBS pH 7.4. Then, the CAMs were dehydrated, paraffin embedded and

stained with hematoxylin-eosin. Images of forty areas were obtained and blood vessels were quantified
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using Zen BLUE software. Histological images were obtained using a 20x objective in Axio Lab A1 (Zeiss,

Carl Zeiss) confocal microscope (OLIVEIRA et al., 2012).

Stem cell quantification

Platted U87 cells were harvested with trypsin (0,05%) from 24-well plates at 10* density, resuspended in
200ul of binding buffer. Incubated with CD133 antibody (1:200 Miltenyl Biotec®) for 2 hours. Then, cells
were stained with secondary antibody AlexaFluor 488 (1:200, Abcam™) for 2 hours. Cells were analyzed

by flow cytometer. Dot plots and histograms of total fluorescence were analyzed by FlowJo.

Determination of lysosomal accumulation by cytochemical-staining (AAU)

Determination of Autophagy Arbitrary Units (AAU) is based on three different assays combined. In order
to observe lysosomal accumulation caused by drug treatment, cells are subjected to a recovery phase after
drug treatment and then experimented. The first assay is Neutral red (NR), used to stain lysosomes. Then.
After washes and fixation, MTT and violet crystal (CVS) assays are performed in order to correct and

normalize cell quantity.

G3BP1 knocked down and siSCRAMBLE U87 cells were treated with BZM, ETO and TMZ for 24 hours
with hgDMEM 1% FBS (v/v) in a 37 °C incubator at a moist atmosphere of 5% carbon dioxide. After
treatment, and 48H recovery phase in hgDMEM 10%, cells were stained with 30 pg/mL NR (Sigma-
Aldrich) at 37 °C for 2 hours and washed twice with PBS. Next, NR was eluted with a 1% (v/v) alcoholic-
based acetic acid fixing solution for 10 min at room temperature and measured at 540 nm using a plate
reader (Versamax™, Molecular Devices®), with a wavelength correction set at 800 nm for subtraction of
backgrounds. Cell survival rates were normalized to the absorbance values of untreated cells and
represented as percentage. Lysosomal accumulation was characterized by the uptake of lysosomotropic dye

NR. To calculate AAU, the NRU survival rate was normalized to the mean of the MTT and CVS survival

-— x)
AAU = AL

rates according to the formula:
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where Xa,, Xp, and x. were respectively the survival rates measured by NRU, CVS, and MTT assays.

(MARTINS et al., 2013).

Acidic vesicles detection by acridine orange staining and flow cytometry

Measurement of indirect autophagy by acidic vesicles detection was performed by platting 10° cells (T98
and U87) and in hgDMEM 10% FBS. On the next day, cells were treated with chemotherapeutic agents
(BZM, ETO and TMZ) in hgDMEM 1% FBS, at a time-course regimen (2,4,6,8,10,12,14 and 16 hours).
After incubation cells were washed in PBS and a solution of acridine orange hemi(zinc chloride) salt
(1pg/mL, Sigma-Aldrich®) was added for 15 minutes, than withdrawn and replaced with DMEM 1% FBS.
Positive control was rapamycin (1uM, Sigma-Aldrich®). Images were quickly acquired with EVOS FL
Cell Imagining System™ (ThermoFisher Scientific®) and cells were detached and resuspended in FACS
buffer for flow cytometry analysis (BD Accuri™ C6 Plus, BD Biosciences®). Images were analyzed by
quantification of green/red channels using ImageJ®. Flow cytometry data was analyzed by

FL3(PE)/FL1(FITC) ratio mean on fluorescence intensity of positive events in FlowJo VX® software.

LC3 protein detection

Cells were plated on round glass coverslips in 24-well plates at concentration of 10° cells (T98 and U87)
and kept in hgDMEM 10% FBS. Briefly, after the desired incubation time (4,6,8,10,12,14 and 16 hours),
cells were washed in PBS, fixed with paraformaldehyde 4% for 10 minutes and cold-ice methanol for
additional 10 minutes. Prior to antibody phase, cells were permeabilized with a 3% PBS solution of Triton
X-100 (Sigma-Aldrich®) for 10 minutes and blocked with BSA for 1 hour. Microtubule-associated protein
1A/1B-light chain 3 (LC3) was detected using a primary antibody anti-LC3 (1:100, Anti-LC3B Img/ml,
L7543 SIGMA, Sigma-Aldrich®) overnight at 4°C and secondary antibody Alexa 488 (1:200,

ThermoFisher Scientific®) for 2 hours at room temperature. After staining, cells were resuspended in FACS
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buffer for flow cytometry analysis (BD Accuri™ C6 Plus, BD Biosciences®). Flow cytometry data was

analyzed by obtaining mean of FITC fluorescence of gated cells with FlowJo® VX software

Statistical analysis

Statistical analysis was performed using GraphPad Prism® or SPSS Statistics version 20. The strength of
linear correlation analysis was calculated by Pearson’s coefficient (r). To perform comparative statistical
analysis, we first analyzed the normal distribution of data according to Kolmogorov-Smirnoff test. Next,
we performed pair-wise comparisons for independent samples using the parametric or non-parametric tests
T-student or Mann-Whitney, respectively. Outliers were removed by ROUT method (Q = 1)(BROWN;
MOTULSKY, 2006). In case of multiple comparisons, we performed one-way analysis of variance
(ANOVA) with Dunnett’s T3, Tukey or Bonferroni post-hoc tests, depending on homogeneity of variance.
We analyzed data obtained from at least 3 independent experiments and expressed as mean values + error
standard. As statistically significant, we considered P values lower than 0.05. The significance levels
relative to control were described with asterisks above bars and for multiple or pair comparisons according

to what is indicated by lines.
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ABSTRACT

Glioblastoma multiforme (GBM) is the most lethal form of gliomas. New therapies are currently in
development to tackle treatment limitations such as chemotherapy resistance. One mechanism of
resistance may be the stress granules (SG) assembly, a stress-related cellular response that allows cells to
recruit and protect mRNAs during stress. SG are composed of various proteins, being G3BP1 a core
element that enucleates and results in SG assembly. Here, we aimed to evaluate the effects of inhibiting
the G3PB1 expression in the chemotherapeutical-induced cell death of the U87 glioblastoma cell line.
Interfering in G3BP1 mRNA and protein expression with short-interference RNA, we were able to
diminish SG assembly successfully. Using Bortezomib (BZM), a proteasome inhibitor, we observed
reduced cell viability in the MTT assay when compared to the vehicle control. By staining cells with
Annexin V/7-AAD and analyzing by flow cytometry, we observed that when G3BP1 was knocked-down,
the BZM-treated cells had a significant increase in the apoptotic response. Corroborating this data, we
observed increased Caspase-3 activation in the BZM-treated and G3BP1-knocked-down cells when
compared to vehicle-treated and scramble-transfected cells, as evaluated by immunoblotting. Worth
mentioning, the conditioned culture medium of G3BP1-knocked-down cells inhibited the angiogenesis in
the chorioallantoic membrane in vivo assay when compared to controls. Our data suggest G3BP1 knock-
down diminishes SG formation and stimulates BZM-induced apoptosis of U87 in vitro, in addition to

inhibiting glioblastoma-induced angiogenesis in vivo.

Keywords: Stress granules, G3BP1, Glioblastoma multiforme, Bortezomib, Apoptosis, Angiogenesis.

INTRODUCTION

Gliomas are the most common type of human primary brain tumors. The most lethal form is the
glioblastoma multiforme (GBM), a class IV astrocyte-derived cancer which ranges in age-adjusted

incidence rate from 0.59 to 3.69 per 100,000 persons depending on reporting country/organization [1].
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Despite being relatively rare in comparison to breast or lung cancer, it is far more lethal. Survival rates in
5 years post-diagnosis are 5% with a survival median of 5 to 8 months [2]. New therapies, such as the
small interfering RNA (siRNA), a common form of RNAi-based therapeutics, have been intensively
investigated [3]. Silencing specific genes associated with cancer chemotherapy resistance and tumor

progression can be potentially used as a novel antitumoral strategy in the near future [4, 5].

The stress granules (SG) have been studied for their role in cancer resistance to chemotherapy [6]. They
are non-membranous cytoplasmic foci, composed of mRNA-protein complexes (mRNP), that rapidly
aggregate in cells exposed to adverse environmental conditions, such as chemical and physical stresses,
by then inhibiting protein synthesis [7]. Our research group has recently demonstrated the rat C6 and
human U&7 cell lines when exposed to Bortezomib, Cisplatin, or Etoposide assembly SG in an elF2a-
dependent manner. The forced expression of a dominant negative mutant of elF2a enhanced the
chemotherapeutically-induced cell death [8]. Worth mentioning, the knock-down of core SG enucleating
proteins, such as G3BP1 or TIA-1, has been shown to impair SG assembly and diminishes tumor
aggressiveness of some cancer cells [9, 10, 11]. However, there is no current data in the literature about

the effect of knocking-down SG enucleating proteins on GBM.

In the present study, we aimed to evaluate the effects of knocking-down the G3BP1 expression by
siRNA strategy towards SG assembly using U87 GMB cell line, which were exposed to the
chemotherapeutic Bortezomib (BZM). BZM is a selective proteasome inhibitor approved by the United
States Food and Drug Administration for treating several types of tumors [12], induces growth arrest and
apoptosis in glioma cell lines [13] and ovarian, prostate, and head and neck squamous cell cancers [14].
However, the effect of BMZ on GBM seems to be quite restricted, limiting its application to the

association with Temozolomide in the clinical practice [15].

We hypothesized that the inhibition of SG assembly by silencing the expression of the core enucleating
protein G3BP1 potentializes BZM-induced cell death in U87 cells. Also, as angiogenesis is an important
hallmark of GBM aggressiveness [16], we also hypothesized that SG inhibition disrupts GBM-induced
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angiogenesis. If we are correct, direct inhibition of SG formation could be a good adjuvant strategy to be

considered to overcome the chemoresistance observed for GBM.

MATERIALS AND METHODS

Cell culture
Human glioblastoma multiforme cell line U87 [ATCC® HTB-14™] was cultured in high-glucose

Dulbecco’s modified Eagle’s medium (DMEM), supplemented with antibiotics (Penicillin 1000 units —
Streptomycin 0.1 mg/L, Sigma-Aldrich®), L-glutamine (GlutaMAX™, ThermoFisher Scientific®) and

10% (v/v) fetal bovine serum (FBS, Cultilab®) in a humidified atmosphere containing 5% CO2 at 37°C .

Chemotherapeutic treatment
GBM cells were exposed to Bortezomib (CAS 179324-69-7 Sigma-Aldrich®) dissolved in DMSO (0.05

M - Sigma-Aldrich®) and diluted in DMEM (Sigma-Aldrich[7) supplemented with 1% (v/v) FBS, 1000
units of penicillin and 0.1 mg/L of streptomycin. Of note, in contrast to our previous work where the
culture media was supplemented with 10% (v/v) FBS [8], in the present study, U87 cells were exposed to
BZM diluted in such a starvation media aiming to better mimicking the low perfused scenario of GBM

dysregulated growth [17].

Cell viability and IC50 determination
After 24 h of seeding 104 U87 cells per well in a 96-well plate, we treated cells with BZM at increasing

concentrations (10-10 to 10-4 M) and incubated for further 24 hours in a humidified atmosphere
containing 5% CO2 at 37°C . To quantify viability, we performed the MTT colorimetric assay, as
previously described [18]. Absorbance values were read at 550 nm, using the microplate reader
(Versamax™, Molecular Devices®) and a reference wavelength of 570 nm. The IC50 was calculated

through linear regression after ROUT outlier exclusion method [19].
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Small interference RNA
After seeding U87 cells in DMEM supplemented with 10% (v/v) FBS for 24 hours in a humidified

atmosphere containing 5% CO2 at 37°C , the transfection was carried out using specific siRNA for
human G3BP1 (TriFecta™ kit, IDT®) and universal negative SCRAMBLE control at a final
concentration of 10pmol with transfection reagent FuGENE 6 (Promega®) for 48hours, in DMEM 10%
(v/v), according to manufacturer’s instructions. After that, the wells were washed, and cells were exposed

to BZM or DMSO vehicle diluted in DMEM 1% FBS for the required time depending on the purpose.

Immunofluorescence assay
U87 cells were seeded at 105 cells per well in 24-well plate containing round cover glass and treated with

BZM (20nM). Supernatants were washed out, and adherent cells were immunoassayed after aldehyde
fixation 4% (w/v) in PBS pH 7.4 for 10 minutes. After washing and blocking, we incubated cells with
primary monoclonal antibodies against G3BP1 (clone TT-Y) and TIA-1 (clone C-20) (both from Santa
Cruz Biotechnology®) according to manufacturer’s instructions, and then with goat Alexa Fluor-coupled
antibodies (Molecular Probes) against mouse IgG (Alexa 633) or rabbit IgG (H+L) (Alexa 488),
respectively. We analyzed the DAPI-counterstained slides using confocal microscope LSM 880 equipped
with a Plan-APOCHROMAT 63X/1.40 oil DICII objective (Carl Zeiss). The overlap between target
proteins was determined as described previously [19]. The foci quantity score was carried out

considering: 4 — 75-100% cells harboring SGs, 3 — 50-75%, 2 — 25-50% and 1 — 0-25%.

Real-time PCR
Total RNA from G3BP1 and SCRAMBLE siRNA-transfected U87 cells (seeded at 106 cells per well in

6-well plates) was isolated with TRIzol (Invitrogen®) and treated with DNAsel (Sigma Aldrich®)
following the manufacturer's specifications. The expression level of the G3BP1 was analyzed by

quantitative real-time polymerase chain reaction (qQPCR) on Life Viia 7 PCR System (Applied
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Biosystems®) using Power up SyBr Green Master Mix (Thermo Fisher Scientific®) following
manufacturers’ specifications. We used the QuantStudio Real-Time PCR Software (Applied
Biosystems®) and the AACt method in order to obtain the relative G3BP1 gene expression. GAPDH and
18s ribosomal RNA were used as endogenous controls, and scramble control group (CT) as the reference
sample. Primer sequences were: G3BP1 Forward CTTTGGGTTTGTCACTGAGC, Reverse
GGTGTTTGCTGTCTT TCTTCAGGTTCC, 18S Forward CGTTCCACCAACTAAGAACG, Reverse
CTCAAC ACGGGAAACCTCAC, and GAPDH Forward GGAGTCCACTGGCGTCTTCAC, Reverse

GAGGCATTGCTGATGATCTTGAGG.

Annexin V / 7-AAD staining and flow cytometry
G3BP1 and SCRAMBLE siRNA-transfected U87 cells (seeded at 104 cells per well in 24-well plate)

were treated with BZM (20nM) for 24 hours. Two-color flow cytometry was applied to detect the
Annexin V-FITC binding and the exclusion of 7-AAD. The cells Annexin V+ and 7-AAD- represented
the early apoptotic cells, whereas the cells positive for both markers represented the late apoptotic cells.
After the treatment, cells from the supernatant and the adhered ones were collected and washed twice
with PBS. A total of 1 uLL of Annexin V-FITC and 7 pL of 7-AAD (both from BD Biosciences®) were
added in 500 pL binding buffer, and samples were maintained at room temperature for 15 min in the dark.
At least 10,000 events were acquired (BD FACS CANTO II™) and data was analyzed using the FlowJo®

VX software.

Immunoblotting
Pro- and cleaved caspase-3 expression was evaluated by western blot in siG3BP1 and siSCRAMBLE

U&7 cells (106 cells per well in 6-well plate) treated with BZM (20nM) for 24 h. Whole cell extracts were
lysed in buffer [10.5% (v/v) Triton X-100, 100 mM Tris/HCI, pH 8.0, 10% (v/v) glycerol, 5 mM EDTA,

200 mM NaCl, | mM DTT, 1 mM PMSF, 25 mM NaF, 2.5 pg/mL leupeptin, 5 pg/mL aprotinin, and 1
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mM sodium orthovanadate[] on ice. Lysates were centrifuged at 13,000g for 10 min at 4°C and quantified
using the Bradford assay reagent (Bio-Rad Hercules). Extracts (20 pg) were fractionated by
electrophoresis on a denaturing 10% polyacrylamide-SDS gel and transferred onto nitrocellulose
membranes. Membranes were blocked overnight at 4 °C with PBS containing 5% (w/v) nonfat dry milk
and 0.1% (v/v) Tween-20 (Sigma-Aldrich), washed three times with PBS containing 0.1% (v/v) Tween-
20, and then incubated with primary antibodies against total and cleaved caspase-3 (Cell signaling®) or -
actin (Sigma Aldrich®) diluted 1:1000 and 1:10000 in phosphate-buffered saline containing 5% (w/v)
BSA and 0.1% (v/v) Tween-20, respectively. After washing, membranes were incubated with horseradish
peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology® - 1:3000 final dilution).
Immunoreactive bands were visualized through an enhanced chemiluminescence detection system (GE
Healthcare®), and were quantified by using densitometric analysis software (ImageJ®). Values were

normalized to the B-actin in the same sample and expressed as arbitrary units [20].

Chick chorioallantoic membrane (CAM) assay
The CAM is immunodeficient and highly vascularized, making it a natural in vivo model of angiogenesis

[21]. CAM begins to develop by day 3 after fertilization and matures by day 14. Fertilized chicken eggs
(Gallus gallus) were purchased from Incubator Rivelli (Mateus Leme, MG, Brazil) and maintained in a
3700C incubator under 70% humidity. After three days, a hole was cut in the eggshell, following sealing
with tape and incubation of eggs at 37[1C. On the 10th day, a silicone ring was placed in each CAM, and
BZM 5iG3BP1 and siSCRAMBLE conditioned U87 media was added. After three days, the silicone ring
with CAM was removed from the eggs and submitted to aldehyde fixation 4% (w/v) in PBS pH 7.4.
Then, the CAMs were dehydrated, paraffin embedded and stained with hematoxylin-eosin. Images of
forty areas were obtained, and blood vessels were quantified using Zen BLUE software. Histological
images were obtained using a 20x objective in Axio Lab A1 (Carl Zeiss) confocal microscope. The

analysis was carried out blindly by two different researchers.
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Statistical analysis
Statistical analysis was performed using GraphPad Prism® 6 or IBM SPSS Statistics version 20. The

strength of linear correlation analysis was calculated by Pearson’s coefficient (r). The normal distribution
of data was analyzed according to the Kolmogorov-Smirnoff test. Next, we performed pair-wise
comparisons for independent samples using the parametric or non-parametric tests T-student or Mann-
Whitney, respectively. In the case of multiple comparisons, we performed one-way analysis of variance
(ANOVA) with Dunnett’s T3, Tukey or Bonferroni post-hoc tests, depending on the homogeneity of
variance. We analyzed data obtained from at least 3 independent experiments and expressed as mean
values =+ error standard. As statistically significant, we considered P values lower than 0.05. The
significance levels relative to control were described with asterisks above bars and for multiple or pair

comparisons according to what is indicated by lines.

RESULTS

Bortezomib treatment leads to transiently SG formation in U87 cells
Before to evaluate SG assembly/disassembly dynamics, we first performed a concentration-response

curve of U87 cells exposed to BZM (10-10 to 10-4 M). The IC50 calculated through linear regression
after ROUT outlier exclusion method [22] for BZM was 20 nM (Fig. 1 — A and B). This IC50 was

employed in all other experiments as a standard concentration.

We attributed not assembled SG or assembled SG depending on G3BP1 cytoplasmic staining in a diffuse
or punctuative-foci manner, respectively (Fig. 1C). By analyzing the dynamic of SG formation, we
observed rising SG assembly after 2h to a peak of observed assembly at 6h of BZM exposure.
Interestingly, this assembly was transient and is not observed anymore at the 8h time-point. However, a
lower number of cells transiently reassembled SG between after 8h. No more SG assembly was observed

after 12h of BZM exposure (Fig. 1C, bottom panel). Corroborating this data, by flow cytometry analysis,

60



we observed the cell granularity was significantly increased after BZM treatment compared to vehicle
control for both 4h and 6h time-points (Fig. 1D). These findings suggest BZM transiently induces SG

assembly.

G3BP1 down-regulation increases U87 cells sensitivity to chemotherapy: apoptosis activation
By down-regulating the G3BP1 expression through siRNA technology we could evaluate the biological

response of U87 cells regarding to the induction of stress-related granules (Fig. 2). siRNA transfection
allowed us to significantly decrease the G3BP1 expression by almost 80% in U87 cells (Fig. 2A).
Accordingly, by decreasing G3BP1 expression, the recruitment of the other known SG core protein TIA-1
to forming foci was remarkably decreased in siG3BP1 transfected cells compared to siSCRAMBLE
control (Fig. 2B). Note that in BZM-treated cells there was a remarkable co-localization between TIA-1

and G3BP1, which was lost after G3BP1 silencing.

Since the accumulation of SG is known to be associated with tumor chemoresistance [23], we
investigated its relation with apoptosis. Upon BZM treatment there was a significant increase in plasma
membrane permeabilization (7-AAD positive cells) as revealed by flow cytometry analysis (Fig. 3A). The
proportion of apoptotic cells, characterized by the presence of negatively charged lipids that bind to
Annexin V (AV) without losing cytoplasmic membrane integrity, and therefore avoiding cellular
incorporation 7-AAD (AV+/7-AAD-), did not increase after BZM treatment in U87 siSCRAMBLE cells.
However, by silencing G3BP1, after BZM treatment there was a significant increase in the AV+/7-AAD-
population compared to siSCRAMBLE control. Corroborating this data, the expression of cleaved
caspase-3 by the treatment with BZM for 24 h. Interestingly, we observed a further significant increase in

the cleaved caspase-3 levels in G3BP1-silenced cells treated with BZM (Fig. 3B).
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G3BP1 down-regulation induces anti-angiogenic effect of U87 cells
In order to evaluate the effects of G3PB1 knock-down on U87-induced angiogenesis, we collected the

U87 cells conditioned culture media (CCM) after 24 h of BZM exposure and applied it onto the
chorioallantoic membrane (CAM) of 10-days-fertilized chicken eggs. We observed BZM siSCRAMBLE
U&7 cells CCM promotes angiogenesis in the CAM in vivo model (Fig. 4). However, we observed a
significant decrease in angiogenesis when G3BP1 was silenced, suggesting the down-regulation of

G3BP1 and the consequent SG formation in U87 cells impair its ability to induce angiogenesis.

DISCUSSION

SG a part of the integrated stress response (ISR), which combines information from stress sensors and
coordinates adaptation to stress. The ISR detects several stressing factors such as amino acids deprivation
via GCN2, reticulum stress via PERK [24] and oxidative stress via HRI [17]. Therefore, tumor adapts to
this aggressive microenvironment in order to maintain cell growth and resistance to chemotherapeutics

[25].

Considering cell growth, some cellular aspects such as hypoxia, hyperosmolarity, and starvation are
countered by inefficient and disorganized neovascularization of the peritumoral area [26]. Starved cells
alternative is to uncouple glycolysis from oxidative phosphorylation to reduce dysregulation of protein
synthesis that causes reticulum stress, an apoptotic trigger [27]. However, uncoupling glycolysis pathway
from oxidative phosphorylation causes a marked increase in oxidative stress, activating several
antioxidative defense pathways such as NRF2/KEAP1, HIF1, and HSF [28]. Therefore, working with
therapy-mimicking cell media (1% FBS) allowed us to better evaluate chemotherapeutic response as well

as the SG role in a model closer to actual clinic reality.

Different chemotherapeutic agents such as Bortezomib, Etoposide, and Cisplatin were previously

described to cause SG assembly [29]. Also, it has been described some cells such as Hel.a, Calu-1, and
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MCF-7 cancer cells, can modulate a drug-induced resistance to apoptosis in an SG dependent-manner
[30]. In fact, tumor resistance is a severe problem for patients as it renders chemotherapy not as potent as
it should be. In this context, inhibiting the SG formation may provide insights into the tumoral

chemotherapeutic resistance.

SG assembly occurs in a very dynamic way, initiating with nanoscopic SG seeds that are formed and
recruit nearby seeds via weak electrostatic interactions, interactions with neighboring SG seeds, and
coalescence to form microscopically irregular visible SG. Microscopically visible SG can fuse to produce
larger SG, and after stress release, events that promote SG disassembly may include an increase in
concentrations of ternary complexes; phosphorylation of 4E-BP by mTOR, releasing the eIF4E block; and
reactivation of elF4A activities. As SG shrink, the Laplace pressure increases to promote further fusion
with adjacent SG. Over time, fewer and larger SG appear before they eventually disappear from the
cytoplasm [31]. The assembly and disassembly of SG are controlled by several intracellular events such
as the inhibition of RNA helicase elF4A [32], oxidative stress-promoting binding of 4EBP1 to elF4E [33]
and situations where both elF4F complex— and elF2a—mediated translation inhibition contribute to SG

assembly [34].

Herein, we time-related SG dynamics with the chemotherapeutic agent BZM. U87 showed a crescent and
great SG assembly stress response followed by disassembly. The granularity analysis is indicative of

protein aggregates that might translate to stress granules and was used to support that find.

As SG assembly is related to inhibition of apoptosis by diminishing oxidative stress in vivo [35], we
asked if by regulating the G3BP1 expression, GBM cells would become more sensitive to BZM. Our
results demonstrate an increase in death after BZM treatment in G3BP1 silenced U87 cells. Such an
increase in cell death was associated with caspase-3 activation. Caspase-3 is present both in intrinsic and
extrinsic apoptotic pathways: Intrinsic apoptosis is induced by cellular stress, leading to the activation of
the Bcl-2 family of proteins. The extrinsic apoptosis pathway is stimulated via ligand binding to
corresponding death receptors and recruitment of FADD, leading to the formation of a death-inducing
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signaling complex that culminates in cellular death [36] [37]. It is well-known that BZM modulated death
through both extrinsic and intrinsic pathways in prostate cancer [38], myeloma [39], cervical cancer [40]
and glioma [41]. By silencing G3BP1, we could improve this apoptosis associated cell death triggered by
BZM. Therefore, the SG impairment-strategy may be a promisor therapeutic approach to improve BMZ-
induced cell death. Accordingly, by knocking down the G3BP1 expression, the tumor cells-induced
angiogenesis was substantially impaired. Although an anti-angiogenic effect of BZM was described in
myeloma cells [42] and myeloma microvesicles [43], a pro-angiogenic effect of BZM was observed in
glioma stem cells [44]. Taken together, our results indicate a new paradigm concerning the fate of
integrated stress response in the U87 cell line. Whether it will cause cell rescue or cell death, it seems to
depend on the extent of SG formation. The harmful effects of BMZ relate to an SG axis of stress-related
cellular response, which will end up causing tumor resistance in U87. This paradigm explains the cell
resistance to BZM cytotoxicity [45] and may help in the search for a new anti-tumoral approach based on

SG impairment. We hope this paper contributes to future work in this direction.
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Figure 1. BZM IC50 increases cell granularity and causes SG assembly.

A — Graphical representation of tested BZM concentrations by MTT assay. All tested doses were
significantly different when compared to control. B — Sigmoid curve obtained from linear regression of
calculated IC50. C — Graphical representation of foci score at 2, 4, 6 and 8h time-points. D —
Representative Immunofluorescence images and surface-plots of U87 cells, stained for G3BP1 (RED).
Overlaid images are composed of nuclei DAPI staining (BLUE). E — Representative dot-plots from FACS
analysis of cell granularity and size. F — Graphical representation of FACS data for 4 and 6hours of
control and BZM treatment. One-way ANOVA test was used, where * stands for p < 0.05 and *** p <

0.001
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Figure 2. Knockdown of G3BP1 mRNA by siRNA reduces G3BP1 and TIA protein expression.

Representative Immunofluorescence images and surface-plots of U87 cells, stained for TIA-1 (GREEN)
and G3BP1 (RED). Overlaid images are composed of nuclei DAPI staining (BLUE). A — siSCRAMBLE
control. B — siG3BP1 control. C — siSCRAMBLE BZM (6hours). D —siG3BP1 BZM (6hours). E —
Graphical representation of real-time PCR results (relative to control AACT). One-way ANOVA test was

used, where *** stands for p < 0.001.
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Figure 3. BZM apoptotic effect is potentialized by G3BP1 knock-down.

A — Graphical representation of MTT assay of siSCRAMBLE and siG3BP1 control and BZM treated (24
hours) groups. B — Representative dot-plots of Annexin-V and 7-AAD FACS analysis of siSCRAMBLE
and siG3BP1 control and BZM treated (24 hours) groups C — Graphical representation of FACS obtained
data in Annexin-V/7-AAD apoptosis/necrosis assay of siSCRAMBLE and siG3BP1 control and BZM
treated (24 hours) groups. D — Immunoblotting of cleaved ad total caspase-3 expressions of
siSCRAMBLE and siG3BP1 control and BZM treated (24 hours) groups. E — Graphical representation of
cleaved caspase-3, normalized by -actin expression in siSCRAMBLE and siG3BP1 control and BZM
treated (24 hours) groups. One-way ANOVA test was used, where * stands for p < 0.05; ** p <0.01 and

5% 1 < 0.001.

76



Numeber of vessels/field

*kkk

BZM

1 CT siSCRAMBLE

CT siG3BP1
Il BZM siSCRAMBLE
B BAM siG3BP1

77



Figure 4. G3BP1 knockdown has an anti-angiogenic effect and prevents BZM angiogenic role.

A — Representative hematoxylin-eosin stained histological images of CAMs incubated with conditioned
media from siSCRAMBLE, and siG3BP1 control and BZM treated (24 hours) cells. Arrows indicate
blood vessels. B — Graphical representation of counted blood vessels per field. One-way ANOVA test

was used, where * stands for p < 0.05; and *** p < 0.001.
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Expanded results

Cell viability and calculation of ICso curves

MTT viability assay was used to test the effect of each chemotherapeutic agent, BZM, ETO and TMZ, in
both cell lines US7MG and T98G in order to calculate the half maximal inhibitory concentration (IC50),
which is a measure of the potency of a substance in inhibiting a specific biological or biochemical function
(Figure 1). Results show that, among tested chemotherapeutics, BZM is the most potent in reducing cells
viability at the 24 hours time-point (calculated IC50 =4 x10-9 £ 0.1 M for T98 and 2 x10-8 £ 0.3 M for
U87) and TMZ the least effective among the three chemotherapeutics (calculated IC50 =9 x10-5+ 0.2 M
for T98 and 1.2 x10-4 + 0.2 M for U87). The calculated IC50 for ETO was 5 x10-6 + 0.4 M for T98 and

1.3 x10-6 = 0.3168 M for U87.
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Figure 1.Cell viability and calculated IC50 curves.

Graphical representations of relative to control MTT assay results and calculated IC50 from U87 and T98
cell lines treated with BZM, ETO and TMZ. Results are show and mean £ SEM n=3. One-way ANOVA

test was used, where * stands for p < 0,05; ** p <0,01 and *** p <0,001.
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Determination of SGs dynamics by immunofluorescence assays

To establish drugs ICso influence on SGs assembly/disassembly dynamics, U87 and T98 cells were exposed
to chemotherapeutic agents in 8 different time points (2, 4, 6, 8, 10, 12, 14 and 16 hours). The anti-G3BP1
monoclonal antibody was used to demonstrate differences between cytoplasm-spread G3BP1 (not
assembled SGs) and G3BP1 cytoplasmic foci (assembled SGs). In figure 2 and 3 we can observe cells
behavior when exposed to drug treatments. We notice a pattern difference in SGs assembly of T98 and
U87. Stress granules assembly occur earlier on U87 cell line, showing the first score peak at 6 hours when

treated with BZM and at 4 hours when treated with ETO and TMZ.

Comparatively to T98 which shows later peaks at 8 hours for BZM and ETO. Temozolomide peak,
however, occurred at the same time in both cell lines, indicating that despite the intrinsic differences
between cell lines, TMZ activates stress response at the same time. Dynamically speaking, both cell lines

showed a first fast and intense SGs assembly stress response followed by a minor later one.
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Figure 2. Stress Granules dynamics by focci qualitative score

Qualitative focci score from 2, 4, 6, 8, 10, 12, 14 and 16 hours time-points of U87 and T98 cell lines treated
with BZM, ETO and TMZ.
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Figure 3. Stress granules representative immunofluorescence of G3BP1 expression peaks

Representative Immunofluorescence images and surface-plots of US7MG cells, stained for G3BP1 (RED).
Overlaid images are composed with nuclei DAPI staining (BLUE).
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SGs impairment by G3BP1 knockdown with siRNA technique

In order to achieve a reduction in G3BP1 expression, specific siRNA was employed. We tested three
different sequences of siRNA to choose better which would have the desired effect in both cell lines (Figure
4). Obtained data from real-time PCR demonstrates that siRNA sequence 2 reduced G3BP1 mRNA
expression by 43% on U87 and 90% on T98 when compared to the universal negative control (scrambled
sequence). Two endogenous genes were used for normalization (18S and Hprt) as results were more

accurate employing them.
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Figure 4. Real-time analysis of siRNA sequences 1, 2 and 3. Chosen sequence is number 2.

Graphical representation of real-time PCR experiment using three different siRNA sequences on U87 and
T98 cell lines.
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Even though siRNA sequence 2 performed in an acceptable manner for U87, further experiments were
made to better understand low siRNA efficiency and high cell death. To address these issues the transfection
reagent was changed from Lipofectamine to Fugene 6, a gentler transfection agent. By analyzing the results,
we made some observations. Transfection with Fugene6 did not work on T98 cells (Figure 5) as positive

reaction control TYE-565 did not penetrate cells.
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0.5 inches

Figure 5. Fluorescent control of transfection for US7 and T98 cells. T98 cells are not transfected with Fugene 6 reagent.

Representative image of fluorescent positive transfection control TYE-565 on U87 and T98 cell lines.
Transfection was carried out with Flugene6, according to manufactures instructions, for 48 hours.
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On U87 cells, transfection worked but upon real-time analysis we observed that siRNA sequence 2 was not
only inefficient but surprisingly, increased G3BP1 mRNA (Figure 6). Upon literature review (LI, Ping et
al., 2010), we decided to test other siRNA concentrations and discovered that using less siRNA produced
the desired effect, augmenting siRNA efficiency and inhibiting G3BP1 mRNA by more than 80% (Figure

7).
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Figure 6. Real-time analysis of different concentrations of siRNA, revealing varied expression with changing concentrations

Graphical representation of real-time PCR results with Fugene 6 transfection and varying concentrations of
siRNA 2 against G3BP1 mRNA in U87 cell lines. Results are show and mean + SEM n=3. One-way
ANOVA test was used, where ** stands for p <0,01.
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Figure 7. Real-time analysis of siRNA 2 at 10nM reduces mRNA of G3BP1 by 82,3%

Graphical representation of real-time PCR results of U87 cells transfected with Fugene 6 and 10nM of
siRNA sequence 2. Results are show and mean + SEM n=3. One-way ANOVA test was used, where ***
stands *** p < 0,001.
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Cell viability G3BPI-dependent sensitization to chemotherapeutic agents

After demonstrating viable knockdown of G3BP1 protein expression, we tested our hypothesis of cell
sensitization in a G3BP1-dependent manner. Our results show a significative difference between cells
transfected with siSCRAMBLE and siG3BP1 (Figure 8). Data is plotted as ratio between
siSCRAMBLE:siG3BP1 groups, evidencing a reduction in the absorbance assessed by MTT assay. Thus,
we observed a negative ratio when comparing chemotherapeutic-treated groups to control group, suggesting

the G3BP1 knockdown further reduces cell viability in response to BZM, ETO, and TMZ in U&7 cells.
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Figure 8. MTT comparative ratio analysis of transfected cells reveals sensibilization and negative ratio for all tested drugs

TOP - Graphical representation of sSiSCRAMBLE and siG3BP1 control, BZM, ETO and TMZ groups.
BOTTOM - Calculated siG3BP1: siSCRAMBLE ratio obtained by MTT assay. Values obtained from MTT
assay were used in order to calculate each drug (BZM, ETO and TMZ) siG3BP1: siSCRAMBLE ratio at
24 hours. Results are show and mean = SEM n=3. One-way ANOVA test was used, where ** stands for p
<0,01.
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Cell cycle modulation by Etoposide is not influenced by SGs impairment

Using propidium iodide hypotonic solution, we assessed U87 cell cycle status with 24 hours of
chemotherapeutic treatment. By analyzing siSCRAMBLE and siG3BP1 treated cells, we found no statistic
difference between control and BZM/TMZ treated groups (Figure 9). However, we did find a reduction in

cell number at GO/G1 phase with further increased cells at G2/M phase upon ETO treatment.
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Figure 9. Cell cycle analysis reveals ETO's influence on US87 cells in a G3BPI-independent manner

Percentage of cells distributed in cell cycle phases. Values obtained from annexin cell cycle assay are shown
separated for each drug (BZM, ETO and TMZ) and transfected siRNA (siSCRAMBLE and siG3BP1) at
24 hours. Hatched bars represent siG3BP1 transfected cells while regular bars represent siSCRAMBLE
transfected cells. Results are show and mean + SEM n=3. One-way ANOVA test was used, where ****
stands for p < 0,0001.

94



Annexin V- 7AAD apoptotic staining: a BZM — G3BP1 relation

Since the enhanced expression of G3BP1 and TIA1 are intrinsically associated with tumor chemoresistance
(ARIMOTO-MATSUZAKI; SAITO; TAKEKAWA, 2016; MATSUKI et al., 2013), we investigated their
relation with apoptosis. Under BZM there was a significant increase in plasma membrane permeabilization
(7-AAD positive cells) as revealed by cytofluorometric analysis (Figure 11). The proportion of apoptotic
cells, characterized by the presence of negatively charged lipids that bind to Annexin V (AV) without losing
cytoplasmic membrane integrity and therefore avoiding cellular incorporation 7-AAD, did not increase
after chemotherapy in GBM US87 cells. However, by silencing G3BP1 after BZM treatment there was
significant difference for AV+/7-AAD- populations compared to siSCRAMBLE control (p = 0.001). Note
that upon BZM G3BP1 silenced-cells revealed an apoptotic phenotype compared to ETO and TMZ (p =

0.007).
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Figure 10. Annexin V and 7-AAD analysis. Increased apoptosis observed in siG3BP1 BZM treated cells.

Percentage of cells annexin V +/ 7AAD -, annexin V -/ 7AAD + and total 7AAD +. Values obtained from
annexin V/7AAD assay are shown separated for each drug (BZM, ETO and TMZ in hgDMEM 1%FBS)
and transfected siRNA (siSCRAMBLE and siG3BP1) at 24 hours. Hatched bars represent siG3BP1
transfected cells while regular bars represent sSiSCRAMBLE transfected cells. Results are show and mean
+ SEM n=3. One-way ANOVA test was used, where * stands for p < 0,05; ** p < 0,01 and *** p < 0,001
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Acidic vesicles peaks detection by acridine orange time-course

To assess cells autophagic state, we performed an assay with acridine orange (A.O.), a vital staining reagent
that when spread, displays a green fluorescence and when aggregated, displays a red fluorescence. By
calculation a ratio between red fluorescence and green fluorescence obtained from fluorescent images we
were able to plot a time-course graph for all three drugs in both U87 and T98 cell lines. We can clearly
observe and increase in RG ratio at 8 hours for ETO and TMZ. As for T98, the RG ratio shows a peak at

10 hours for BZM/ETO and at 12/16 hours for TMZ.

To refine our understanding of A.O. dynamic observed in U87 cells, we assayed through a time-
course, A.O. red (FL3) staining. As BZM and ETO had no significant difference among all tested times,

TMZ revealed and increased cell population from 8 to 12 hours of treatment.
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Figure 11. Red/Green ratio of measured fluorescence with acridine orange peaks at 8H for U87 and 10/12H for T98

TOP — Representative graph of U87 and T98 cell lines treated with BZM, ETO and TMZ for a time-course
period. Data is shown as a ratio between red and green fluorescence (n =1). BOTTOM — Representative
overlaid fluorescent acridine orange images of peak RG ratio. Green fluorescence represents spread A.O.
and red fluorescence represents aggregated A.O. Overlaid images display orange as the superposition of

red and green.
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Figure 12. Acridine orange flow cytometry results show increased granularity and A.O. staining ate 8-12H for TMZ

TOP — Representative graphs of U87 cell line treated with BZM, ETO and TMZ in a time-course regimen.
Data is shown as percentage of frequency of parent gated population (SSCxFL3). One-way ANOVA test
was used, where * stands for p < 0,05. BOTTOM — Representative comparative-to-control dot-plots of 8
and 16 hours of treatment with all drugs.
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AAU — Autophagy detection by lysosomal accumulation is modulated by G3BPI

knockdown

Lysosomal accumulation was used to detect autophagy levels on U87 G3BP1-knockdown cells, treated
with BZM, ETO and TMZ. We used chloroquine (CQ), which is a medication used to prevent and treat
malaria that also acts as an autophagy inhibitor. Our results show that our positive control betulinic acid
(BA) indeed induced autophagy and had its effects reverted when CQ as employed. Interestingly, TMZ also

had a significative increase in lysosomal accumulation but its effects were not reverted upon CQ usage.
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Figure 13.Increased AAU lysosomal accumulation in TMZ-treated siG3BP1 cells.

Graphical representation of lysosomal accumulation assay of U87 non-transfected (TOP) and transfected
(BOTTOM) cells, treated with BZM, ETO, TMZ, BA and CQ. Data is shown as calculated AAU. Plain
bars represent no transfection, striped bars represent G3BP1 knockdown and square bars represent CQ
treatment. One-way ANOVA test was used, where ** stands for p < 0,01; and *** p < 0,001. Ns = not-
significative.
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LC3B protein detection as an early-autophagic marker

As A.O. results demonstrated “hot-spot” times of treatment of late-stage autophagy, we decided to take a
step back and analyze LC3B (as an early autophagic state) status. We assessed by flow cytometry the mean
of fluorescence of stained total LC3B proteins (FL1) to better comprehend the relation between them. Our
results display increased total LC3B staining for TMZ U&7 (6 hours) and T98 (8 hours) cells (Figure 16

TOP). Histograms show two distinctive fluorescence peaks of cells (Figure 16 BOTTOM).
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Figure 14. LC3B protein detection by flow cytometry reveals increased fluorescence in U87 TMZ-treated cells and in ETO and
TMZ T98-treated cells

TOP —Graphical representation of U87 and T98 cell lines treated for 6 and 8 hours respectively with
BZM, ETO and TMZ. Data is shown as mean of fluorescence intensity of FL.1 channel (n=1). BOTTOM
— Representative histograms of FL1 fluorescence.
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Cultured media in CAM angiogenic histological assay

By silencing the G3BP1 expression in U87 GBM cells, the capacity of inducing angiogenesis was
remarkably decreased in both vehicle control and BZM-treated cells when compared to siSCRAMBLE.
Considering the siSCRAMBLE condition, upon BZM there was a slight enhance compared to control, but

that significantly decreases when G3BP1 was silenced (Figure 13).
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Figure 15. Increased angiogenesis caused by BZM treatment is reverted by G3BP1 knockdown in CAM assay

TOP - Representative hematoxylin-eosin stained histological images of CAMs incubated with conditioned
media from siSCRAMBLE and siG3BP1 control and BZM, ETO and TMZ treated (24 hours) cells. Arrows
indicate blood vessels. BOTTOM - Graphical representation of counted blood vessels per field. One-way
ANOVA test was used, where * stands for p < 0,05; and **** p <0,0001.
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Angiogenic effects are VEGF-independent

Since we observed a decrease in angiogenesis, VEGF was quantified by ELISA with the same cultured
media used in the CAM assay. Results were corrected with from MTT cell viability data in order to obtain

a more accurate measure. No statistical difference was found between groups.
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Figure 16. VEGF quantification reveals no significative differences amongst groups.

Graphical representation of VEGF quantification by ELISA assay of cultured media from U87 cell line
treated with BZM, ETO and TMZ for 24 hours. Data is represented as pg of VEGF.
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CD133+ content is high in U87 cell line

An important factor related to the angiogenic potential of GBM cell lines is the content of stem cells. In
order to evaluate the percentage of steam cells in U87 cell line, we used flow cytometry to count CD133
(a classical hallmark membrane protein of steam cells) positive cells (VLASHI et al., 2009). Our results

demonstrated a percentage of 15% in CD133+ cells in U87 population.
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Figure 17. CD133+ cellular content in U87 cell line.

Representative dot-plot and histogram of CD133+ positive fluorescent marked cells in U87 cell line. Dot-
plot is represented as cell size (SSC) x green fluorescence (FL1). Histogram is represented as count x
green fluorescence (FL1).
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Discussion

SGs play a vital role in the integrated stress response (ISR), that combine several information from stress
sensors and coordinates adaptation to stress. The ISR detects several stressing factors such as amino acids
deprivation via GCN2 (WEK; ZHU; WEK, 1995), reticulum stress via PERK (HARDING et al., 2000) and
oxidative stress via HRI (MCEWEN et al.,, 2005). By doing so, tumor adapts to this aggressive

microenvironment in order to maintain cell growth and resistance to chemotherapeutics.

Regarding cell growth, some cellular aspects such as hypoxia, hyperosmolarity and starvation are
countered by inefficient and disorganized neovascularization of peritumoral area. Starved cells alternative
is to uncouple glycolysis from oxidative phosphorylation to reduce dysregulation of protein synthesis that
cause reticulum stress, an apoptotic trigger (PORPORATO et al., 2011). However, uncoupling glycolysis
pathway from oxidative phosphorylation causes an important increase in oxidative stress, activating several
antioxidative defense pathways such as NRF2/KEAP1, HIF1, HSF and p53 (GORRINI; HARRIS; MAK,
2013). Therefore, working with therapy-mimicking cell media (1% FBS) allowed us to better evaluate

chemotherapeutic response as well as SGs role in a model closer to actual clinic reality.

It has been shown the redox imbalance caused by H»0; is able to induce SGs formation in a similar
effect in cells as does sodium arsenite, the first described chemical able to induce SGs (ARIMOTO-
MATSUZAKI; SAITO; TAKEKAWA, 2016; KEDERSHA et al., 1999). Different chemotherapeutic
agents were described to also cause SG assembly like BZM (FOURNIER; GAREAU; MAZROUI, 2010)
and from our previous article, Etoposide and Cisplatin (VILAS-BOAS et al., 2016). In doing so, cells
acquire a drug-induced resistance to apoptosis dependent of SGs (GAREAU et al., 2011). This resistance
is a very serious problem for patients as it renders chemotherapy not as potent as it should be. Hence, the

importance of SGs formation inhibition to sensitize cancer cells to chemotherapeutic agents.
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Using MTT, our results show important differences between cell lines IC50 as BZM U87 1C50
being 5-fold greater that T98 IC50 and T98 IC50 for ETO being 1,3-fold greater that IC50 of U87 cells.
These data demonstrate cell line natural different sensitivity to treatments. Temozolomide is a special case,
as U87 is a TMZ-sensitive cell line and T98 a TMZ-resistant cell lin. U87 IC50 is 13-fold greater than T98
IC50, confirming countless articles on the subject (ZHANG et al, 2011)(WANG et al,

2017)(JOHANNESSEN et al., 2013).

MTT has been widely utilized as a cytotoxicity test and even though its effectiveness and fidelity
have been targeted in the past few years, few considerations should be stated. Being a metabolic-dependent
assay, MTT reproducibility margin is higher in short-term treatments (24H) and non-DNA targeting drugs
(BZM). As most chemotherapeutic agents tackle nuclear pathways, caution is required when interpreting
MTT data prevenient from their usage. The drug TMZ has been tested in Glioblastoma cell lines such as
U251 and for a 24-hour period of treatment, displayed no significative difference from manual trypan blue
counting (STEPANENKO; DMITRENKO, 2015). For ETO, similar IC50 values have been reported from

different cell viability assays, reassuring that in our case, MTT is a reliable test (AHMED et al., 2018).

SGs assembly occurs in a very dynamic way, initiating with nanoscopic SG seeds that are formed
and recruit nearby seeds via weak electrostatic interactions, interactions with neighboring SG seeds, and
coalescence to form irregular microscopically visible SGs. Microscopically visible SGs can fuse to produce
larger SGs and after stress release, events that promote SG disassembly may include increase in
concentrations of ternary complexes; phosphorylation of 4E-BP by mTOR, releasing the eIF4E block; and
reactivation of eIF4A activities. As SGs shrink, the Laplace pressure increases to promote further fusion
with adjacent SGs. Over time, fewer and larger SGs appear before they eventually disappear from the
cytoplasm (PANAS; IVANOV; ANDERSON, 2016). The assembly and disassembly of SGs are controlled
by several intracellular events such as inhibition RNA helicase elF4A (KIM, Woo Jae; KIM; JANG, 2007),
oxidative stress - promoting binding of 4EBP1 to elF4E by promoting 4E-BP hypophosphorylation

(EMARA et al., 2012) and situations where both elF4F complex— and ph-elF2o-mediated translation
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inhibition contribute to SG assembly (treatment with antineoplastic vinca alkaloid drugs)(SZAFLARSKI

etal., 2016).

In our case, we time-related SG dynamics with chemotherapeutic agents. SGs assembly occur
earlier on U87 cell line, having its first score peak at 6 hours when treated with BZM and at 4 hours when
treated with ETO and TMZ. Comparatively to T98 which shows later peaks at 8 hours for BZM and ETO.
Temozolomide peak, however, occurred at the same time in both cell lines, indicating that despite the
intrinsic differences between cell lines, TMZ activates stress response at the same time. Dynamically
speaking, both cell lines showed a first fast and intense SGs assembly stress response followed by a minor
later one. These results might be linked to different cellular downstream events of drugs influenced

pathways.

The inhibition of G3BP1 mRNA levels using a short-interference RNA was challenging and
brought us some insights. Not only G3BP1 mRNA levels were not diminishing with siRNA treatment at
high concentration but we observed and increased expression. By lowering the final quantity of siRNA
from 100pM to 0,1pM, inhibition of G3BP1 mRNA expression was achieved. The observed effect probably
was caused by saturation of the RNAi machinery, which can happen in concentrations of 10—100 pM siRNA
(corresponds to 10°~10* dsRNA molecules). The transfection of exogenous siRNAs principally leads to
competition for RISC binding between the endogenous microRNA (miRNA) pool and the exo-siRNAs.
miRNA displacement influences the miRNA-mediated silencing and leads to an overall upregulation of
miRNA-controlled genes. The preservation of robust silencing effects with lower dose is advantageous in

terms of RISC competition (ALAGIA; ERITJA, 2016).

When siRNA inhibition of G3BP1 mRNA is employed, U87 cells demonstrate a clear negative
viability ratio between drug treated cells that have been transfected with siG3BP1 and siSCRAMBLE ones,
thus, evidencing the importance of this protein in chemotherapeutic resistance. These results corroborate
with lung cancer (GAREAU et al., 2011), COS-7 cells, HeLa cells and HEK293 cell line (ARIMOTO,
Kyoko et al., 2008) and others on literature that co-relate SGs presence/absence with drug potency.
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Regarding cell cycle analysis, ETO was the only drug presenting statistic difference when
compared to control groups. As it was previously described, ETO does cause an arrest in G2/M phase in
U87, LN18 and U251 cells (DAS et al., 2007). This effect apparently is not G3BP1-dependent since no

differences were observed between siG3BP1 and siSCRAMBLE groups.

The other two chemotherapeutic agents did not exhibit increased PS domains exposition, a possible
explanation lies in TMZ as an alkylating agent mechanism, having a later (72 hours) effect in apoptotic
induction in U87 and U251 cells (WU et al., 2018) Apoptotic secondary effects are time-dependent and are
most commonly observed at 48 and 72 hours of treatment in other studies, in mice chondrosarcoma (BAO,
Xing et al., 2017)and lymphoma cells (BEST et al., 2019). In this study, we were able to prove that by
knocking down G3BP1 expression lead to an increased and significative apoptotic response observed as
early as 24 hours. For the first time in literature, we describe that knocking down G3BP1 expression indeed

sensitizes US7MG cells viability by potentializing and anticipating apoptotic response.

By analyzing number of vessels in CAM assay some interesting results were observed. Knocking
down G3BPI1 expression had an important role in the angiogenic capacity of U87 GBM cells, as
comparative analysis clearly showed reduction in vessel numbers on control and BZM treated cells. The
vessels number increase detected in comparing CT and BZM SCRAMBLE groups was prevented from
happening when siG3BP1 was employed, thus demonstrating an angiogenic aspect of G3BP1 expression.
Although an anti-angiogenic part of BZM has been described for myeloma cells (KIM, Choong et al., 2015)
and myeloma microvesicles (GUO et al., 2018), GBM stem cells exposed to BZM have increased VEGF
levels (BOTA et al., 2013). The mechanisms by which bortezomib evokes its antitumor activity may vary
among tumor types, and the extent to which each affected pathway is critical to the inhibition of tumor
growth could also differ (ADAMS, 2003). TMZ-resistance-induced stem cells, U251-MG and D54-MG
(U251TR and D54TR) had high levels of VEGF in media when treated with BZM. Addition of
bevacizumab - a VEGF blocking antibody which is now used as second-line GBM treatment was able to

revert angiogenic increase in endothelial cells (BOTA et al., 2013). In this article we demonstrate an

113



unprecedented data that US7MG, a TMZ sensitive cell line also exerts anti-angiogenic effect when treated
with BZM and this effect is abolished when G3BP1 protein expression is impaired. Even though our
analyses conclude that there was no significative difference between groups in VEGF quantity, it is possible
to modulate angiogenesis by other pathways. As SGs target RNA sequences, every mRNA is prone to
regulation by this patwahy. The targeting efficiency varies from 1-95%, as extensively reviewed on the SG
transcriptome (KHONG et al., 2017). Although many molecules can modulate angiogenesis like fibroblast
growth factor (FGF), tumor necrosis factor-alpha (TNF-a), transforming growth factor-beta (TGF-B), and
the angiopoietins (Ang) (UCUZIAN et al., 2010), we must consider miRNAs as a possible pathway
influencing this event (BEYER et al., 2017). There are several “angio-mRNAs” described in literature:
miR-7 a down-regulated miR that targets EGFR, IRS-1, IRS-2, FAK, OGR and inhibits angiogenesis which
overexpression decreases cell proliferation and angiogenesis in U87 cells in vitro and in tumor xenograft
model (MOLLER et al., 2013); miR-296 an up-regulated HGS targeting miR that promotes angiogenesis
described which overexpression promotes angiogenesis in vitro and in a tumor xenograft model in vivo
(ONISHI et al., 2011); and many other such as miR-15b (KARSY; ARSLAN; MOY, 2012) and miR-93

(SILBER; JAMES; HODGSON, 2009).

Another probable pathway involves glioma stem-cells, known as cancer stem cells (CSC). It has
been observed that CD133 enriched CSC are located in proximity to blood vessels. Compared with CD133-
CSC, CD133+ CSC generate tumors with increasing tumor vascularity, necrosis and hemorrhage (BAO,
Shideng et al., 2006). The VEGF expression in CD133+ CSC is up-regulated, combined with a dramatically
increased vascular density. Furthermore, therapy with VEGF neutralizing antibody (bevacizumab) can

deplete CSC-induced vascular endothelial cell migration and tube formation (RIBATTI, 2012).

Most of published works to this date correlates indirect apoptotic modulation with altered SG
dynamics. Some studies have demonstrated that SGs are responsible for inhibiting apoptosis by diminishing
oxidative stress in vivo and therefore reducing overall cellular stress state (ARIMOTO, Suguru, 2008), or

the increase in AIF, modulating the balance between NAD(P)H and glutathione (GSH) (CANDE et al.,
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2004) and mutation of progranulin (PGRN) inflammatory gene, causing a mis-sorting in the protein
angiogenin (ANG) a stress-response factor and neurodegenerative disease-related protein (LI, Siqi et al.,

2018), for example.

Glioblastomas are characterized by extensive tissue hypoxia, which contributes to resistance to
irradiation, the most effective therapeutic modality for patients with glioblastoma. Presence of low oxygen
content in tumor tissues impedes radiation induced generation of free radicals that assert antitumor effect
(SHEEHAN et al., 2010). Hypoxia may further contribute to tumor pathogenesis by promoting genomic
instability. In certain mammalian cells, low oxygen environment can attenuate expression of DNA
mismatch repair genes, which may then promote acquisition of additional gene mutations (COLWELL et
al., 2017). Driven by these mechanisms, hypoxia is associated with a more aggressive tumor phenotype.
The immediate adaptive cellular response to low levels of oxygen is the stabilization of transcription factors

known as hypoxia inducible factors (HIFs) (MIHAYLOVA et al., 2003).

Autophagy plays a vital role in SGs dynamics, being responsible for SGs clearance after cellular
stress, allowing SGs disassembly. Defective and inefficient SGs are observed when autophagy is inhibited

(SEGUIN et al., 2014).

Results of cell granularity and size reveled a coincidental modulation of SGs expression e
granularity in chemotherapeutic agents treated U87 cells. Increased granularity may be linked to augmented

autophagic response as more autophagosomes are produced in cytoplasm (SHTEINGAUZ et al., 2018).

The role of autophagy in cancer is complex (HOYER-HANSEN; JAATTELA, 2008). Autophagy
can have a tumor suppressive function at early stages of cancer development and promote tumor cell
survival in established tumors (APEL et al., 2009). Autophagy also facilitates the resistance of tumor cells
to anticancer agents (SUI et al., 2013) and to radiation (CHAACHOUAY et al., 2011), causing malignant
transformation and spontaneous tumors (DALBY et al., 2010). Recent studies have demonstrated that the

inhibition of autophagy in cancer cells may be therapeutically beneficial in some circumstances, as it can
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sensitize cancer cells to different therapies, including DNA-damaging agents, antihormone therapies (e.g.,

tamoxifen), and radiation therapy (DALBY et al., 2010).

Autophagy has either a pro-survival (oncogenic) or pro-death (tumor suppressive) role at different
cancer stages, including cancer stem cell (CSC), initiation and progression, invasion and metastasis, and
dormancy. Autophagy may modulate a series of oncogenic and tumor suppressive pathways in cancer,
implicated in microRNA (miRNA) involvement. Targeting the oncogenic and tumor suppressive

autophagic network would be a new promising therapeutic strategy (LIU; WEN; CHENG, 2013).

Our A.O. results demonstrate an increase in acidic vesicles at time-points with lower SG assembly.
This data corroborate with SGs dynamics as autophagy is responsible for SG clearance/disassembly
(SEGUIN et al., 2014). During autophagy, autophagosomes internalize cytoplasmic components such as
cytosolic proteins and organelles. Concomitantly, a cytosolic form of LC3B (LC3-I) is conjugated to
phosphatidylethanolamine to form LC3-phosphatidylethanolamine conjugate (LC3-II), which is recruited
to autophagosome membranes. Autophagosomes fuse with lysosomes to form autolysosomes, and
components are degraded by lysosomal hydrolases. At the same time, LC3-II in auto lysosomal lumen is
degraded. Thus, lysosomes with LC3-II containing-membranes reflects starvation induced autophagic
activity, and the detection of LC3B by immunoblotting or immunofluorescence has become a reliable
method for monitoring autophagy and autophagy-related processes, including autophagic cell death
(TANIDA; UENO; KOMINAMI, 2008). Being aware of this dynamic, we decided to evaluate LC3B levels
in a time-point prior to observed peak in A.O. When analyzing LC3B we could clearly observe two peaks,
one with low fluorescence and one with high fluorescence. LC3B measurement by flow cytometry has been
utilized in Jurkat cells (WARNES, 2015). However, since we utilized a total LC3B antibody we cannot tell
which fluorescence intensity represents which LC3B fraction, I or II. Additional experiments should be

made in the future to address this technical limitation.

With AAU, a screening combined assay that combines 3 widely-used techniques MTT, neutral red
and crystal violet staining to assess general autophagic response in cells (MARTINS et al., 2013, 2017) we
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were able to observe increased autophagic response on U87 cells treated with TMZ. Chloroquine has a long
history of human use and is currently being tested as a sensitizing agent for certain cancers, making
understanding its mechanisms of action both topical and important (KIMURA et al., 2013). Chloroquine is
a lysosomotropic weak base, which in the monoprotonated form diffuses into the lysosome, where it
becomes deprotonated and becomes trapped. Protonated chloroquine then changes the lysosomal pH,
thereby inhibiting autophagic degradation in the lysosomes (HOMEWOOD et al., 1972). As CQ did not
revert TMZ autophagy induction, some questions have risen as: are TMZ-induced autophagosomes more
resistant by G3BP1 inhibition? Does SG impairment also potentialize autophagy? These questions are
important to better understand our observed data. Attempting to answer these questions a recent article
concerning autophagy and SGs in Alzheimer disease found that environmental stress and glucocorticoid
(GC) disturb cellular homeostasis and trigger the insoluble accumulation of different RBPs, such as PABP,
G3BP1, TIA-1, and FUS, shown to form SGs and Tau aggregation. Interestingly, an mTOR-driven
pharmacological stimulation of autophagy attenuates the GC-driven accumulation of Tau and SG-related
proteins as well as the related cell death, suggesting a critical interface between autophagy and the response

of the SG-related protein in the neurodegenerative potential of chronic stress and GC (SILVA et al., 2018).

Better understanding of underlying pathways concerning observed apoptotic increase are extremely
important to a global vision of cellular events. Further autophagic and oxidative stress events will be tackled

in future publications from our group.
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Conclusion

e G3BP1 knockdown reduces US7MG cell viability when treated with BZM, ETO and TMZ

e Apoptosis is potentialized upon G3BP1 knockdown in U87MG cells treated with BZM

e Angiogenesis is diminished in U87MG cells treated with BZM and subjected do G3BPI
knockdown

e Autophagy is positively modulated in US7MG cells treated with TMZ

This work reveals new and exciting information that sure will help in developing new therapies and improve

the ones already in use.
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