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Resumo

Autofagia é um processo de degradagdo intracelular amplamente distribuido
entre eucariotos, responsavel pela degradacdo de proteinas envelhecidas e de
organelas. Constituintes citoplasmaticos sdao sequestrados em organelas de dupla
membrana, os autofagossomos, que posteriormente se fundem com os lisossomos
onde ocorre a degradacdo do conteldo autofagocitado por hidrolases acidas. Esse
sistema tem sido implicado em vdrios processos patoldgicos e fisioldgicos, incluindo
o turnover de proteinas e organelas, resposta a privacdo de nutrientes e morte
celular. Varios métodos para avaliagdao de autofagia estdao disponiveis, dentre eles
microscopia eletrénica, microscopia de fluorescéncia, métodos bioquimicos e
avaliacdo dos niveis de expressdao de proteinas ligadas ao processo autofagico.
Laranja de acridina é um marcador acidotrépico cujas caracteristicas permitem seu
uso como marcador de autofagossomos maduros. Apresenta fluorescéncia verde ao
entrar na célula e ao ficar retido em compartimentos acidos sua fluorescéncia é
vermelha, o que permite a quantificacdo do volume dos compartimentos acidos da
célula por citometria de fluxo, sendo um facil método de triagem para avaliacao de
autofagia. O atual método de quantificacdo leva em consideracdo a fluorescéncia
vermelha absoluta. Propomos, a partir das caracteristicas fisico-quimicas do corante
laranja de acridina, uma quantificacdo que leva em conta a razdo de fluorescéncia
verde e vermelha. Demonstramos aqui que, em compara¢ao com a abordagem
usual de andlise de laranja de acridina, os dados obtidos através da nova
abordagem de quantificagdo apresentam maior correlacdo com os dados obtidos

por outros métodos bem estabelecidos em autofagia.

Palavras-chave: Autofagia, laranja de acridina, citometria de fluxo.



1 Introducao geral

1.1 Autofagia

Autofagia é um processo pelo qual os constituintes citoplasmaticos e
organelas sdo direcionados para degradacdo por enzimas lisossomais. O processo
autofagico inicia com o sequestro do material alvo por uma vesicula de membrana
dupla chamada autofagossomo, seguido da fusdo do autofagossomo com o
lisossomo para formar o autofagolisossomo e o processo é concluido com a
completa digestdao do material autofagocitado por hidrolases acidas.™ A autofagia
constitutiva permite uma reciclagem fisioldgica de componentes intracelulares,
desempenhando assim uma fungao importante na homeostase celular, podendo ser
rapidamente induzida como um mecanismo de defesa para a depuracdo de
organelas desnecessdrias ou danificadas ou de agregados macromoleculares

! Neste sentido, a autofagia é considerada uma resposta

prejudiciais a célula.l?
defensiva ao estresse. No entanto, superinducdo de autofagia e consequente
degradacdo lisossomal excessiva de constituintes celulares pode resultar em uma

forma de auto canibalismo que leva a morte celular, chamado de morte celular
(3]

autofagica.”™ A figura 1 ilustra de maneira simplificada o complexo mecanismo da
autofagia.
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Figura 1: Diagrama esquematico das etapas da autofagia. Autofagia inicia com a formacdo do
fagéforo ou isolamento da membrana (nucleagédo vesicular). A agdo precisa das proteinas centrais
para a autofagia levam a expansao do fagéforo formando o autofagossomo (elongacdo da vesicula).
O autofagossomo pode engolfar partes ndo especificas do citoplasma, incluindo organelas inteiras,
ou alvos especificos. Quando a membrana externa do autofagossomo se funde com um endossomo
(formando um anfissomo antes da fusdo com o lisossomo) ou diretamente com o lisossomo (etapas
de acoplamento e fusdo), forma-se o autolisossomo. Finalmente, o material sequestrado é
degradado dentro do autolisossomo (quebra de vesiculas e degradagdo) e os componentes sdo
reciclados.™”
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Molecularmente, a autofagia é regulada por proteinas da familia Atg, cujos
membros exercem fungdes especificas em cada fase do processo. Adicionalmente,
este mecanismo é modulado positiva ou negativamente por vias de sinalizacdo
cldssicas, as quais modulam a atividade da proteina mammalian Target of
Rapamycin (mTOR). Entre estas vias destacam-se PI3k/Akt and MAPK (reguladores
positivos de mTOR e, como consequéncia, inibidores da autofagia), AMPK and p53

(reguladores negativos de mTOR e, consequentemente, ativadores da autofagia).



1.2 Métodos para analise de autofagia

Devido as crescentes relacdes entre autofagia e fisiologia celular, este
campo tem atraido cada vez mais ateng¢dao, o que, por sua vez, levou a uma
renovagao no interesse por métodos para monitorar esse processo. Trés tipos
gerais de métodos tém sido predominantes: microscopia, métodos bioquimicos e

deteccdo de alteracdo de niveis de proteinas por SDS-PAGE e Western blotting.[5]

1.2.1 Microscopia Eletronica

O método mais tradicional é a microscopia eletrénica e, de fato, a autofagia
em mamiferos foi originalmente descoberta no final da década de 1950 por
microscopistas eletrénicos que estudavam os lisossomos. Ao nivel estrutural, um
autofagossomo é definido como uma estrutura de dupla membrana contendo
material citoplasmatico ndo digerido e ainda ndo fusionado com lisossomos!® (Fig.

2).

Figura 2: Morfologia de autofagossomos e autolisossomos.
Microscopia eletrénica de fibroblastos embrionarios murinos
apos privagao de nutrientes. As setas indicam autofagossomos,
as setas duplas apontam os autolisossomos e as pontas de seta
fragmentos de reticulo endoplasmatico dentro do
autofagossomo.

Adaptado de “Mizushima N., Yoshimori T., Levine B. Methods
in Mammalian Autophagy Research. Cell 2010, 140, 313-326"
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Os autofagossomos frequentemente englobam organelas intracelulares
como mitocondrias e fragmentos de reticulo endoplasmatico sendo, usualmente,
facilmente identificados. Em contraste, a distingdo de autolisossomos de outros
compartimentos celulares membranosos é muitas vezes dificil. O autolisossomo é
uma organela gerada pela fusdo de um autofagossomo e um lisossomo, possui uma
membrana simples e material citoplasmatico em vdrios estdgios de degradacao.
Assim, embora a microscopia eletronica seja uma ferramenta poderosa, ndo é um

método perfeito e estd limitado no seu potencial de aplicacgo.'®

1.2.2 Ensaio de agregaciao de GFP-LC3 (GFP-LC3 puncta formation)

A avaliagdo por microscopia eletrénica requer conhecimento especializado e
estd sendo substituida por métodos de microscopia de luz e bioquimicos, sendo
mais acessiveis a pesquisadores em diferentes campos. A proteina LC3 é um
marcador de autofagossomos. Logo apds a sintese, ela é processada pela proteina
Atg4 e torna-se LC3-1, a qual possui um residuo de lisina na extremidade C-terminal.
LC3-I é subsequentemente conjugado com fosfatidiletanolamina para tornar-se LC3-
Il através de uma reag¢dao enzimatica ubiquitination-like. Em contraste com a
localizagao citoplasmdtica de LC3-l, LC3-Il se associa com ambas as membranas
interna e externa dos autofagossomos. Apds a fusdo com o lisossomo, a LC3 da
membrana externa é clivada por Atgd4 e a LC3 da membrana interna é degradada
pelas enzimas lisossomais, resultando em baixo contetddo de LC3 no autolisossomo.
Assim, LC3 endégena ou GFP-LC3 é visualizada por microscopia de fluorescéncia
difusa no citoplasma ou como estruturas puntiformes que representam os

autofagossomos (Fig. 3).1**
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LC3-GFP

Figura 3: Indugdo de autofagia em células U87. Formacgdo de LC3 puncta (pontos verdes) pelo
tratamento com Resvetratrol e Temozolomida. Os pontos verdes obervados representam os
autofagossomos.

Adaptado de “Filippi-Chiela, EC; Thomé, MP; Bueno e Silva, MM; Pelegrini, AL; Ledur, PF;
Garicochea, B; Zamin,, LL; Lenz, G. Resveratrol abrogates the Temozolomide-induced G2 arrest
leading to mitotic catastrophe and reinforces the Temozolomide-induced senescence in glioma
cells. BMC Cancer 2013, 13:147.”

1.2.3 Ensaio de conversdo de LC3 I/II através de western blot

Além da sua utilidade em ensaios de microscopia de fluorescéncia, LC3 é
também util em ensaios bioquimicos para avaliar a formacdo de autofagossomos. A
conversao de LC3-I em LC3-Il ou GFP-LC3-I em GFP-LC3-Il pode ser detectada por
imunodetec¢do com anticorpos contra LC3 ou GFP. Embora o peso molecular (MW)
real de LC3-Il é maior do que o de LC3-l, LC3-Il migra mais rapidamente (MW
aparente de 14kD) do que LC3-I (MW aparente de 16kD) em SDS-PAGE devido a
maior hidrofobicidade da LC3-Il (Fig. 4). A quantidade de LC3-Il correlaciona-se bem

com o numero de autofagossomos.[al

A Figura 4: Conversao de LC3-1 em LC3-Il.
Starvation - - - Lisado de fibroblastos embrionarios murinos
Chloroquine < a + submetidos ou ndo a privagao de nutrientes

e tratados ou ndo com cloroquina por 1 hora.

Anticorpos anti LC3.

Adaptado de “Mizushima N., Yoshimori T.,
Levine B. Methods in Mammalian Autophagy
Research. Cell 2010, 140, 313-326"

LC3-| |
LC3-1I R —

1.2.4 Niveis de p62

p62, também conhecido como SQSTM1, é um substrato da autofagia, sendo
seletivamente incorporado dentro dos autofagossomos por ligagao direta com LC3

e degradada com a conclusdo do processo autofagico. Com isso, os niveis de p62
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estdo aumentados quando a autofagia estd inibida e diminuidos quando h3a
atividade autofégica aumentada.’®

Além desses métodos de deteccdo da formacdo de autofagossomos, existem
inimeros outros disponiveis para avaliar o fluxo autofagico que permitem distinguir
se 0 acumulo de autofagossomos acontece por inducdo de autofagia ou por
bloqueio dos passos seguintes a formacao dos autofagossomos. Tais métodos

avaliam a degradacao de LC3 ou de outros substratos especificos.

1.3 Laranja de acridina

Varias substancias lipofilicas sem carga sdo capazes de cruzar membranas
biolégicas por um mecanismo de permeac¢ao nao seletivo. O marcador fluorescente
laranja de acridina (AO) é uma base fraca. Em pH acido, bases fracas aceitam um
proton e sdao convertidas em substancias carregadas positivamente que ndo sao
mais capazes de atravessar livremente as membranas celulares. Em fungdo dessa
propriedade, AO se acumula e fica retido em compartimentos acidos. Msso permite
0 seu uso como um marcador de autofagossomos maduros. Em células marcadas
com laranja de acridina, o citoplasma e o nucléolo fluorescem verde, enquanto que
compartimentos acidos fluorescem vermelho. A intensidade da fluorescéncia
vermelha é proporcional ao grau de acidez, permitindo assim, que tanto o nimero
de células autofagicas quanto a intensidade de autofagia, inferida pela avaliacao do

. , . e 7
volume de compartimentos celulares acidos, possam ser quantificados. 7

Figura 5: Marcagdo com laranja
de acridina em células PC3
(cancer de prostata) tratadas
com acido ursélico. As figuras
superiores mostram a marcagao
com Llaranja de acridina, a
esquerda o controle e a direita o
tratamento, mostrando indugdo
de autofagia. Abaixo estd
apresentado a morfologia das
células.

Adaptado de “Shin SW, Kim SY,
Park JW. Autophagy inhibition
enhances ursolic acid-induced
apoptosis in PC3 cells. Biochim
Biophys Acta 2012, 1823: 451-
457.
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A figura 5 mostra a marcacdo de células com laranja de acridina, onde o
citoplasma e nucléolo fluorescem verde, enquanto compartimentos 4cidos

fluorescem vermelho ou aIaranjado.[S]

Atualmente, a quantificacdo da marcacdao com AO por citometria de fluxo é
feita tracando um limiar no eixo da fluorescéncia vermelha (FL3-H, eixo y) de
maneira que no controle haja uma populagdo positiva de 5 a 10% (Figura 6).[9] A
partir dessa configuracao, é feita a analise para as demais situacdes para avaliar o
desenvolvimento de AVOs (Organelas Vesiculares Acidas). No presente trabalho,
nds propomos uma nova abordagem para quantificacdo dos dados de citometria de

fluxo com laranja de acridina, como apresentado nas se¢des a seguir.
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Figura 6: Inducdao de autofagia por curcumina em
células OSCC (carcinoma oral de células escamosas).
Plotagem representativa da quantificacdo de células
com desenvolvimento de AVOs pela marcagdo com
larajnja de acrdina.

Adaptado de “Kim JY, Cho TJ, Woo BH, Choi KU, Lee CH,
Ryu MH, Park HR. Curcumin-induced autophagy
contributes to the decreased survival of oral cancer
cells. Arch Oral Biol. 2012 Aug; 57(8):1018-25"
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O tamanho celular é controlado por inumeros sinais e condigdes, tais como
atividade de mTOR™ ou como variagdes populacionais. Nesses e noutros casos, a
analise da marcacdo com laranja de acridina por citometria de fluxo ndo deveria
considerar somente a intensidade absoluta da fluorescéncia vermelha, uma vez que
células menores irdo incorporar uma menor quantidade da substancia. Na mesma
linha de raciocinio, células que apresentam aumento de volume podem apresentar
maior intensidade de fluorescécia vermelha ndo em funcdo da inducdo de
autofagia, mas sim pelo aumento da quantidade incorporada do marcador.

Com isso, esse trabalho tem como principal objetivo comparar os resultados do
método de andlise que vem sendo usado para quantificar a formacdo de AVOs com
a marcagao com laranja de acridina com um novo método de anadlise que permite a
guantificacdo ndo somente da intensidade absoluta de fluorescéncia vermelha, mas
a intensidade relativa da fluorescéncia vermelha e verde. Uma quantificacdo
relativa vai levar em conta o fato de que células com diferentes tamanhos
incorporam diferentes quantidades de laranja de acridina.

O refinamento da metodologia de andlise dos dados de laranja de acridina
proposto aqui deve permitir um maior uso da ferramenta na andlise de autofagia.
Apesar de nao ser totalmente especifica para andlise do processo autofagico, a
analise de AVOs através dessa técnica tem inumeras vantagens com relacdo a
outras metodologias, sendo barata, simples e permitindo uma ampla triagem inicial

da modulagao da autofagia.
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2.1 Abbreviations

AO — Acridine Orange

Atg8 — Autophagy-related protein 8

AVO — Acidic Vesicular Organelles

GFP — Green Fluorescent Protein

LC3 — Microtubule-associated protein Light Chain 3
mMTOR — mammalian Target Of Rapamycin

TMZ (or T) — Temozolomide
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New approach for analysis of autophagy with acridine orange staining

Marcos Paulo Thomé; Eduardo Cremonese Filippi-Chiela; Guido Lenz

2.2 Abstract

Several methods have been developed and extensively employed in
determining several aspects of the autophagic process. These methods are based
on the levels of key components of the regulatory machinery of autophagy, post-
translational modification and subcellular localization of these components, imaging
and staining of subcellular compartments. Acridine orange (AO) is a cell permeable
and pH sensitive fluorophore that fluoresces green at the cytosolic pH. Upon
entering acidic compartments, AO is protonated and suffers a red shift in its
fluorescence. Therefore, AO staining is a fast and cheap method to quantify the
acidic compartments in a cell, which increase upon autophagy induction. Up to now,
the majority of methods used absolute red fluorescence levels to measure
autophagy, which can produce artifacts, mainly due to differences in cell size. Here
we propose a threshold setting that considers the relative intensity of red and green
fluorescence to quantify data obtained from AO staining by flow cytometry. Relative
guantification will take into account the possibility that cells with different sizes
incorporate different amount of acridine orange. Results obtained with the
proposed threshold setting show closer correlation with the results of LC3-I to LC3-I
conversion, p62 degradation and GFP-LC3 puncta formation assay than the current
threshold setting, indicating that, with the proposed threshold, AO staining can be

used as an initial method for evaluating autophagy.

Key words: Autophagy, Acridine orange, flow cytometry
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2.3 Introduction

Autophagy is a highly conserved cellular mechanism that plays a key role in
the turnover of long-lived proteins, RNA, and other macromolecules."® In certain

(11121 3utophagy represents an adaptive

contexts including starvation or stress,
strategy by which cells clear damaged organelles and survive nutritional

bioenergetic stress.

Several methods for monitoring autophagy have been developed, including
methods based on electronic microscopy, fluorescent microscopy, western blot,
flow cytometry and biochemical methods. Many uncharged lipophilic substances
are able to cross biological membranes by an unselective permeation mechanism.
The fluorescent dye acridine orange (AO) is a weak base. At acid pH, weak bases will
accept a proton and be converted to a positively charged substance witch is no
longer capable of passing freely through cellular membranes. Thus, AO will become
trapped within acid compartments.m This enables its use as a marker of matured
autophagosomes. In acridine orange-stained cells, the cytoplasm and nucleolus
fluoresce bright green and dim red, whereas acidic compartments fluoresce bright
red. So, the intensity of the red fluorescence is proportional to the volume of acidic
compartments. Therefore, the volume of the cellular acidic compartment can be
quantiﬁed.m

Once autophagy is the process by which cytoplasmic constituents and entire
organelles are sequestrated into the lytic component and characterized by the
formation and promotion of acidic vesicular organelles (AVOs), to assess the
occurrence of AVOs, cells can be stained with acridine orange. It is not a specific
marker for autophagy because it primary detects all acidic compartments, such as
lysosomes. However it is a good screening method for autophagy, since it is cheap
and fast. For monitoring autophagy, whenever possible, additional assays, such as
GFP-Atg8/LC3 fluorescence or electron microscopy, should be used to substantiate
results obtained with acidotropic dyes.

Pathways that control autophagy, such as mTOR, also affect cell size.[®]
Thereby, when analyzing acridine orange staining by flow cytometry, should not be

considered just the absolute intensity of red fluorescence, once smaller cells will
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incorporate a smaller amount of the substance and, consequently, will emit less red
fluorescence, therefore potentially being considered false negatives. The opposite
situation, when cells become larger, would cause an increase of false positives.
Thus, our main objective is to propose a new method for analyzing data from
AO-stained cells by flow cytometry that considers the relative intensity of red and
green fluorescence, contrary to the custom analysis which considers only the
absolute level of red fluorescence. Relative quantification will take into account the
possibility that cells with different sizes incorporate different amount of acridine

orange.
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2.4 Materials and methods

Antibodies and reagents

Antibodies anti-LC3A and anti-p62 were purchased from Cell Signaling
Technology. Temozolomide (TMZ) and the fluorescent dye acridine orange (AO)
were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
Temozolomide was dissolved in dimethyl sulfoxide (DMSO) (Acros Organics, NJ,
USA) and AO was dissolved in water. All culture materials were obtained from Gibco

Laboratories (Grand Island, NY, USA).

Cell culture and treatments

Glioblastoma cell lines A172 and U251 were obtained from American Tissue
Culture Collection (ATCC, Rockville, MD). U87 GFP-LC3 (permanently expressing the
protein LC3 fused with GFP, elsewhere described just as U87) were kindly provided
by Maria S. Soenga. Cell lines were cultured in DMEM low glucose supplemented
with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 0.1%
amphotericin B at 37°C and 5% CO,in a humidified incubator. Cells were treated
with TMZ (an alkylating agent that has been shown to induce autophagy in many
glioma cell lines) (14 for 72h in the concentrations 50 and 75uM for A172, 25 and
50uM for U251 and 50 and 100 uM for U87.

Autophagy detection and quantification by Acridine Orange staining

To quantify the development of Acidic Vesicular Organeles (AVOs), we
performed vital staining with acridine orange (AO) as described previously.[”’ 15]
Briefly, cells were collected by trypsinization, stained with acridine orange (1 pug/mL)
for 15 min at room temperature and analyzed with a GUAVA EasyCyte flow
cytometer and GUAVA software ExpressPlus (Guava Technologies, Hayward, CA).
Individual events data of Forward Scatter (FSC), Side Scatter (SSC), Red and Green
Fluorescence were extracted by WinMDI 2.9 software for Windows (Joseph Trotter,
San Diego, USA). Dot plots were produced by Apache OpenOffice.org 3.4.0. First,
events were gated in a FSC vs SSC plot. For 3,000 events gated, intensity of the red

fluorescence was plotted in y axis and green fluorescence in x axis, both in linear
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scale. In another approach, red and green fluorescence ratio was plotted versus
FSC. To quantify the development of AVOs, according to the current threshold
setting, a threshold is traced perpendicular to the red fluorescence axis and events
above the threshold are considered positive. Our proposal is to set an inclined
threshold along population axis, so that the red:green relative fluorescence, rather
than only the red fluorescence, is considered, which may be determined by a linear
equation y = ax + b, where slope (a) and y-intercept (b) values can be set
according to the population distribution. Events above the line are considered

positive (Fig. 1).

ﬁgc (mean)A Figure 1: Legend for flow cytometry dot plots.
10007 06 positive s All: Perpendicular. threshold (current  threshold
o broposed ’ FP: settings) and inclined threshold (proposed) are
threshold s FN: shown, as well as the percentages considered
o positive in each one. Considering the proposed
g 7007 ;.'.‘. method, blue shaded area will correspond to
g 6004 X 5 % positive false negatives events (FN) and red shaded area,
§ 5004 . current the false positives (FP), when analyzed with
% o) threshold perpendicular threshold. The mean of FSC values
| & are show for all events, FP and FN events.
| g 3001
| % 2004 False positives
1004 False negatives
"0 20 40 s &0 1000
Green Fluorescence (Lin)

Western Blot Analysis

Analysis of protein expression was performed as described previously with
minor modifications. Briefly, cells were lysed, protein concentration was quantified
by QuantiPro BCA Assay Kit. Thirty pg of protein extracts were separated according
to molecular weight on 15% SDS-PAGE, followed by electrotransfer to a PVDF
membrane (Millipore, Bedford, USA). Unspecific binding sites were saturated by
incubating membranes for 1h in TRIS-buffered saline (TBS) supplemented with
0.05% Tween 20 (Sigma-Aldrich) and 5% non-fat dry milk, and then membranes
were incubated overnight at +4°C with primary antibody specific for LC3 and p62
(1:500 dilution). Primary antibody was detected incubated with appropriated

horseradish peroxidase (HRP) conjugated-secondary antibody (1:2000 dilution) for
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2h, using ECL and X-ray films (Kodak-Xmat, Rochester, NY, USA). Optical density of

the bands were obtained and quantified.

GFP-LC3 puncta formation assay

GFP-LC3 cells present a diffuse distribution under control conditions,
whereas a punctuate pattern of GFP-LC3 expression (GFP-LC3 dots) is induced by
autophagy. U87 GFP-LC3 cells were fixed with 4% paraformaldehyde, and examined
under a fluorescence microscope. To quantify autophagic cells after TMZ treatment,
was counted the number of autophagic cells demonstrating GFP-LC3 dots (>5

dots/cell) among, at least, 150 cells per well.

Statistical analysis

Statistical analysis was conducted by T test to compare the correlations
between data from classical methods in autophagy (i.e. LC3 I/Il conversion, LC3-GFP
aggregation and p62 levels) and data from AO analysis (current versus proposed
threshold setting). ‘p’ value under 0.05 was considered significant (*). Analysis were

performed on GraphPad Instat Software (GraphPad Software, San Diego, CA, USA).
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2.5 Results

Our fist aim was to evaluate if there was difference between the current
threshold setting used to quantify the development of AVOs and the new proposed
method. Thus, we analyzed 10 AO-stained cell lines treated with different drugs
(data not shown). We found the greatest differences in the percentages of AO-
positive cells when comparing the two methodologies in U251 glioma cells treated
with Temozolomide (TMZ), an alkylating agent that has been shown to induce
autophagy in many glioma cell lines.®! Thereby, we performed AO staining in U251
cells treated with TMZ 25 and 50uM for 3 days. Complementarily, we analyzed
autophagy induction in U87 cells treated with TMZ 50 and 100uM.

By the classical threshold setting, TMZ 25 and 50uM induced an increase of
AO-positive stained cells in comparison with non-treated controls, indicating the
development of AVOs, but this increase was not observed when the same data
were analyzed with the proposed threshold setting (Fig. 2A, 2B and 2C). As a specific
method to measure autophagy induction, we assessed the conversion of LC3-I to
LC3-Il protein by western blot, where we do not observe increased levels of LC3-II

(Fig. 2D and 2E).
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Figure 2: Detection of autophagy induction in U251 cells. A, B and C, quantification of acridine
orange staining using flow cytometry and FSC mean for all, FP and FNevents. D, representative
Western immunoblots showing the expression of LC3-1 and LC2-ll and LC (loading control). E,
quantification of LC3-11/LC3-I ratio normalized to control.
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For the cell line U87, considering the current threshold setting, the
treatment with TMZ 50uM increased the percentage of AO-stained cells, relative to
untreated control, but there is no further increase with TMZ 100pM. When
analyzing with the proposed threshold setting, we observe an increased proportion
of cells considered autophagic with TMZ 50puM and even more with TMZ 100pM
(Fig. 3A, 3B and 3C). To accurately assess the status of autophagic activity, we
measured the conversion of LC3-l to LC3-Il by western blot, as well as p62
degradation. p62 is selectively incorporated into autophagosomes through direct
binding to LC3 and is efficiently degraded by autophagy. Thus, the total cellular
expression levels of p62 inversely correlate with autophagic activity. Western blot
analysis revealed an increased conversion from LC3-I to LC3-Il of 56 and 70% for
TMZ 50 and TMZ 100uM, respectively, relative to control (Fig. 3G and 3H).
Regarding to p62, relative to control, there was a reduction of 15 and 36% for TMZ
50 and 100pM, respectively (Fig. 3G and 3H).

Using sub-confluent U87 cells stably expressing GFP-LC3, after treatment
with TMZ in the indicated concentrations, the visualization by fluorescence
microscopy demonstrated predominantly diffuse cytoplasmic distribution for
controls which displayed 19% of cells considered autophagic (more than 5 LC3
puncta/cell). For TMZ 50 and 100 uM there was an increase to 34 and 46% of
autophagic cells, respectively, what represents an increase of 1,8 and 2,4 times

relative to control (Fig. 3D, 3E, 3F and 3H).
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Figure 3: Detection of autophagy induction in U87 cells. A, B and C, quantification of acridine
orange staining using flow cytometry, showing the percentage of AO-positive cells in both classical
and proposed way of analysis as well as FSC mean for all, FP and FN events. D, E and F,
representative micrographs of GFP-LC3 puncta formation analysis in U87 cells stably expressing LC3
protein. G, representative Western immunoblots showing the expression of p62, LC3-l, LC2-1l and LC
(loading control). H, quantification of LC3-11/LC3-I ratio and p62 expression normalized to control and
quantification of cells that exhibit 5 or more green dots (autophagic cells).
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2.6 Discussion

After literature review, we found several works using acridine orange
staining for monitoring autophagy. When analyzing the results by flow cytometry,
58 works of the 59 analyzed, trace a threshold parallel to the axis of red
fluorescence and just one along axis of population. Due to the physical-chemical
properties of this dye, we hypothesized that an inclined threshold may be more
correct to the analysis, since it would take into account red and green fluorescence
ratio.

Treatment with TMZ 25 and 50uM did not induce autophagy in U251 cells,
since no increase in the conversion from LC3-l1 to LC3-Il was observed. The
perpendicular threshold used to quantify AO-stained cells showed a strong increase
in the positive population, whereas when the same dot plot was analyzed with the
proposed threshold setting, taking into account red and green fluorescence ratio,
this induction was not observed, likewise the result of LC3 conversion assay. This
fact supports that the proposed analysis provides trusty results and could avoid
false positives and false negatives which are present in the classical method. False
negatives are mainly small cells that have low fluorescence intensity but greater
red:green fluorescence ratio, while false positives are mainly observed when there
are more events with FSC increased, what well correlates with increased cell size
(Fig. 2A, 2B and 2C).

For the cell line U87 there are not results as divergent as in U251, but since
they are evident, we tested the correlation between results from the two methods
(inclined and perpendicular thresholds) against results of LC3 conversion and p62
western blot and GFP-LC3 puncta formation assay. As expected, LC3-1 to LC3-II
conversion and LC3 puncta formation assay have strong correlation between them
(0,99), as well with p62 detection by western blot (-0,96 and -0,98), but inverse
correlation because p62 levels decrease with increased autophagic activity.
Correlation between these three methods are always stronger with the results for
inclined threshold rather than perpendicular threshold (Table 1) and these different
correlations are statistically significant, reinforcing the idea that our proposed

method provides more reliable results.
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LC3 conversion LC3 punta p62

LC3 conversion 0,99 -0,96
LC3 puncta -0,98
Perpendicular 0,87 0,80 0,64
Inclined 0,99* 0,96* 0,86*

Table 1: Correlation between methods. Correlation between LC3-I|
to LC3-I conversion, LC3 puncta formation and p62 expression and
between these methods and the current threshold setting to
quantify acridine orange staining (perpendicular) and the proposed
threshold setting (inclined) in U87 cells. *p<0,05 in relation to
perpendicular threshold

Similarly to U251, for U87 we also observed that false negatives correspond
to small cells, as evidenced by lower FSC, and false positives correspond to big cells,

since they present higher FSC (Fig. 2A, 2B and 2C).

Taken together, our results support our initial hypothesis that smaller cells
incorporate a smaller amount of acridine orange and, consequently, emit less red
fluorescence, being considered false negatives, and the opposite situation, that
larger cells are easily considered false positives because they have more absolute
red fluorescence, but not increased red:green fluorescence ratio. Therefore, our
proposed threshold setting, which considers the relative intensity of red and green

fluorescence, is useful as an initial method for evaluating autophagy.
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3 Conclusoes e perspectivas

Propomos neste trabalho uma nova maneira de analisar dados de marcagao
com laranja de acridina por citometria de fluxo. Partindo da premissa que células de
diferentes tamanhos incorporam quantidades diferentes do marcador, julgamos
qgue a andlise ndo deve levar em conta somente intensidade absoluta de
fluorescéncia vermelha para delimitar um ponto a partir do qual células com valores
de fluorescéncia acima desse limiar sejam consideradas positivas. Essa é a atual
forma utilizada pela quantificar o desenvolvimento de AVOs e, sendo assim, células
menores ou cujo tratamento leva a uma redu¢ao do tamanho, mesmo que
apresentem uma inducdo de autofagia poderdo ser consideradas negativas pelo
fato de terem incorporado uma menor quantidade de AO e ndo terem atingido um
valor de fluorescéncia vermelha além do valor do limiar reto (ilustrado na Fig. 7,
situacdo A e C. Observe que com a forma de andlise proposta essa inducdo seria
detectada). De forma contrdria, células maiores serdo facilmente consideradas
positivas mesmo que ndo tenham uma inducdo de autofagia, pelo fato de terem
maior volume de compartimentos acidos (Fig. 7, situacdo A e B. Neste caso, a
andlise proposta ndo consideraria a célula B como positiva,apesar de ter uma
intensidade maior de fluorescéncia vermelha, mas ndo um aumento na proporgao
das fluorescéncias vermelho:verde).

A nova proposta sugere levar em conta a razao da fluorescéncia vermelha pela
fluorescéncia verde. Uma vez que a fluorescéncia verde estd proporcionalmente
relacionada ao tamanho da célula, essa anadlise se torna mais abrangente e
consegue avaliar a inducdo de autofagia em células maiores ou menores. Para isso,
pode-se obter os valores de fluorescéncia individuais, calcular a razao de
fluorescéncia vermelha:verde e entdo fazer a andlise ou simplesmente tracar um
limiar inclinado ao longo do eixo da populacdo no grafico de fluorescéncia verde

versus vermelha, que corresponde matematicamente a razao das fluorescéncias.



Intensidade de
fluorescénciavermelha

Intensidade de
fluorescénciaverde

Figura 7: Representagao esquematica da indugdo ou nao de autofagia em células

de diferentes tamanhos.
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A partir de resultados obtidos com as duas formas de andlise, comparamos com

outros métodos bem estabelecidos para avaliar autofagia (conversdo de LC3-lI em

LC3-1l, degradacdo de p62 e ensaio de formacdo de GFP-LC3 dots). Encontramos

melhor correlacdo dos resultados desses trés métodos com o método proposto, o

gue reforca a ideia que esse método possui resultados mais fidveis.

Temos a perspectiva de publicar os resultados para que futuras analises de

marcacao com laranja de acridina levem em consideracdo a nossa proposta.



4 Anexos

Planilha do OpenOffive desenvolvida para analisar os dados de citometria de fluxo.
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