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Abstract

Cell death mechanisms and targets of new fluorescent dyes with antiproliferative

activity

Phenoxazine derivatives have been the subject of an increasing research in life sciences due
to their antiproliferative properties with potential applications as antitumor and antimicrobial
agents, leading to the design and synthesis of novel active compounds suitable for human use.

Previous studies in our laboratory have shown that a newly synthesized phenoxazine derivative
(MSG-111-cd3) induces yeast cell death through a regulated process which may be mediated by
the permeabilization of the vacuolar membrane, without the involvement of autophagy and
mitochondrial pathways. The interesting potential of this newly phenoxazine compound lead us to
study a compound of the same family (C9) that differ from MSG-111-cd3 only in a single
substitution of its extended aromatic system which considerably increases its antifungal activity.

The yeast Saccharomyces cerevisiae represents a unique eukaryotic model used in drug-
discovery process due to the high conservation of basic cellular processes present in higher
organisms.

In the present work, we aimed to characterize the intracellular distribution and the cell death
mechanism underlying C9 activity using the yeast Saccharomyces cerevisiae as a model. The
results showed that C9 compound accumulates in the vacuolar membrane and the perinuclear
endoplasmic reticulum. We observed that Pep4p and Ycalp play a protective and effector role,
respectively, in mediation of C9-induced cell death. Although Atgbp displayed a protective role,
autophagy does not seem be involved. As a whole, the results point to the occurrence of a regulated
cell death process mediated by the vacuolar permeabilization and mitochondrial involvement.

This work provides new insights in the use of phenoxazine derivatives as antifungal agents,

characterizing their activity in order to evaluate their potential application.






Resumo

Mecanismos de morte e alvos de novos compostos fluorescentes com atividade

antiproliferativa

Os derivados de fenoxazina tém sido objeto de crescente investigacdo nas ciéncias da vida
devido as suas propriedades antiproliferativas e potencial aplicacdo como agentes antitumorais e
antimicrobianos, levando ao design e sintese de novos compostos ativos com baixa toxicidade,
adequados para uso humano.

Estudos preliminares no nosso laboratério demonstraram que um derivado de fenoxazina
recentemente sintetizado (MSG-111-cd3) induz morte celular em leveduras através de um
processo regulado que parece ser mediado pela permeabilizacao da membrana vacuolar, sem o
envolvimento da autofagia e da via mitocondrial. O interessante potencial deste novo composto de
fenoxazina levou-nos a estudar outro composto desta familia (C9) que difere do MSG-111-cd3
apenas numa unica substituicao do seu sistema aromatico, 0 que aumenta consideravelmente a
sua atividade antifungica.

A levedura Saccharomyces cerevisiae representa um modelo eucariético Unico, que pode ser
usado no processo de descoberta de novas drogas devido a elevada conservacdo dos processos
celulares basicos presentes em organismos superiores.

O objetivo do presente trabalho consistiu em caracterizar a distribuicdo intracelular e o
mecanismo de morte celular subjacente a atividade do C9, utilizando a levedura Saccharomyces
cerevisiae como modelo bioldgico. Os resultados demonstraram que o composto C9 acumula-se
tanto na membrana vacuolar como na membrana perinuclear do reticulo endoplasmatico.
Observamos também que as proteinas Pep4p e a Ycalp exibem um papel protetor e efetor,
respectivamente, na mediacdo da morte celular induzida pelo C9. Embora a proteina Atgbp tenha
um papel protetor da morte induzida por este composto, a autofagia nao parece estar envolvida.
Em conjunto, os resultados apontam para a ocorréncia de um processo de morte celular regulado,
mediado pela permeabilizacao vacuolar e o envolvimento mitocondrial.

Este trabalho fornece novo conhecimento sobre o uso de derivados de fenoxazina como

agentes antifungicos, caracterizando sua atividade de forma a avaliar o seu potencial de aplicacao.
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l. Introduction

I.1 Cell death

There is no life without death. Indeed, cells need to die for the formation and remodeling of
biologic structures and tissues, to control the cell number and for the elimination of abnormal cells
allowing the normal development and to contribute to homeostasis of different organisms
(Baehrecke, 2002). Human diseases as cancer and development disorders can be commonly
associated with abnormal regulation of cell death process (Baehrecke, 2002; Fuchs and Steller,
2011).

Until the early years of the 19" century it was though that cell death was inevitable and a
passive final stage of life (Fuchs and Steller, 2015). In 1842, Carl Vogt showed that in amphibian
metamorphosis the notochord is eliminated facilitating the formation of the vertebrae (Clarke and
Clarke, 1996; Fuchs and Steller, 2015). It was the first evidence of development cell death.
However, only in the mid 1960’s was described for the first time a programmed cell death process
dependent on the expression of endogenous genes (Fuchs and Steller, 2015; Lockshin and
Williams, 1964). Since then, the field of cell death research showed an increasing progress allowing
the discovery and characterization of different subroutines of cell death.

Operationally, cell death can be classified as accidental and regulated. Accidental cell death
occurs when the cells are exposed to extreme physicochemical or mechanical stimulus leading to
complete and uncontrolled disruption of the cells. In contrast, regulated cell death (RCD) occurs in
the context of a failing response to internal or external triggers involving a genetic encoded
molecular machinery (Carmona-Gutierrez et al., 2018; Galluzzi et al., 2015). Besides programmed
cell death (PCD) which is a physiological instance of RCD associated with development and tissue
homeostasis, RCD was firstly classified in three different morphological types such as apoptosis
(type 1), autophagy (type Il) and necrosis (type Ill) (Galluzzi et al, 2015). Currently, this
classification is still accepted but allied with specific biochemical manifestation as well as
enzymological criteria (Galluzzi et al., 2012, 2015)

Apoptosis is the most common routine of RCD in eukaryotic cells being involved in several
fundamental biological events, and being characterized by defined morphological and biochemical
alterations including reduction of cellular volume, chromatin condensation, nuclear fragmentation
(karyorrhexis) as well as exposure of posphatidylserine, which promote phagocytosis by

macrophages (Kroemer et al., 2009; Sousa et al., 2012). Apoptotic cells also display little or no



ultrastructural modifications of cytoplasmic organelles and maintain the integrity of the plasma
membrane until the final stages of this process (Sousa et al., 2012).

There are two major apoptotic pathways described in mammalian cells, the intrinsic pathway
which requires the mitochondrial involvement and is dependent or independent of caspases, and
the extrinsic pathway also known as the death receptor pathway where caspases are activated
directly (Galluzzi et al., 2012; Sousa et al., 2012). The crucial steps in the mitochondrial pathway
which decide the cell fate are the mitochondrial membrane permeabilization (MMP) and caspase
activation. The integrity of mitochondrial membrane is regulated by members Bcl-2 protein family.
Its permeabilization and consequent release of pro-apoptotic factors like cytochrome ¢ (cyt c),
apoptosis inducing factor (AIF), endonuclease G (Endo G), HtrA2/0MI and Smac/DIABLO ensures
the propagation of the apoptotic cascade and execution of cell death (Figure I.1) (Falcone and
Mazzoni, 2016; Galluzzi et al., 2012; Sousa et al., 2012).
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Figure 1.1 — Representation of apoptosis intrinsic pathway which requires the mitochondrial involvement and is dependent or
independent of caspases, in response to multiple intracellular stress conditions including DNA damage and cytosolic Ca®* overload

(Galluzzi et al., 2012).



Autophagy is a stress-induced catabolic process that is involved in several physiological processes
such as cell differentiation, development, adaptation to starvation, the degradation of aberrant
structures and life extension (Boya et al., 2013; Chen and Klionsky, 2011). Autophagy can be
characterized in three major types, macroautophagy, microautophagy and chaperone-mediated
autophagy (Boya et al, 2013; Feng et al, 2014). This process is regulated by conserved
autophagy-specific genes (ATG) which have specific functions to control the different steps of the

autophagic process (Figure [.2) (Kroemer and Jaattela, 2005).
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Figure 1.2 — Representation of the different types of autophagy. Macroautophagy (a), chaperone-mediated autophagy (b) and
microautophagy (c) (Boya et al., 2013).

Macroautophagy is a degradative and recycling process that is characterized by the formation
of double-membrane vesicles (autophagosomes), where cytoplasmic components like proteins and
organelles are sequestered and degraded in the vacuole to generate macromolecules that are
released into the cytoplasm for reuse (Carmona-Gutierrez et al., 2018; Falcone and Mazzoni,
2016). The microautophagy also consists in the translocation of cytoplasmic molecules into the
lysosome but this time by direct invagination or septation of the lysosomal membrane. The other

type involves the binding of Hsp70 (Heat-shock protein 70) chaperones to its cytosolic target, and



then association with the LAMP-2 (lysosomal membrane protein) triggering its oligomerization
leading to the translocation of the bound protein into the lysosomal lumen (Feng et al., 2014).

Autophagy constitutes a cytoprotective response which is activated by stressed cells in order
to control damage and recycle cell components and its inhibition ussually accelerates the cell
death. However, when autophagy is excessively induced it can contributes to cell demise (Chen
and Klionsky, 2011).

Initially, necrosis has been considered an accidental and uncontrolled form of cell death, that
occurs when cells are subjected to an excessive stress. It is now clear that this process can occur
in a regulated manner and has an important role in various physiological and pathological settings
(Galluzzi et al., 2012; Kroemer et al., 2009). This type of cell death is morphologically characterized
by an increase in the cellular volume, swelling of organelles (oncosis), rupture of plasma membrane
and release of cytosolic contents as well as chromatin condensation and dilation of nuclear
membrane (Galluzzi et al., 2015).

Necrosis can be mediated by several organelles and cellular processes such as mitochondrial
alterations, lysosomal and nuclear changes, lipid degradation and increases in the cytosolic
concentrations of calcium (Ca®') (Kroemer et al., 2009). So, depending on the initialization stimuli,
such responses can preferentially involve different molecules and organelles leading to specific

routines of regulated cell death.

l.1.1 Cell death induced by lysosomal membrane permeabilization

Lysosomes are highly dynamic, membrane-enclosed organelles rich in hydrolytic enzymes that
are responsible for the degradation and subsequent recycling of macromolecules derived from the
secretory, endocytic, autophagic and phagocytic membrane trafficking pathways (Eskelinen, 2006;
Luzio et al.,, 2007). For many years it was thought that lysosomes were simple “garbage disposals”
organelles, however recent studies demonstrated that they are involved in other cellular processes
such as metabolism, repair of the plasma membrane, calcium (Ca?’) storage and cell death
(Serrano-Puebla and Boya, 2016).

They are filled with several hydrolytic enzymes (proteases, lipases, nucleases, phosphatases,
glucosidases, etc.) that usually exert their enzymatic activity at low pH (Kirkegaard and Jaattel3,
2009). Cathepsins are the best characterized proteases being subdivided according to their active
site amino acid into cysteine (B, C, H, K, L, O, S, V, W and X/Z), aspartate (D and E) and serine
(G) proteases (Kirkegaard and Jaattela, 2009; Pereira et al., 2015).



The crucial role of the membrane limiting lysosomes is to separate the cellular constituents
from unwanted degradation by the hydrolases (Eskelinen, 2006). This membrane contains specific
proteins that are implicated in the lysosomal homeostasis and integrity including the lysosomal-
associated membrane proteins (LAMP) 1 and 2 which are resistant to hydrolytic digestion and
mediate substrate transport, Hsp70 that regulate the protein folding and transport across the
membrane as well as vacuolar-type H*-ATPases which use metabolic energy derived from ATP to
pump protons into the lysosomal lumen to maintain its acidic milieu (Eskelinen, 2006; Serrano-
Puebla and Boya, 2016). The lipid composition, such as sphingomyelin levels are also essential
for membrane stability (Serrano-Puebla and Boya, 2016).

The lysosomes have emerged as a significant component of the cellular death machinery since
lysosomal membrane permeabilization (LMP) causes the release of cathepsins and other
hydrolases from the lysosomal lumen to the cytosol which can result in digestion of vital proteins
leading to cell death (Boya and Kroemer, 2008).

The type of cell death process is determined by the magnitude of lysosomal permeabilization
and consequent amount and type of cathepsins released into the cytosol, the levels of endogenous
cathepsins inhibitors such as cystatins as well as the nature of the lethal stimulus (Guicciardi et
al., 2004; Sousa et al., 2011). Therefore, massive lysosomal rupture triggered by high intensity
stress leads to uncontrolled release of lysosomal contents triggering the cytoplasmic acidification

and consequent hydrolysis of its content leading to cell death by necrosis. In contrast, partial and
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Figure 1.3 — Pathways leading to the induction of lysosomal membrane permeabilization (LMP). LMP can be induced
by several agents and molecules such as caspases, bacterial proteins, microtubule poisons, cathepsin B (CB), staurosporine, bax,

p53, ROS, lysosomotropic detergents, photodamage by photodynamic therapy (PDT) and sphingosine (Boya and Kroemer, 2008).



selective lysosomal permabilization triggers the regulated cell demise inducing cell death by
apoptosis-like cell death (Kirkegaard and Jaattela, 2009; Serrano-Puebla et al., 2016). LMP can
be triggered by distinct agents and molecules including ROS, lysosomotropic agents,
endoplasmatic reticulum stress, p53 tumor suppressing protein, endogenous cell death effector
Bax, the death receptor of tumor necrosis factor (TNF) receptor family through caspase-8 and FAN
which result in cathepsin B release, caspases and cathepsins (Figure 1.3) (Boya and Kroemer,
2008; Serrano-Puebla and Boya, 2016).

Among the principal triggers of lysosomal membrane permeabilization are ROS which can
induce a fast and direct effect (Blomgran et al, 2007). These molecules pass through the
lysosomal membrane and in the presence of free iron can catalyze Fenton reactions to produce
toxic intermediates causing peroxidative damage to the proteins in the lysosomal membrane
(Blomgran et al., 2007; Serrano-Puebla and Boya, 2016). The lysosomal destabilization leads to
cathepsins (B and D) translocation, followed by Bid cleavage by the released proteases and tBid-
promoted mitochondrial outer membrane permeabilization with subsequent cytochrome c release

and caspase-dependent apoptosis (Figure 1.4) (Boya and Kroemer, 2008).

Cytosol

LMP
inducers

Nucleus’ Mitochondrion

CB
co T
Nuclear < CcB
ranslocation cB Bid
l \ CcD Bax
DNA
fragmentation Cytosolic Caspase-2 /
acidification
CB

CD AlIF Cyt.c
Caspase-independent Caspase-independent  Caspase-dependent
cell death cell death cell death

Figure 1.4 — Cell death pathways activated after LMP. Different molecules can trigger distinct subroutines of cell death
that depend on the intensity of LMP, the expression level of lysosomal hydrolases, the cytosolic concentrations of cathepsin

inhibitors, the functional state of mitochondria, the concentration of caspases and their antagonists (Boya and Kroemer, 2008).



Through recent findings, it's now clear that lysosomal proteases such as cysteine cathepsin B
and L and aspartate cathepsin D which remain active at neutral pH can cleave some of classic
caspase substrates like pro-apoptotic Bcl-2 family proteins indicating that, like caspases also
cathepsins are executioners of regulated cell death (Chwieralski et al., 2006; Fehrenbacher et al.,
2008). Cathepsin D has been described as a central player in the apoptotic response (Pereira et
al., 2015; Sousa et al.,, 2011), however depending on the stimulus, it can either have an effector
or a protective role. In cancer cells it may also have pro-oncogenic effects stimulating angiogenesis,
tumor growth, migration and invasion leading to cancer progression (Fehrenbacher et al., 2008;
Kirkegaard and Jaattela, 2009).

Today, is accepted that LMP can trigger distinct cell death pathways involving caspase-
dependent or —independent cell death, with or without involvement of mitochondria as well as

necrosis and autophagy (Boya and Kroemer, 2008; Guicciardi et al., 2004; Sousa et al., 2011).

1.2 Yeast cell death

Nowadays the yeast Saccharomyces cerevisiae is one of the most used and versatile eukaryotic
cell models (Sousa et al., 2012). Due to its easy genetic manipulation and maintenance, yeast is
a useful model to study complexes scenarios of stress response, longevity and regulated cell death
(Carmona-Gutierrez et al., 2010; Falcone and Mazzoni, 2016; Ring et al., 2012).

Since the first evidences suggesting that yeast presented endogenous programmed cell death
displaying typical markers of apoptosis (Madeo et al., 1997), the reason why unicellular organisms
would commit suicide has been questioned. Microorganisms like yeast and bacteria can switch
from unicellular to multicellular organization such as colonies, biofilms and aggregates to increase
the genetic diversity and the protection against hostile environments (Allocati et al, 2015;
Carmona-Gutierrez et al., 2018). It is now clear that unfitted, damaged and old cells from a
multicellular organization can commit suicide promoting the survival of the population in several
physiological contexts including antagonistic interactions between yeasts, aging, mating and colony
formation (Buttner et al., 2006; Carmona-Gutierrez et al., 2018).

The knowledge of the full Saccharomyces cerevisiae genome sequence has revealed a high
degree of conservation between protein amino acid sequence and function in yeast and higher
eukaryotic species (Duina et al., 2014) leading to the uncovering of new genes and pathways that
regulate physiological and pathological processes (Falcone and Mazzoni, 2016; Sousa et al.,

2012).



As previous mentioned in mammalian, yeast regulated cell death (RCD) such as apoptosis,
necrosis and autophagy-dependent cell death can be triggered by distinct internal and external

stimuli (Figure 1.5) (Falcone and Mazzoni, 2016).

degradation

Apoptotic-
like RCD
Necrotic

{e»)

u RCD external triggers

RCD Internal triggers

Pathways, organelles and molecules involved in RCD execution
@ RCD executors

Figure 1.5 — Apoptotic-like and necrotic regulated cell death (RCD) in yeast cells. Internal and external triggers,

pathways, organelles and molecules involved in RCD execution.

RCD can be induced by alterations in fundamental cellular pathways including DNA replication,
mRNA stability, protein modification and degradation as well as accumulation of ROS, aging and
the heterologous expression of pro-apoptotic human genes such as Bax and p53 (Carmona-
Gutierrez et al., 2010; Falcone and Mazzoni, 2016; Ludovico et al, 2005). Recent studies
demonstrated that the expression of p53 induces apoptosis-like cell death (Falcone and Mazzoni,
2016). Also, several triggers can induce RCD in yeast including hydrogen peroxide (H,0,), acetic
acid, osmotic stress, high salt concentration, drugs and others (Falcone and Mazzoni, 2016).
Depending in their concentrations different cell death pathways can be induced.

As for mammalian, yeast cell death also displays characteristic morphological features such
as DNA fragmentation, ROS accumulation, chromatin condensation, exposure of
phosphatidylserine on the cell surface, mitochondrial outer membrane permeabilization with cyt ¢
release (Falcone and Mazzoni, 2016; Mazzoni and Falcone, 2008).This process is regulated by
several yeast orthologous of mammalian apoptotic regulators including the yeast metacaspase,

Ycalp, which displays both pro-apoptotic and anti-apoptotic functions (Falcone and Mazzoni, 2016;
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Mazzoni and Falcone, 2008), yeast apoptosis inducing factor (Aiflp) (Chin et al., 2014), yeast
Nuclp (ortholog of mammalian Endonuclease G) and cytochrome ¢ (cyt ¢) that are release from
mitochondrial in response to apoptotic stimuli, among others (Figure 1.5) (Pereira et al., 2008;
Falcone and Mazzoni, 2016; Mason et al., 2005).

During apoptosis, an increased permeabilization of organelle membranes can occur, such as
mitochondrial outer membrane permeabilization and lysosomal membrane permeabilization
(Mason et al, 2005). The permeability of yeast vacuoles, which are the yeast equivalent to
mammalian lysosomes, is also involved in the regulation of apoptotic-like cell death (Li and Kane,
2009; Rodrigues et al., 2013). Studies indicate that the translocation of vacuolar protease Pep4p
leads to the degradation of damaged mitochondria through an autophagic-independent process
displaying a protective role in acetic acid-induced cell death (Pereira et al., 2010). Similar results
were observed in colorectal carcinoma cells where the cathepsin D is released by lysosomal
permeabilization, protecting the cells from mitochondrial dysfunction through its involvement in
degradation of damaged mitochondria in acetate-induced apoptosis (Marques et al., 2013).

The evidences above mentioned, reinforce the use of yeast as a suitable model to study the
different organelles and molecules involved in regulated cell death process.

There are many assays and tools available that can be used to evaluate and characterize the
mechanism underlying the cell death process in response to specific stressor. Thus, in a first
phase, it is important to determine the cell survival through clonogenic assays which reflects the
ability of a cell to divide when exposed to that trigger, usually assessed by quantification of Colony
Formation Units (CFU). Similarly, the evaluation of the physiological state (vitality) should be
performed, either by determination of the cellular ATP content, mitochondrial membrane potential
or esterase activity (Carmona-Gutierrez et al., 2010; Kwolek-Mirek and Zadrag-Tecza 2014).

The different routines of cell death display characteristic features which can be used to identify
the death phenotype. In apoptotic cells, morphological and biochemical changes as DNA
fragmentation, chromatin condensation and ROS accumulation can be evaluated by TUNEL
(terminal deoxynucleotidyl transferase dUTP nick end-labeling), DAPI and dihydroethidium (DHE)
staining, respectively (Carmona-Gutierrez et al, 2010; Carmona-Gutierrez et al, 2018). To
distinguish necrotic cells from apoptotic cells Annexin V staining combined with propidium idodide
(PI) staining can be used. In this double staining method, early apoptotic cells exhibit AnnV+/PI-
staining indicative of phosphatidylserine externalization, primary necrotic cells exhibit AnnV-/Pl+

staining indicative of plasma membrane rupture, while late apoptotic/secondary necrotic cells
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display AnnV+/Pl+ staining indicating both PS externalization and membrane permeabilization

(AnnV+/PI+) (Figure 1.6) (Carmona-Gutierrez et al., 2010; Carmona-Gutierrez et al., 2018).

DNA degradation ROS accumulation
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Figure 1.6 — Assays commonly used in the study of yeast regulated cell death. Clonogenic assays are used to evaluated
cell death rates. DAPI staining is used to observed chromatin condensation and nuclear fragmentation, while TUNEL is used to
identify DNA fragmentation. Co-staining of Annexin V and propidium iodide (PI) allows the distinction between early apoptotic
(AnnV+/PI-) from late apoptotic and secondary necrotic (AnnV+/Pl+) as well as primary necrotic cells (AnnV-/Pl+). In all the cases

stained cells are usually analyzed by flow cytometry and/or florescence microscopy observations (Carmona-Gutierrez et al., 2010).

.3 Phenoxazine and benzophenoxazine derivatives

Fluorescent chromophores have been the subject of an increasing research because of their
application in detection and labelling of biomolecules (Frade et al., 2005). This growing interest,
has boosted the creation of new selective fluorescent biomarkers with photostable properties that
can absorb and emit in the red and near infrared (NIR) spectral regions (600-1000 nm), minimizing
the undesirable biomolecular autofluorescent background signals (Frade et al., 2005; Song et al.,

2008).



Long wavelengh fluorophores like oxazine and its derivatives which acts as tunable laser dyes
in the range 600-900 nm (Frade et al., 2008), have been commonly used in non-covalent labeling
of nucleic acids in blotting experiments, electrophoretic gels and living cell assays (Soto et al.,
2002) as well as in covalent labelling of carboxylic acids, proteins, peptides, aminoacids, DNA
(Frade et al., 2008).

Besides their photophysical properties, phenoxazine and benzo[a]phenoxazine dyes which
derived from the oxazine heterocycle (Figure |.7), also possess an interesting antiproliferative
activity (Frade et al.,, 2008). Several studies demonstrated that these compounds display a wide
spectrum of biological activities as antitumour (Bolognese et al., 2006; Shimamoto et al., 2001),
antimicrobial (Patil ef al., 2015), antiviral (Iwata ef al., 2005), anti-inflammatory (Silva et al., 2004)
and antifungal activity (Kumar et al., 2006).

OO OO

Oxazine Phenoxazine Benzo[a]phenoxazine

Figure 1.7 - Chemical structure of oxazine and its derivatives, phenoxazine and benzo[a]phenoxazine.

These compounds are typically DNA-intercalating agents due to the ability of their large planar
polycycle structure to intercalate between specific base pairs through hydrogen bands and -1
stacking interactions leading to the formation of stable DNA/compound complex (Figure |.8)
(Bolognese et al., 2002a; Bolognese et al., 2002b). The intercalative binding can disrupt the
normal DNA function through enzymatic blocking, reading errors and metabolic conversion to free

radicals leading to cell death (Alberti et al., 2003; Bolognese et al., 2002a; Frade et al., 2008).

Figure 1.8 - Proposed model of Pyridophenoxazine intercalated into the [d(GAA- GCTTC)]2 octamer. Dashed lines represent
hydrogen bonds (Alberti et al., 2003).
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The phenoxazine nucleus is common to many natural and synthetic compounds associated
with anticancer activity as in the case of Actinomycin D, one of the most well-known
chemotherapeutic drugs. The antitumor activity of these compounds seems to be due specifically
to the presence of the phenoxazine structure, which by intercalating in DNA can inhibit the DNA-
dependent RNA polymerase (Alberti et al, 2003; Wesolowska et al, 2006). Phenoxazine
derivatives can also be effective modulators of multidrug resistance in P-glycoprotein
overexpression T lymphoma cells (Wesolowska et al., 2006).

The enormous potentialities and applications of phenoxazine derivatives, led our group to
synthesized new benzo[a]phenoxazine using as a lead compound one of the most common
compound in this family, the Nile blue. Previous studies demonstrated that the newly synthesized
compounds can be used as antifungal agents, in particular the MSG-111-cd3 that exhibited high
antifungal activity against the yeast Saccharomyces cerevisiae as a model (Carvalho, 2011 ;Frade
etal., 2007). Co-localization studies showed that at concentrations close to the minimum inhibitory
concentration (MIC), MSG-111-cd3 accumulates in the vacuolar membrane and in the membrane
of endoplasmic reticulum (Leitdo, 2015). So far, the studies indicate that MSG-111-cd3 induces a
regulated process mediated by the vacuolar permeabilization with a prominent role of Pep4p. The
treatment did induce the release of Nhp6Ap (yeast ortholog of the mammalian HMGB1), however
no loss of plasma membrane integrity was observed, so a necrotic cell death process does not
seem to be induced. Also the autophagy and the mitochondrial pathway do not seem to be involved
in the cell death process (Ferreira, 2017; Lopes, 2015).

In this work, we investigated the molecular mechanism of cell death induced by a
benzo[alphenoxazine compound with similar structure to MSG-111-cd3 compound to further
understand the structure-activity relationships of the benzo[a]phenoxazine compounds synthesized
by our group.

N-(10-methyl-5-(propylamino)-9 Hbenzo[a]phenoxazin-9-ylidene)ethanaminium chloride, also
designated as C9, presents a benzene ring fused with the a face of the phenoxazine structure
(Figure 1.7). As Nile blue and MSG-111-cd3 compounds, C9 presents an amine functional group
at the position 5 of the system (Table 1) that is essential for covalent labelling molecules but also
confer them the possibility of other chemical modifications (Frade et al., 2008). Structurally, C9
differs from the MSG-111-cd3 in R, substituent, where presents a propyl group rather than 4-ethoxy-

4-oxobutyl which increases their antifungal activity (Leitdao, 2015).
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Table 1 - Nile Blue, MSG-111-cd3 and C9 structure and activity against yeast Saccharomyces cerevisiae PYCC 4072 (Leitao,

2015).
Ry
2
1 3
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Rs N 4
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N8 ~
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| al 8 7 6
R
Compound R R, R, R, R, MIC/uM
Nile Blue CH,CH,4 CH,CH,4 H H H 25.0
MSG-111-cd3 CH,CH,4 H (CH,);CO,Et CH; H 25.0
C9 CH,CH,4 H (CH,),CH,4 CH; H 6.25
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Il. Aims

Due to its remarkable properties previously described, the yeast Saccharomyces cerevisiae
represents a unique eukaryotic model to study complex scenarios of stress response, longevity and
cell death (Ring et al., 2012).

Previous studies in our group using the yeast Saccharomyces cerevisiae as a model showed
that a newly synthesized benzo[a]lphenoxazine compound (MSG-111-cd3) exhibited high
antifungical activity. So, based on its activity our group studied the mechanism underlying the effect
of MSG-111-cd3 compound. It was observed that this compound induces a regulated cell death
process which may be mediated through the permeabilization of the vacuolar membrane, without
the involvement of autophagy and mitochondrial pathways (Ferreira, 2017; Lopes, 2015).

The interesting potential of newly benzo[a]lphenoxazine compounds lead us to study a
compound of this family (C9) that differ from MSG-111-cd3 only in a single substitution of its
extended aromatic system which considerably increases its antifungal activity.

To characterize the intracellular distribution and the cell death mechanism induced by C9
compound fluorescence microscopy, flow cytometry and cell viability assays were used to assess
several death markers including plasma membrane integrity, accumulation of reactive oxygen
species (ROS), detection of a sub GO/G1 peak, mitochondrial network fragmentation, vacuolar
membrane permeabilization as well as the autophagy involvement. For this characterization,
various strains deficient in proteins reported to be involved in different subroutines of cell death,
and strains expressing specific fluorescent proteins to visualize different organelles and cellular

alterations were also used.
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I1l. Material and Methods

lI1.1 Yeast strains

The Saccharomyces cerevisiae strains used in this study are listed in Table 2. As wild type
strains were used BY 4741, W303-1A and W303-1B. BY 4741 WT, BY 4741 Apep4, BY 4741
Acpr3, BY 4741 Aaifl, BY 4741 Anucl, BY 4741 Aycal, BY 4741 rher, W303-1A WT, W303-1A
Apep4, W303-1A GFP-ATG8, W303-1A Aatgl GFP-ATG8, W303-1A Aatgh GFP-ATG8, W303-1A
Aatg32 GFP-ATG8, W303-1B and JL1-3 Aaacl/2/3 were used in cell viability assays.

For fluorescence microscopy assays BY 4741 WT, W303-1A GFP-ATG8, W303-1A Aatgl GFP-
ATGS8, W303-1A Aatg5 GFP-ATGS8, W303-1A Aatg32 GFP-ATG8 and W303-1A pYX-mt-GFP were

used. For flow cytometry only BY 4741 was used.

1.2 Media and growth conditions

Yeast cells, BY 4741 WT, BY 4741 Apep4, BY 4741 Acpr3, BY 4741 Aaifl, BY 4741 Anucl,
BY 4741 Aycal, BY 4741 rhee, BY4A741 GFP-SEC66, W303-1A WT and W303-1A Apep4 were
grown on YEPDA (Yeast Extract Peptone Dextrose) medium plates (1% yeast extract, 2%
bactopeptone, 2% glucose and 2% agar) at 30 °C during 2-3 days. Then, they were transferred to
liquid YEPD (YPDA without agar) at 30 °C in an orbital shaker at 200 rpm, with a ratio of flask
volume/medium of 5:1 and allowed to reach the exponential phase (ODgy4,m = 0.5-0,6).

Strains transformed with plasmids, W303-1A GFP-ATGS8, W303-1A Aatgl GFP-ATGS8, W303-1A
Aatgh GFP-ATG8, W303-1A Aatg32 GFP-ATG8, W303-1A pDFO1-VBA1-YEGFP and W303-1A pYX-
mt-GFP were grown in synthetic complete medium (SC: 2% glucose, 0.5% (w/v) ammonium
sulphate, 0.7% yeast nitrogen base w/0 amino acids, 0.2% dropout mix, 0.01% histidine, uracil and
tryptophan, 0.02% leucine) but without the appropriate amino acids. In the strain carrying a pYX-
mt-GFP plasmid, 2% galactose instead of glucose was used for induction the expression of the
proteins. All the strains were growth at 30 °C with agitation at 200 rpm, until they reach the
exponential phase (ODg,q,, = 0.5-0.6).

23



Table 2 -List of Saccharomyces cerevisiae strains used in the present work.

Yeast strain Genotype Source

BY 4741 MATa, his3A 1, leu2A0, metl15bA0, ura3A0 EUROSCARF
W303-1A g?ez,l ura3-52, trplA2, leu2-3, 112 his3-11, EUROSCARF
W303-1B MATa, ade2, his3, leu2, trpl, ura3, canl Alexander Tzagoloff

MATa, his3A 1, leuZA0, met15A0, ura3A0;

BY 4741 Apep4
pep YPL154c: kanhiX4 EUROSCARF
MATa; ura3A0; leuZA0; his3A 1; met15A0;
BY 4741 Acpr3 VILO7 8w kanMx4 EUROSCARF
. MATa; ura3A0; leuZA0; his3A 1; met15A0;
BY 4741 Aaifl YNRO7dc- hanlIXa EUROSCARF
MATa; ura3A0; leuZA0; his3A 1; met15A0;
BY 4741 Anucl V1208 kanMx4 EUROSCARF
MATa; ura3A0; leu2A0; his3A1; met15A0;
BY 4741 Aycal ' ' ' ' '
yea YOR197w::kanMX4 EUROSCARF
BY 4741 rho MATa, his3A 1, leu2A0, met15A0, ura3A0 rhoe This study
BY 4741 GFP-SEC66  MATa, his3A 1, leu2A0, metl1bA0, ura3A0 Brian Zid

W303-1A Apep4

MATa, ura3-52, trplA2, leu2-3, 112 his3-11,
ade2-1 YPL154c::kanMX4

(Pereira, 2015)

MATa, ura3-52, trplA2, leu2-3, 112 his3-11, Nadine
W303-1A GFP-ATGS ade2-1, GFP-ATGS (URA3) Camougrand
W303-1A Aatgl MATa, ura3-52, trpIA2, leu2-3, 112 his3-11, Nadine
GFP-ATGS8 ade2-1, YGL180w::kanMX4, GFP-ATG8 (URA3)  Camougrand
W303-1A Aatgh MATa, ura3-52, trplA2, leu2-3, 112 his3-11, Nadine
GFP-ATGS8 ade2-1, YPL149w::kanMX4, GFP-ATG8 (URA3)  Camougrand
W303-1A Aatg32 MATa, ura3-52, trplA2, leu2-3, 112 his3-11, Nadine
GFP-ATGS8 ade2-1, YIL 146¢::kanMX4, GFP-ATG8 (URA3) Camougrand

MATa, ura3-52, trplA2, leu2-3, 112 his3-11, Nadine
W303-1A pYXmt-GFP ade2-1, pYX-mt-G;)P (URA3) Camougrand

W303-1A pDFO1-
VBAI-YEGFP

MATa, ura3-52, trplA2, leu2-3, 112 his3-11,
ade2-1, pDFO1-VBAI-YEGFP (URA3)

Josef Nosek

JL1-3 Aaacl/2/3

MATa, ade2, his3, leu2, trpl, ura3, canl,
aacl::LEU2, aac2::HIS3, aac3::URA3

(Postis et al.,
2005)
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1.3 C9 stock solution preparation and treatment

N-(10-methyl-5-(propylamino)-9H-benzo[a]phenoxazin-9-ylidene)ethanaminium chloride (C9)
was dissolved in dimethyl sulfoxide (DMSQ) to a final concentration of 19.625 mM.

As previously described the yeast cells were grown in their respective liquid media at 30 °C
with agitation at 200 rpm, until they reach the exponential phase (ODg,,,, = 0.5-0.6). After, that
the cells were collected, centrifuged for 3 minutes at 5000 rpm and resuspended in PBS 1x (10x:
80.6 mM Na,HPO,,19.4 nm KH,PO,, 1.37 M NaCl, 27 mM KCl).

The C9 treatment was performed by adding C9 to the resuspended cells at final concentration
of 7.5 uM. The same volume of DMSO (= 0.038%) was added to another tube that served as
negative control. Incubation took place for 120 min at 30 °C with agitation at 200 rpm. Cells were
collected every 30 minutes along 120 minutes, the O minutes sample was collected before adding

the compound and DMSO.

1.4 Production of BY 4741 rhoe strain

Cells were grown in YEPD overnight at 30 °C with agitation at 200 rpm. After that the cells
were collected at an ODgy,,, = 2, resuspendend in fresh YEPD medium and supplemented with 25
ug ml™* Ethidium bromide (Sigma-Aldrich). After incubation for 7 days at 30°C with shaking, the
cells were plated on YEPDA in different dilutions (107, 10®, 10°, and 10°) and grown at 30°C for
2-3 days. Then the cells were replicated both in YEPDA and YEPGA (1% yeast extract, 2% bacto-
peptone, 2% glycerol and 2 % agar).

Colonies that grew on YEPDA plates and did not grow on YEPGA plates were selected and the
rho® phenotype was confirmed by Polymerase Chain Reaction (PCR) for detection of the COX2

gene.

1.5 Cell viability assays and proteins synthesis inhibition

Before (time zero) and after adding the C9 and DMSO (negative control) samples of 50 pL of
culture were collected every 30 min along 120 minutes and diluted 10* in sterile deionized water.
30 pL from the 10* dilution were inoculated onto YEPDA plates and colony-forming units (CFU)
were counted after 2-3 days of incubation at 30 °C. The cell viability was estimated considering

100% survival the number of CFU obtained at time zero.
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For protein synthesis inhibition assays, the cells were incubated with cycloheximide (CHX)
(Sigma-Aldrich) and absolute ethanol (negative control) for 30 minutes before C9 and DMSO
treatment. Cycloheximide was dissolved in absolute ethanol and added to cells at a final

concentration of 100 pg ml” after they reach the exponential phase (0D, = 0.5-0.6).

1.6 Assessment of C9 intracellular distribution

To confirm the preferential localization of the C9 compound, co-localization experiments were
performed using Saccharomyces cerevisiae strains expressing GFP-tagged proteins that localize to
specific intracellular organelles. BY4741 GFP-SEC66 and W303-1A pDF01-VBA1-YEGFP cells were

treated with C9 and visualized by epifluorescence microscopy.

1.7 Assessment of plasma membrane integrity

Integrity of the plasma membrane was assessed by flow cytometry using the impermeable dye
propidium iodide (PI) (Sigma).

BY 4741 cells were treated with C9 or DMSO (negative control) as described in I1.3. Samples
of 200 uL of cell culture were collected at specific time points (0, 15, 30, 60, 90 and 120 minutes),
centrifuged for 3 minutes at 5000 rpm, resuspended in 500 uL PBS 1x and incubated with 2 ug
ml™ of Pl for 10 minutes at room temperature in the dark. As a positive control for P staining boiled

cells were used.

I11.8 Assessment of vacuole membrane permeabilization

In order to assess the vacuole membrane permeabilization, BY 4741 cells were treated with
C9 or DMSO (negative control) as described in I.3.

Samples of cell culture were collected at specific time points (0, 30, 60, 90 and 120 minutes)
and incubated with Celltracker™ Blue CMAC (Molecular Probes Eugene, USA) at a final
concentration of 2 uM for 20-30 minutes at room temperature. Then, the cells were visualized by

epifluorescence microscopy.

111.9 Assessment of mitochondrial network fragmentation

Fragmentation of mitochondrial network was assessed using W303-1A cells transformed with

a plasmid expressing a mitochondrial GFP (pYX-mtGFP). After treatment with C9 and DMSO
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(negative control) as described in 1.3, the cells were collected at specific time points (0, 30, 60,

90 and 120 minutes) and visualized by epifluorescence microscopy.

111.10 Assessment of the accumulation of reactive oxygen species

Intracellular superoxide anion was quantified by flow cytometry using dehydroethidium (DHE)
(Sigma) probe to assess the accumulation of reactive oxygen species (ROS).

Samples of 200 pL of cell culture were collected at specific time points (0, 15, 30, 60, 90 and
120 minutes), before and after the treatment with C9 and DMSO (negative control). Then were
centrifuged for 3 minutes at 5000 rpm, resuspended in 500 uL PBS 1x and incubated with 2 ug
ml™ of DHE for 20 minutes at room temperature in the dark. As a positive control for DHE staining

treatment with hydrogen peroxide (H,0,) was used.

l1l.11 Cell cycle analysis

Cell cycle distribution and detection of a sub-GO/G1 population were assessed by flow
cytometry.

BY 4741 cells were treated with C9 or DMSO (negative control) as described in I1.3. Samples
of 500 uL of cell culture were collected at specific time points (0, 15, 30, 60, 90 and 120 minutes)
and fixed in 500 pL of 70% ethanol (EtOH) overnight at 4 °C. Then, the cells were washed in 50
mM sodium citrate buffer (pH 7.5) and resuspended in 450 uL of the same buffer, followed by a
60 minutes incubation with 0.25 mg mI” of RNAse A (in Tris-EDTA, pH 8) (Sigma) and another 60
minutes incubation with 1 mg ml”of Proteinase K (in H,0) (NZytech, Portugal), both at 50 °C. 2
pL of 5mM SYTOX Green (10x diluted in Tris-EDTA, pH 8) was added to 100 pL of each sample
and incubated overnight at 4 °C. After the addition of Triton X-100 (0.25% (v/v) in sodium citrate
buffer pH 7.5) and to reduce cell aggregates, the final suspension was sonicated with 3 pulses of

30 W for 1-2 seconds each.

111.12 Assessment of autophagy induction

W303-1A GFP-ATGS8, W303-1A Aatgl GFP-ATG8, W303-1A Aatg5 GFP-ATG8 and W303-1A
Aatg32 GFP-ATGS cells were treated with C9 and DMSO (negative control) as previously described
in 11.3. As a positive control for autophagy induction, cells were incubated with rapamycin at a final

concentration of 0.2 pg ml™ at 30 °C with agitation.
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111.12.1 GFP-Atg8 protein localization

To assess the GFP-Atg8 protein localization, the cells were collected before and after 60
minutes of treatment with C9, DMSO (negative control) and rapamycin (positive control). Then,

cells were visualized by epifluorescence microscopy.

111.12.2 Western blot analysis

Western blot analysis was performed to evaluate the GFP-Atg8 processing. First, 1 ml of cell
culture was collected before and after 60 minutes of treatment with C9, DMSO (negative control)
and rapamycin (positive control).

To prepare the protein extracts, cells were resuspended in 500 pl deionized water and added
50 pl of 3.5% (v/v) B-mercaptoethanol in 2M NaOH solution. After vortexing and incubation for 15
minutes on ice, 50 ul of 50 % trichloroacetic acid (TCA) were added. Then, the samples were again
vortexed and incubated for 15 minutes on ice followed by a centrifugation at 15000 rpm for 10
minutes at 4 °C. The pellet was resuspended in 60 pl of Laemmli Buffer 1x (4x: 0.25 M Tris-HCl,
9.2% (w/v) SDS, 40% (w/v) glycerol, 5% (w/v) B-mercaptoethanol, 0.5% (w/v) bromophenol blue)
and 1.5 ul of IM Tris pH 9.5 were added to maintain the ideal pH and the blue colour. Finally, the
extracts were denatured at 95 °C for 5 minutes and stored in -20 °C until Western blot analysis.

The protein extracts were separated by SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)
with 15% of polyacrylamide gels on a Mini Protean Ill electrophoresis system (BioRad) at a constant
amperage (20 mA per gel) for 60 to 90 minutes using running buffer 1x (10x: 0.25 M Tris base,
1.92 M Glycine, 1% SDS). As reference for molecular weight the NZY Colour Protein Marker Il was
used. Proteins were transferred from the gel to the polyvinylidene fluoride (PVDF) membrane
(Hybond-ECL, GE Healthcare) in a semi-dry transfer unit (TE77X Hoefer) at 60 mA during 90
minutes using transfer buffer 1x (10x: 0.25 M Tris-Base, 1.92 M glycine). The membranes were
blocked in 5% (w/v) non-fat milk dissolved in PBS-T (PBS 1x, 0,05% (v/v) Tween 20) for 90 minutes
at room temperature with agitation to avoid non-specific interactions. Then, they were incubated
with the primary antibody overnight at 4 °C, washed with PBS-T for 15 minutes (4x) followed by
the incubation with the secondary antibody for 60 minutes at room temperature.

The primary antibodies used were mouse monoclonal anti-GFP antibody (1:1000; Roche) and

mouse monoclonal anti yeast phosphoglycerate kinase (PGK1) antibody (1:5000; Invitrogen). The
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secondary antibody was against mouse IgG coupled to horseradish peroxidase (HRP) (1:5000;
Jackson ImmunoResearch).
The signals were revealed by chemiluminescence detection using the Immobilon Western HRP

Substrate (Millipore-Merck) and a ChemiDoc XRS image system (BioRad).

111.13 Epifluorescence microscopy and flow cytometry

In the experiments using epifluorescence microscopy, cells were visualized in a Leica
Microsystems DM-5000B epifluorescence microscope, with appropriate filter settings (red, green,
blue and DIC (Differential Interference Contrast)) with a 100x oil immersion objective. Images were
acquired with a Leica DFC350 FX Digital Camera and processed with LAS AF Microsystems
software. For phenotype quantification, at least 300 cells of at least three independent experiments
were evaluated.

Flow cytometry analysis was performed in an Epics® XLTM (BeckmanCoulter) flow cytometer
equipped with an argon-ion laser emitting a 488nm beam at 15 mW. Green fluorescence emitted
by SYTOX Green was collected through FL-1 sensor (505-545 nm) and red fluorescence emitted
by DHE and PI was collected through FL-4 sensor (660-700 nm). For each sample 30 000 events

were evaluated and data were analyzed using the FlowJo® 7.6 software.

111.14 Statistical Analysis

The results are presented as the mean and standard deviation (SD) values of at least three
independent experiments.
Statistical analyses were performed using GraphPad Prism 6 software. P-values lower than

0.05 were assumed to represent a statistically significant difference in all experiments.
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IV. Results
IV.1 Intracellular distribution of C9 compound

Previous studies with MSG-111-cd3 compound, using the yeast Saccharomyces cerevisiae as
a model showed that at concentrations close to the minimum inhibitory concentration (MIC), this
compound accumulates in the vacuolar membrane and in the perinuclear endoplasmic reticulum
(ER) (Leitdo, 2015).

To determine the intracellular distribution of C9 compound two yeast mutants were used, one
expressing a GFP-tagged vacuolar membrane protein (W303-1A pDFO1-VBA1-YEGFP) and other
expressing a GFP-tagged ER membrane protein (BY 4741 GFP-SEC66).

Fluorescence microscopy images showed that the intracellular distribution of C9 co-localizes
with the vacuolar membrane (Figure IV.1 A) and the perinuclear ER (Figure IV.1 B), indicating that
C9 displays the same intracellular pattern as MSG-111-cd3 compound.

GFP Red (C9) Overlay

Figure IV.1 - Intracellular distribution of C9 compound - Representative fluorescence microscopy imagens of BY 4741
GFP-SEC66 cells treated with C9 (A). Representative fluorescence microscopy imagens of W303-1A pDFO1-VBAL-YEGFP cells

treated with C9 (B). Cells were visualized by epifluorescence microscopy with a 100x oil immersion objective.

IV.2 C9 treatment induces loss of cell viability in the yeast
Saccharomyces cerevisiae

As described in previous studies, single differences in substituent groups of
benzo[a]phenoxazines can change their antiproliferative activity (Leitdo, 2015).
In order to investigate if C9 compound, as MSG-111-cd3, could induce loss of cell viability,

CFU counts were measured along time of treatment with C9.
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After 30 minutes of treatment a statistical significant difference between the cells treated with
C9 and DMSO was observed, indicating that C9, as MSG-111-cd3, decreased the cell viability of
BY 4741 cells. This effect was enhanced by the pre-treatment with the protein synthesis inhibition,
cycloheximide, suggesting that de novo proteins synthesis may exert a protective role against the
cell death-inducing activity of C9. However, the differences between cells treated with both C9 and

cycloheximide and cells treated only with C9, were not statistically significant (Figure 1V.2).
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Figure 1V.2 — Effect of C9 on the viability of Saccharomyces cerevisiae cells in the presence and absence of
cycloheximide - Analysis of the inhibition of protein synthesis by cycloheximide (100pug ml?) in BY 4741 wild-type cells treated
with C9 (20 uM) and DMSO (0.051%). Cycloheximide and ethanol (negative control) treatment was performed 30 minutes before
the C9 and DMSO incubation. Cell viability was assessed by CFU counting at different time points (0, 30, 60, 90 and 120 minutes).
The reported values are means + SD (n=3). Statistical analysis was performed by the two-way ANOVA test to compare cells treated

with both C9 and cycloheximide, or and cells only with C9, for each time of treatment.

IV.3 Vacuolar involvement in cell death induced by C9

Vacuolar membrane permeabilization (VMP), like lysosomal membrane permeabilization (LMP)
causes the release of hydrolytic enzymes from the vacuolar lumen to the cytosol which can result
in cell death. The extension of VMP, partial and selective or complete disruption of the vacuole can
lead to different processes and is determined by the nature of the stimulus (Boya and Kroemer,
2008; Sousa et al., 2011).

As was initially demonstrated, C9 compound accumulates in vacuolar membrane. Thus, to
evaluate if C9 could induce vacuolar permeabilization we used a fluorescent blue dye (CMAC)
which accumulates in the lumen of vacuoles which preserve an intact membrane.

We observed that CMAC staining is localized in the vacuole lumen before treatment with C9,
but after 30 minutes 25% of the cells presented a scattered blue staining pattern, reaching 70-85%

after 120 minutes of treatment. In contrast, cells treated with DMSO only presented a significant
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permeabilization after 120 minutes of treatment, reaching 30-40% of cells with scattered blue
staining pattern (Figure 1V.3). These results indicate that C9 induces a significant and progressive

permeabilization of the vacuolar membrane leading to the release of their content.
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Figure IV.3 - Effect of C9 in the vacuolar membrane integrity - Fluorescence microscopy images of BY 4741 cells before
(time 0) and after 30, 60, 90 and 120 minutes of treatment with C9 (7.5 uM) and DMSO (0.038%) (negative control). Cells were
stained using 2 uM of CMAC dye and then visualized by epifluorescence microscopy with a 100x oil immersion objective (A).
Percentage of C9 and DMSO treated cells displaying different blue staining pattern (B). At least 300 cells were counted for each
condition. The reported values are means = SD (n=5). Statistical analysis was performed by two-way ANOVA. ****P<0,0001

Yeast vacuoles are dynamic and highly regulated organelles with degradative and storage
capability (Li and Kane, 2009). They are filled with several hydrolytic enzymes including proteinase
A (Pep4p) ortholog of human cathepsin D, which plays an important role in apoptosis regulation
(Pereira et al., 2015).

Vacuolar permeabilization can lead to the release and consequent involvement of Pep4p in the
cell death mechanism. In order to assess if Pep4p could be involved in C9-induced cell death, the
cell viability of BY 4741 and W303-1A cells lacking Pep4p and respective wild-type strains was
measured along time of treatment with this compound.

The results showed that BY 4741 Apep4 cells displayed the same response as the wild-type
cells (Figure V.4 A). However, W303-1A Apep4 was more sensitive when compared with wild-type
cells (Figure V.4 B). This phenotype suggests that in W303-1A background this protein plays a

protective role in the mediation of the cell death process.
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Figure IV.4 - Effect of C9 on cell viability of A pep4 mutants - Effect of C9 (7.5 uM) and DMSO (0.038%) (negative control)
on cell viability of yeast S. cerevisiae BY 4741 wild-type and Apep4 strains (A). and S. cerevisiae W303-1A wild-type and Apep4
strains (B). In B) 15 min: (b vs d) ns; 30 min: (b vs d) ns; 60 min: (b vs d) **; 90 min: (b vs d) *; 120 min: (b vs d) *. Cell viability
was assessed by CFU counting at different time points (0, 15, 30, 60, 90 and 120 minutes). 100% corresponds to the CFU counting
before C9 and DMSO treatment. The reported values are means = SD (n=3). Statistical analysis was performed by the two-way

ANOVA. ns non-significant, *P<0.05, **P<0.01

IV.4 Mitochondrial involvement in cell death induced by C9

Beyond its crucial role in cellular energetics, mitochondria plays a central role in regulation of
different scenarios acting both as a sensor of death signals and as an initiator of biochemical
processes which can lead to regulated cell death (Scott and Logan, 2008; Vakifahmetoglu-Norberg
et al., 2017). As described in mammalian cells, lysosomal membrane permeabilization can
induces cell death through mitochondria-mediated apoptosis either by caspase-dependent or -
independent pathways (Sousa et al., 2011).

To determine the potential mitochondrial involvement in the cell death mechanism induced by
C9 treatment, cell viability assays with strains lacking several proteins described to be involved in
mitochondrial-dependent cell death, such as Acpr3 (yeast cyclophilin D), Aaifl (yeast apoptosis
inducing factor), Anucl (yeast endonuclease G), Aaacl/2/3 (ADP/ATP carrier) and a strain lacking
mitochondrial DNA (rho?) were performed.

No significant differences between the cell viability of BY 4741 WT, Acpr3 and Aaifl were

observed (Figure 1V.5).
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Figure IV.5 - Effect of C9 on cell viability of mitochondrial mutants - Effect of C9 (7.5 uM) and DMSO (0.038%) (negative
control) on cell viability of yeast S. cerevisiae BY 4741 wild-type, Acpr3 and Aaifl strains. Cell viability was assessed by CFU
counting at different time points (0, 15, 30, 60, 90 and 120 minutes). 100% corresponds to the CFU counting before C9 and

DMSO treatment. The reported values are means + SD (n=3). Statistical analysis was performed by the two-way ANOVA.
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Also, no significant difference between the cell viability of BY 4741 WT and Anucl were
observed (Figure IV.6 A). On the order hand, Aaacl/2/3 and rho’strains were more resistant when
compared with respective wild-type (Figure IV.7 B, C), indicating that the absence of these proteins

promotes cell survival in response to C9 treatment.
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Figure V.6 - Effect of C9 on cell viability of Anucl, Aaacl/2/3 and rho’ mutants. Effect of C9 (7.5 uM) and DMSO
(0.038%) (negative control) on cell viability of yeast S. cerevisiae BY 4741 wild-type and Anucl strains (A). and yeast S. cerevisiae
W303-1B wild-type and Aaacl/2/3 strains (B) and S. cerevisiae BY 4741 wild-type and rho strains (C). In B) 15 min: (b vs d)**;
90 min: (b vs d)**; 120 min: (b vs d)** . In €) 30 min (b vs d)*. Cell viability was assessed by CFU counting at different time points
(0, 15, 30, 60, 90 and 120 minutes). 100% corresponds to the CFU counting before C9 and DMSO treatment. The reported values
are means + SD (n=3). Statistical analysis was performed by the two-way ANOVA. *P<0.05, **P<0.01, ***P<0.001
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Mitochondria are also dynamic organelles that constantly fuse and divide, changing from
interconnected networks to multiple fragmented mitochondria, providing an efficient adaptation to
the cell metabolic needs. These changes in mitochondrial morphology are often associated with
early events of yeast regulated cell death (Braun and Westermann, 2011).

In order to assess if C9 treatment leads to mitochondrial network fragmentation, W303-1A
cells transformed with pYX-mt-GFP, which encode a mitochondrial-adressed GFP, were visualized
by epifluorescence microscopy along 120 minutes of treatment.

As expected, cells treated with DMSO (negative control) presented defined interconnected
networks. However, after 30 minutes of C9 treatment, mitochondrial networks were fragmented,

leading to the formation of punctuated structures (Figure IV.7).
DMSO C9

GFP Overlay GFP Red (C9) Overlay
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Figure IV.7 - Effect of C9 on mitochondrial network - Fluorescence microscopy images of W303-1A pYX-mt-GFP cells
before (time 0) and after 30, 60, 90 and 120 minutes of treatment with C9 (7.5 uM) and DMSO (0.038%) (negative control). Cells

were visualized by epifluorescence microscopy with a 100x oil immersion objective.
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IV.5 Metacaspase involvement in cell death induced by C9

As described for mammalian caspases, also yeast metacaspase is involved in the regulation
of cell death process. Studies demonstrated that in response to H,0,, Ycalp is implied in the
process of apoptotic mitochondrial fragmentation (Mazzoni and Falcone, 2008). So, to evaluate
the metacaspase involvement in the cell death induced by C9 treatment, cell viability assays with
a strain lacking yeast metacaspase (Ycalp) were performed.

The results demonstrate that Aycal cells were significantly more resistant when compared

with WT cells, suggesting that Ycalp displays an effector role in mediation of C9-induced cell death

(Figure 1V.8).
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Figure 1V.8 - Effect of C9 on cell viability of Aycal mutant. Effect of C9 (7.5 uM) and DMSO (0.038%) (negative control)
on cell viability of yeast BY 4741 wild-type and Aycal strains. 15 min: (b vs d) **; 30 min: (b vs d) ***; 60 min: (b vs d) *; 90 min:
(b vs d) ***; 120 min: (b vs d) **. Cell viability was assessed by CFU counting at different time points (0, 15, 30, 60, 90 and 120
minutes). 100% corresponds to the CFU counting before C9 and DMSO treatment. The reported values are means = SD (n=3).

Statistical analysis was performed by the two-way ANOVA. *P<0.05, **P<0.01, ***P<0.001

IV.6 Assessment of the accumulation of reactive oxygen species

When cell antioxidant defenses fail to impede ROS accumulation, the oxidative damage of cell
biomolecules like proteins, lipids, DNA and consequent damage of specific organelles such as
mitochondria and lysosome (Blomgran et al., 2007), can compromise cell homeostatic functions
and cell viability leading to cell death (Farrugia and Balzan, 2012).

To assess if C9 treatment leads to ROS accumulation and consequent oxidative damage, BY
4741 cells collect at indicated time points before and after treatment were stained with DHE, a
specific probe for monitoring intracellular superoxide anion, and analyzed by flow cytometry. As a

positive control for DHE staining treatment with hydrogen peroxide (H,0,) was used.
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The results indicate that there are significant differences between cells treated with C9 and
treated with DMSO after 90 minutes, although, the percentages of cells displaying ROS
accumulation is not enough to justify the high loss of cell viability induced by C9 treatment (Figure
IV.9).
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Figure 1V.9 - Analysis of reactive oxygen species (ROS) accumulation in response to C9 treatment - Effect of C9
and DMSO (negative control) on ROS accumulation of BY 4741 wild-type cells. Yeast cells were treated with C9 (7.5 uM) and
DMSO (0.038%). As a positive control for DHE staining cells treated with hydrogen peroxide (H,0,) were used. For flow cytometry
analysis, the cells were collected at different time points before (time 0) and after 15, 30, 60, 90 and 120 minutes of treatment
and then stained with 2ug ml* of DHE. Results are expressed as percentage of DHE positive population. The reported values are

means with SD (n=3). Statistical analysis was performed by the two-way ANOVA. ****P<0,0001

IV.6 Autophagy involvement in cell death induced by C9

As previously described, autophagy maintains the organism homeostasis through its
involvement in various cellular processes including the degradation of aberrant structures and
turnover of superfluous or dysfunctional organelles like mitochondria (mitophagy), which increases
the cell survival, as well as the involvement in cell growth, development and cell death (Boya et al.,
2013; Chen and Klionsky, 2011).

Thus, to determine if the autophagic machinery is involved in the cell death mechanism
induced by C9 treatment. For that, cell viability assays with strains lacking proteins that are involved
in the autophagic process, such as Atglp (essential protein for the initiation of autophagy), Atgbp
(protein involved in the phagophore expansion) and Atg32p (mitochondrial outer membrane protein
that is required for mitophagy) were performed.

The results demonstrate that no significant differences between the cell viability of wild-type

and Aatgl strains were observed (Figure IV.10 A). However, Aatg5 strain is more sensitive when
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compared with wild-type stain, indicating that Atgbp is involved in the mediation of the cell death
process induced by C9 treatment. Also, A atg32 strain seems to be more sensitive after 60

minutes of treatment although this difference is not statistically significant (Figure IV.10 B).
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Figure IV.10 - Effect of C9 on cell viability of autophagic mutants — Effect of C9 (7.5 uM) and DMSO (0.038%) (negative
control) on cell viability of yeast S. cerevisiae W303-1A wild-type and Aatgl strains (A). and yeast S. cerevisiae W303-1A wild-type,
Aatgh and Aatg32 strains (B). In B) 15 min: (b vs d) ***, (d vs f) **; 30 min: (b vs d) ***, (d vs f) ****; 60 min: (b vs d) ****, (d vs
f) **; 90 min: (b vs d) **; 120 min: (b vs d) **. The percentage of cell viability was assessed by CFU counting at different time points
(0, 15, 30, 60, 90 and 120 minutes). 100% corresponds to the CFU counting before C9 and DMSO treatment. The reported values
are means + SD (n=3). Statistical analysis was performed by the two-way ANOVA. **P<0.01, ***P<0.001, ****P<0.0001

In addition to viability assays, we also assessed the autophagic flux and its degradation activity,
by performing GFP-Atg8 monitoring assays. When autophagy is active, the GFP-Atg8 fusion protein
is incorporated into autophagosome and delivery to the vacuole, where it is degraded by vacuolar
hydrolases leading to the accumulation of free GFP (Carmona-Gutierrez et al., 2018; Torggler et
al., 2017). Breakdown of GFP-Atg8 fusion protein allows the measurement of the autophagic rate
(Chen and Klionsky, 2011). So, W303-1A GFP-ATGS8, Aatgl GFP-ATGS, Aatgh GFP-ATGS8 and
Aatg32 GFP-ATGS strains treated with treated with C9 and DMSO, and also with rapamycin (RP)
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as a positive control for autophagy induction, were collect at specific time points for epifluorescence
microscopy observation and western blot analysis.

Fluorescence microscopy images showed green fluorescence in the vacuole lumen after 60
minutes of DMSO and RP treatment in WT cells, as well as in A atg32 cells treated with RP (Figure
IV.11 A). On the other hand, scattered green fluorescence can be visualized in the cytosol of A
atgl and A atg5 cells treated with DMSO and RP (Figure IV.11 B).

Autophagy induction was confirmed by western blot analysis, where the appearance of cleaved
GFP band was observed in WT and A atg32 cells treated with DMSO and RP, being these bands
less visible in A atg32 cells (Figure 1V.12). The confirmation of blocked autophagy in A atgl and
A atgh cells was confirmed by the absence of cleaved GFP band in all conditions.

Fluorescence microscopy images also showed that after 60 minutes of treatment with C9,
green fluorescence was not observed only in the vacuole lumen of WT cells, instead, the C9
treatment leads to a scattered green fluorescence pattern in the cytosol or the overall cell (Figure

16A). In addiction, Aatgl, Aatg5 and Aatg32 cells only demonstrate scattered green

fluorescence in the cytosol (Figure IV.11 A, B).

The previous results were confirmed by western blot analysis, where in WT cells the
appearance of a less visible cleaved GFP band was observed upon treatment with C9 when
compared to cells treated with DMSO and RP, suggesting that C9 blocks autophagy induction
(Figure IV.12). Because the assays were carried out in PBS 1x, possibly leading to nutrient
starvation, autophagy induction in WT cells treated with C9 and DMSO may have been due to

starvation and not DMSO treatment, in any case C9 seems to decrease autophagy induction.
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Figure IV.11 - Analysis of Atg8p localization in response to C9 treatment — Fluorescence microscopy images of W303-

1A GFP-ATG8 and Aatg32 GFP-ATGS cells, before and after 60 minutes of treatment with C9, DMSO and RP (A). Fluorescence

microscopy images of W303-1A Aatgh GFP-ATG8 and Aatg32 GFP-ATGS cells, before and after 60 minutes of treatment with C9,

DMSO and RP (B). Cells were treated with 7.5 uM of C9, 0.038% of DMSO (negative control) and 0.2 pg ml”* of Rapamycin (RP-

positive control), collected before (time 0) and after 60 minutes of treatment and then visualized by epifluorescence microscopy

with a 100x oil immersion objective.
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Figure IV.12 — Western blot analysis of GFP-Atg8 processing - Effect of C9, DMSO (negative control) and Rapamycin
(RP-positive control) on GFP-Atg8 processing. Protein extracts were obtained from W303-1A GFP-ATGS8, Aatgl GFP-ATGS, Aatgh
GFP-ATG8 and Aatg32 GFP-ATGS cells collected before (time 0) and after 60 minutes of treatment with 7.5 uM of C9, 0.038% of
DMSO and 0.2 pg mi* of Rapamycin. Pgk1p was used as a loading control.

IV.7 Assessment of nuclear changes induced by C9 treatment

In apoptotic cell death, cells are characterized by several morphological alteration like DNA
fragmentation, represented by appearance of DNA strand breaks and diminished DNA content
(sub-GO/G1), chromatin condensation (pyknosis) and nuclear fragmentation (karyorrhexis)
(Azzopardi et al., 2017; Plesca et al., 2008).

To assess the cell cycle distribution and consequently the detection of sub-GO/G1 population,
cell cycle analysis by flow cytometry was performed.

No significant differences between the number of cells in sub-GO/G1 phase of cells treated
with C9 and DMSO were observed (Figure 1V.13). Also, there is no major progression in cell cycle

consistent with the absence of cell proliferation, but a slight increase in GO/G1 is observed.
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Figure IV.13 - Cell cycle analysis in response to C9 treatment - Effect of C9 and DMSO (negative control) on cell cycle

progression of BY 4741 wild-type cells. Yeast cells were treated with C9 (7.5 uM) and DMSO (0.038%). For flow cytometry analysis,

the cells were collected at different time points before (time 0) and after 30, 60, 90 and 120 minutes of treatment and then stained

with 1 uM of SYTOX Green. Results are expressed as percentage of cells in each cell cycle phase. The reported values are means

with SD (n=2). Statistical analysis was performed by the two-way ANOVA.

IV.8 Assessment of plasma membrane integrity

As a clear death phenotype was not found, to assess if the cell death induced by C9 could be

necrotic or apoptotic, next plasma membrane integrity was determined. For such cells were stained

with exclusion dye propidium iodide (Pl). Pl is an intercalating agent that can bind to nucleic acids

of dead cells or cells with damaged membrane, and is blocked by viable cells with intact membrane

(Gutierrez et al., 2018; Kwolek-Mirek and Zadrag-Tecza, 2014).

BY 4741 cells collect at indicated time points before and after C9 and DMSO treatment were

stained with Pl and analyzed by flow cytometry. As a positive control for Pl staining boiled cells

were used.

Pl positive cells did not increase significantly, reaching only 1.5% after 120 minutes of

treatment with C9 (Figure 1V.14). No significant differences between DMSO and C9 were observed,

indicating that this compound does not lead to loss of plasma membrane integrity.
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Figure 1V.14 - Analysis of plasma membrane integrity in response to C9 - Effect of C9 and DMSO (negative control) on

plasma membrane integrity of BY 4741 wild-type cells stained with propidium iodide (Pl). Yeast cells were treated with C9 (7.5

uM) and DMSO (0.038%). Boiled ¢

collected at different time points before (time 0) and after 15, 30, 60, 90 and 120 minutes of treatment and then stained with

2ug ml* of Pl. Results are expressed as percentage of Pl positive population. The reported values are means with SD (n=3).
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ells are used as a positive control for Pl staining. For flow cytometry analysis the cells were

Statistical analysis was performed by the two-way ANOVA.
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V. Discussion and Future perspectives

Phenoxazine derivatives are versatile compounds that can be used as fluorescent dyes as well
as antiproliferative agents. These potentialities have lead our group to synthesize new
benzo[a]phenoxazine compounds that have been shown to have an interesting potential as
antifungal agents (Frade et al., 2008). Based on these results several studies have been conducted
to elucidate the mechanisms underlying the effect of one specific compound, the MSG-111cd3,
that showed high antifungal activity (Frade et al., 2007; Carvalho, 2011). It was observed that this
compound induces a regulated cell death process which may be mediated through the
permeabilization of the vacuolar membrane, without the involvement of autophagy and
mitochondrial pathways (Ferreira, 2017; Lopes, 2015). Thus, in order to continue the study of
those benzo[a]phenoxazine activities and also to relate the structure with the activity, in this work
C9 compound that differs from MSG-111-cd3 only in a single substitution of its extended aromatic
system which increases its antifungal activity was used.

Our results demonstrate that similarly to MSG-111-cd3 also C9 compound accumulates at the
vacuolar membrane and the perinuclear endoplasmic reticulum. These results indicate that the
intracellular distribution is not affected by the structural differences between the two compounds.
The yeast ER is involved in the execution of many cellular functions including protein synthesis and
translocation, lipid synthesis and calcium homeostasis (Austriaco, 2012). The disruption of ER
function leads to ER stress which can induce cell death (Austriaco, 2012; Falcone and Mazzoni,
2016; Kim et al., 2009). As such, in the future it is important to asses if C9 activity can induce
yeast ER stress or others alterations in ER functions and components.

In agreement with its accumulation at the vacuolar membrane, C9 leads to vacuolar
permeabilization assessed through CMAC staining. In fact, after 120 minutes of treatment, 70-85%
of the cells evidence a scattered blue staining pattern due to CMAC release from vacuolar lumen.
As described in the literature, the magnitude of the lysosomal and vacuolar permeabilization and
consequent amount of released hydrolases from the lysosome to the cytosol can determine
different subroutines of cell death (Guicciardi et al., 2004; Sousa et al., 2011). In other words,
massive rupture of the lysosome triggers uncontrolled release of lysosomal content which can
induce a cell death by necrosis. In contrast, partial and selective lysosomal permeabilization induce
a controlled hydrolysis which can promote a cell death by apoptosis-like cell death (Kirkegaard and
Jaattela, 2009; Serrano-Puebla and Boya, 2016). Therefore, it would be interesting the

determination of the vacuole morphology, namely if C9 induces vacuolar fragmentation to assess
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the extent of vacuolar damage. Nevertheless, the results from Pl staining assays showed that the
plasma membrane retains its integrity, even at the end of the 120 min. treatment, arguing against
the occurrence of a necrotic process.

It is accepted that the vacuolar hydrolases as Pep4p, yeast orthologs of mammalian cathepsin
D, are involved in the regulation of cell death (Sousa et al., 2011). In this work, we observed that
in BY 4741 cells Pep4p does not seem to has a role in cell death. However, in W303-1A background
Pepdp seems to play a protective role in the mediation of cell death process induced by C9
treatment. The same phenotype was observed in acetic acid treatment, where cells lacking Pep4p
displayed higher vulnerability, while cells overexpressing Pep4p demonstrated higher resistance
(Pereira et al., 2010). On the other hand, in MSG-111-cd3 induced cell death this protein has an
effector role (Ferreira, 2017). These findings suggest that the Pep4p can have either an effector or
protective role depending on the cell death stimuli. Further studies it will be necessary to confirm
the BY 4741 phenotype as well as Pep4p release from the vacuole.

We also studied the mitochondrial involvement underlying C9 toxicity. Beyond their major
function as powerhouse of the cell, mitochondrial also play a fundamental role in the regulation of
several signals which can determinate different cellular outcomes as proliferation, adaptation to
environmental changes and cell death (Vakifahmetoglu-Norberg et al., 2017). The crucial feature
in mitochondria-mediated cell death is the mitochondrial outer membrane permeabilization
(MOMP) which can promote the release of apoptogenic factors as cytochrome c (cyt ¢), apoptosis
inducing factor (AIF) and endonuclease G (Falcone and Mazzoni, 2016; Pereira et al., 2008). In
our work, we observed that Aiflp (apoptosis inducing factor) and Nuclp (yeast endonuclease G)
proteins are not involved in the regulation of this cell death process. The three ADP/ATP carrier
isoforms (Aacl/2/3) and the mitochondrial cyclophilin D (Cpr3p) that are components of the
mitochondrial permeability transition pore (PTP), which can mediate MOMP, were also evaluated,
showing that unlike Cpr3p, Aacl/2/3p are involved and play an effector role in the C9-induced
cell death mechanism. This phenotype was observed in acetic acid and diamide treatment where
the absence of AAC proteins protects the cells (Pereira et al., 2007). However, it is important to
access if this phenotype could be due to the direct involvement of AAC proteins or could result
from oxidative phosphorylation deficiency which decreases the respiration rates and ATP levels.

The execution of mitochondrial functions in response to cell metabolic needs is directly
dependent on the maintenance of tubular structures in an equilibrium between fission and fusion

events (Braun and Westermann, 2011; Falcone and Mazzoni, 2016). The disruption of this
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equilibrium which promotes mitochondrial fragmentation can be associated with cell death
processes induced by several antifungal agents including amiodarone, H,0,, ethanol and acetic
acid (Cheng et al,, 2008). Our data clearly demonstrate that C9 activity induces alterations in
mitochondrial morphology, changing from interconnected networks to punctuated structures
consistent with mitochondrial fragmentation which occurs only after 30 minutes of treatment.
Specific proteins including Dnm1p, Mdv1p and Fis1p are involved in the regulation of mitochondrial
fission in healthy cells (Cheng et al., 2008). However, it is reported that the deletion of these
proteins increase the cell resistance against different cell death stimuli (Braun and Westermann,
2011; Fannjiang et al., 2004). As such, it is important to evaluate if the cell survival in response
to C9 treatment can be increased by the inhibition or the increase of mitochondrial fusion.

In addition, the phenotype observed in rho° cells, where the lack of mitochondrial DNA
increases the cell survival to C9 treatment, can further indicate the mitochondrial involvement in
the cell death mechanism induced by C9. However, the mechanism underlying mitochondrial
involvement is still unclear, so it will be necessary identify other markers such as the release of
cytochrome ¢, alterations in mitochondrial membrane potential as well as alterations in calcium
(Ca*") homeostasis which also mediates the initiation and execution of cell death (Pinton et al.,
2008).

In mammalian cells, the caspase activation has been described as one of the key processes
in apoptosis. As caspases, also yeast metacaspase (Ycalp) is involved in the regulation of the cell
death. Our results demonstrate that the deletion of Ycalp increases the cell survival when the cells
were treated with C9, suggesting that this protein displays an effector role in the C9-induced cell
death. The same phenotype was described in cells treated with H,O, where the deletion of Ycalp
disrupted the apoptotic machinery, increasing the cell survival, and the overexpression enhanced
cell death (Mazzoni and Falcone, 2008). Moreover, Ycalp also has been implied in the process of
apoptotic mitochondrial fragmentation in response to the same stimulus (Pereira et al., 2008).
These evidences raise the hypothesis of the involvement of Ycalp in the mitochondrial
fragmentation observed in C9 treatment. For addressing this hypothesis will be necessary assess
the activation of yeast metacaspase and mitochondrial fragmentation in an Ycalp deficient strain.
On the other hand, it has been estimated that only 40% of the described yeast cell death process
are dependent of Ycalp (Falcone and Mazzoni, 2016), indicating that other pathways may be
involved such as the permeabilization of vacuolar membrane and action of cathepsins (Sousa et

al, 2011).
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Another common feature in the regulated cell death processes is the accumulation of ROS. In
physiological concentrations ROS participates in signal transduction events associated with cell
vital functions, while in excessive concentrations they overcome the antioxidant defenses inducing
oxidative damage of the cell biomolecules which can lead to cell death (Blomgran et al., 2007;
Simon et al., 2000). Oxidative stress is also described to be involved in the damage of specific
organelles such as mitochondrial and lysosome, promoting the faster and direct effect on the
permeabilization of the vacuolar membrane (Blomgran et al., 2007). However, the existence of
mitochondrial and vacuolar stress as well as the decrease in cell viability induced by C9 treatment
does not seems involve ROS because, although the ROS accumulation increased along treatment,
only 6% of cells displayed this increase after 120 minutes of treatment with C9.

As autophagy is a stress-induced catabolic process that is involved in several physiological
processes including the adaptation to starvation, the degradation of aberrant structures and life
extension, but also cell death when overstimulated (Boya et al., 2013; Chen and Klionsky, 2011),
we evaluate its involvement in C9-induced cell death. We are able to observe that C9 treatment
seems to inhibit the autophagy induction which can be a consequence of vacuolar permeabilization
(Serrano-Puebla and Boya, 2016). However, the cell viability assays demonstrated that cells lacking
Atgbp presented a decreased cell viability, in opposition to the cells lacking the Atglp and Atg32p
that do not seem to be involved in this cell death process. Atgbp is covalently linked to Atgl2p,
generating the Atgl 2-Atgb complex involved in the phagophore expansion (Boya et al., 2013), thus
it will be interesting assess if the same phenotype is observed in cells lacking Atgl2p, indicating
that this step of the autophagic mechanism is involved in resistance to C9 activity or if only Atgbp
is involved. Furthermore, recent studies in pancreatic acinar cells demonstrate that the knockout
of Atgbp or Atg7p promotes ER dilation and stress which can lead to cell death (Smith and
Wilkinson, 2017). These findings further suggest the ER involvement in the cell death mechanism
induced by C9 and are in agreement with the observed C9 accumulation at this organelle.

Beside the above described apoptotic markers, we also assess the appearance of sub-G0/G1
population which is characterized by a diminished DNA content. However, the C9 treatment does
not seem to increase sub-GO/G1 population that is characteristic of an apoptotic cell death.

Benzophenoxazine derivatives can exert their antiproliferative activity, by the interaction with
DNA, intercalating between the base pairs through hydrogen bonds and -1 stacking interactions

leading the disruption of the normal DNA function (Bolognese et al., 2002a; Bolognese et al.,
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2002b). Thus, in the future it will be important to asses if C9 activity can induce other nuclear
changes such as DNA fragmentation, as well as chromatin condensation.

Finally, since we could not find either a clear apoptotic or necrotic phenotype, we assess the
plasma membrane integrity by Pl exclusion which revealed a lower percentage of Pl positive cells
reaching only 1.5% after 120 minutes of treatment with C9, suggesting that a necrotic cell death
does not seem to be induced. However, it has been reported that cells treated with palmitoleic acid
(POA) can undergo a subroutine of necrotic cell death, the liponecrosis, without the rupture of the
plasma membrane (Falcone and Mazzoni, 2016), but this mechanism is different from that
induced by C9.

In summary, we show that C9 induces cell death in S. cerevisiae, accompanied by vacuolar
membrane permeabilization and consequent involvement of Pep4p. In fact, the absence of Pep4p
decreases the cell survival in response to C9 treatment, suggesting that this protein plays a
protective role in the cell death process. The mediation of cell death, apparently, involves the yeast
metacaspase Ycalp, since deficiency in this protein leads to higher resistance. Besides vacuole,
also mitochondria seem to be implicated in C9-induced cell death. The resistance phenotype
observed in cells lacking AAC proteins and mitochondrial DNA is in agreement with mitochondrial
involvement. Which undergo extensive fragmentation as consequence of C9 treatment.
Furthermore, C9 does not seem to induce a necrotic cell death because no loss of plasma
membrane integrity was observed. Although the autophagy does not seem to be involved, the
deletion of Atgbp decrease the cell survival, indicating that this protein displayed a protective role.
As a whole, the results point to the occurrence of a regulated cell death process mediated by the
vacuolar permeabilization and mitochondrial involvement.

This work provides new insights for the use of benzo[a]phenoxazine as antifungal agents,

characterizing their activity in order to evaluate their potential application.
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Figure VII.1 - Analysis of reactive oxygen species (ROS) accumulation in response to C9 treatment - Representative
histograms of the effect of C9 and DMSO (negative control) on ROS accumulation of BY 4741 wild-type cells. Yeast cells were treated
with C9 (7.5 uM) and DMSO (0.038%). As a positive control for DHE staining cells treated with hydrogen peroxide (H,0,) were used.

For flow cytometry analysis, the cells were collected at different time points before (time 0) and after 15, 30, 60, 90 and 120
minutes of treatment and then stained with 2ug ml* of DHE. AF — Autofluorescence.
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Figure VII.2 - Analysis of plasma membrane integrity in response to C9 — Representative histograms of the effect of C9
and DMSO (negative control) on plasma membrane integrity of BY 4741 wild-type cells stained with propidium iodide (PI). Yeast
cells were treated with C9 (7.5 uM) and DMSO (0.038%). Boiled cells are used as a positive control for Pl staining. For flow cytometry

analysis the cells were collected at different time points before (time 0) and after 15, 30, 60, 90 and 120 minutes of treatment and
then stained with 2ug mlt of Pl. AF — Autofluorescence.
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