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Abstract

Breast cancer accounts for almost one in four cases of cancers in women and represents
the leading cause of mortality by cancer in this group. Triple negative breast cancer is an
aggressive form of breast cancer with a poor prognosis compared to other subtypes and
few therapy choices. New drugs would be particularly welcome to help treat triple negative
breast cancer. Preussin is a hydroxypyrrolidine alkaloid that can be isolated from the marine
sponge-associated fungi Aspergillus candidus. In 2D cell culture models (monolayers), this
compound has already been shown to have the potential to reduce cell viability and prolif-
eration and to induce cell death and cell cycle arrest through inhibition of cyclin E-CDK2
kinase. However, more mechanistic data is needed for preussin, and more studies are re-
quired to test the compound with in vitro models that better mimic the tumors in vivo, such
as 3D cell culture models (spheroids). Here, we studied the effects of preussin in the triple
negative breast cancer cell line, MDA-MB-231, comparing 2D and 3D cell cultures, using
ultrastructural analysis, and the MTT, clonogenic, BrdU, annexin V-PI, comet (standard and
enzymatic versions) and scratch assays, for viability, long-term survival, proliferation, cell
death induction, genotoxicity, and migration analysis, respectively. For 3D cell culture,
MDA-MB-231 cells were grown in ultra-low adhesion U bottom plates. We found that preus-
sin decreased cell viability, both in 2D and 3D cell cultures, arising from the impairment of
cell proliferation and cell death induction (late apoptosis/necrosis). The preussin effects
translated into cellular ultrastructural alterations in 2D and 3D cell cultures. Furthermore,
preussin significantly inhibited the migration of MDA-MB-231. Depending on the parameter,
preussin effects started at 5 yM and consistently increased in the other concentrations
tested (25 and 35 uM). Our data excluded the hypothesis that preussin has genotoxic prop-
erties. At last, no conclusions could be drawn from the effects of preussin on MDA-MB-231
long-term survival, and further optimization of the clonogenic assay will be needed. The
new data expanded our knowledge of preussin properties while backing prior studies and
revealing the preussin potential to be used as a scaffold for developing novel anticancer

drugs.



Resumo

O cancro de mama é responsavel por um em cada quatro casos de cancro nas mulheres
e representa uma das principais causas de morte por cancro, também neste grupo. O
cancro da mama do subtipo triplo negativo exibe um comportamento agressivo, tem em
geral pior prognostico do que outros subtipos de cancro da mama e possui poucas opgoes
terapéuticas. O desenvolvimento de novas drogas com propriedades antitumorais
representa uma mais-valia para o tratamento desta doenca. A preussina € um alcaléide
hidroxipirrolidina, que pode ser extraida do fungo Aspergillus candidus, por sua vez isolado
da esponja marinha Epipolasis sp. Este composto ja demonstrou a capacidade de reduzir
a viabilidade celular e de possuir propriedades antiproliferativas, citotoxicas e de inibicao
da progressado do ciclo celular de forma dependente da ciclina E-CDK2 quinase, em
modelos de cultura 2D. No entanto, € necessario um aprofundamento do estudo da
preussina, principalmente em modelos in vitro, que melhor representam o comportamento
do tumor in vivo, como as culturas celulares 3D (esferdides). No presente estudo,
avaliamos os efeitos da preussina numa linha celular de cancro de mama triplo negativo
(MDA-MB-231). Comparamos a utilizagdo de métodos de cultura 2D e 3D através de
analise morfolégica, principalmente ao nivel ultraestrutural e através dos ensaios de MTT,
clonogénico, BrdU, anexina V-PI, cometa (versdes alcalinas padrao e enzimatica) e ensaio
da ferida, para avaliacao da viabilidade, sobrevivéncia a longo prazo, proliferacao, inducao
de morte celular, genotoxicidade e migragao, respetivamente. Para obtencao de culturas
celulares 3D, cultivamos as células MDA-MB-231 em placas de baixa adesao celular com
o fundo em U. Os nossos resultados demonstraram que a preussina tem capacidade de
reduzir a viabilidade celular, tanto em modelos de cultura 2D como 3D, em consequéncia
de efeitos antiproliferativos e de inducdo de morte celular (de necrose e apoptose tardia).
Os efeitos da preussina traduziram-se também em alteragées morfoldgicas ultraestruturais,
nos dois modelos de cultura testados. A preussina demonstrou ainda a capacidade de inibir
a migracao celular. Dependendo do paradmetro avaliado, a preussina induziu efeitos a partir
de uma concentracdo de 5 uM, que aumentaram consistentemente nas restantes
concentracoes testadas (25 e 35 uM). Os nossos dados excluiram a hipoétese de indugao
de genotoxicidade pela preussina. Por fim, ndo foi possivel concluir quais os efeitos da
preussina na sobrevivéncia a longo prazo (pelo ensaio clonogénico), pelo que sera
necessaria a otimizacdo do protocolo. Os novos dados permitiram expandir o nosso
conhecimento sobre as propriedades da preussina e simultaneamente corroborar estudos
anteriores. Este estudo permitiu assim revelar o potencial da preussina como um modelo

para o desenvolvimento de novas drogas com propriedades antitumorais.
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exposed only to cell culture medium, to 0.1% of DMSO or 1 uM of Dox, were included as

negative, solvent, and positive control groups, respectively. ...........ccccccvvvviviiiiiiiiiiiinniinnn. 62

Figure 25 — Schematic representation of the shape of the MDA-MB-231 cell line obtained
I S ettt ettt ettt e e e e e e e —— e et e e e e e e e e a————etaeaeeeeaaannnraraaaaeeeeeaannrraaaeeeaeeaaaanns 63

Figure 26 — Representative effects of preussin on MCAs morphology and photographed in
the dark field of a stereomicroscope. MCAs were exposed to preussin at 5, 15, 25, 35, or
50 pM, for 96 h. Cells exposed only to cell culture medium, to 0.1% of DMSO or 5 uM of

Dox, were included as negative, solvent, and positive control groups, respectively. ........ 63

Figure 27 — Representative images of TEM analysis of MDA-MB-231 cells cultured as a

monolayer. Cells were exposed for 72 h only to DMEM, in the negative control (a and b), or
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to 0.1 % (v/v) DMSO, in the solvent control (c and d). Black arrowheads: membranes blebs;
White arrowheads: slender finger-like structures; C: dilated cisternae; Ld: lipid droplets; Mb:
multivesicular bodies; Mi: mitochondria; N: nucleus; Nu: nucleolus; ReR: rough endoplasmic
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Figure 28 — Representative images of TEM analysis of preussin exposed MDA-MB-231
cells cultured as a monolayer. Cells were exposed for 72 h to several preussin
concentrations: 5 uM (a), 15 uyM (b and ¢), 25 pyM (d), and 35 pM (e and f). Black
arrowheads: membranes blebs; White arrowheads: slender finger-like structures; C: dilated
cisternae; Dv: degenerative vesicles; Ld: lipid droplets; Mb: multivesicular bodies; Mdb:
multivesicular electron-dense bodies; Mi: mitochondria; N: nucleus; ReR: rough

endoplasmic reticulum; VC: VESICIES. .......oi i 66

Figure 29 — Representative images of semithin sections (a, b, and ¢) and TEM (d, e, f, and
g) analysis of MDA-MB-231 MCAs. The MCAs were exposed for 96 h only to DMEM in the
negative control (a - e), or to 0.1 % (v/v) DMSO, in the solvent control group (f and g).
Asterisk: electron-dense amorph material; black arrows: electron-dense slightly granular
material; black arrowheads: membranes blebs; white arrowheads: finger-like structures; Ld:
lipid droplets; Lu: lumen-like structures; Mdb: multivesicular dense bodies; Mi: mitochondria;
N: nucleus; Nec: necro-apoptotic core NC: necrotic cells; Nu: nucleolus; ReR: rough

endoplasmic reticulum; VC: VESICIES. .......oi i 68

Figure 30 — Representative images of TEM analysis of preussin-exposed MDA-MB-231
MCAs. The MCAs were exposed for 96 h to preussin at a concentration of: 5 uM (a), 15 uM
(b), 25 uyM (c and d), and 35 uM (e and f). Asterisk: electron-dense amorph material; black
arrows: electron-dense, slightly granular material; black arrowheads: membranes blebs;
white arrowheads: microvilli-like structures; Dv: degenerative vesicles; G: Golgi complex;
Ld: lipid droplets; Lu: lumen-like structures; Mb: multivesicular bodies; Mdb: multivesicular

dense bodies; Mi: mitochondria; N: nucleus; Nc: necrotic cells; Nu: nucleolus; Vc: vesicles.
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%tDNA — Percentage of DNA in the comet tail
2D — Two dimensional

3D — Three dimensional

A — Absorbance

ATCC — American Tissue Culture Collection
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TNBC — Triple negative breast cancer
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Introduction

1. Cancer

Almost one and half decades before, it was estimated that by 2020 the number of new
cancer cases worldwide would reach 16.5 million per year (Bray & Mgller, 2006). In fact,
according to data from GLOBOCAN, in 2020, this number was higher than predicted, with
approximately 19.3 million new cases of cancer diagnosed worldwide (10.1 million in men
and 9.2 million in women). Cancer represents one of the leading causes of mortality, ac-
counting for almost 10 million deaths in 2020 (5.5 million deaths in males and 4.4 million in
females). Both the number of new cancer patients and cancer-related deaths were higher
in men than in women. Asia is estimated to account for most cancer cases and related
deaths worldwide, with 49.3% and 58,3% of cases, respectively. In turn, Europe is the sec-
ond continent with higher incidence and mortality associated with cancer, representing
22.8% of cancer cases and 19.6% of cancer-related deaths worldwide. It is important to
mention that the incidence and cancer-associated mortality may be partially explained by
the difference in population distribution, which is much greater in Asia, accounting for 59.5%
of the worldwide population. In contrast, Europe only represents 9.7% of the population.
Furthermore, in the American continent, the total cancer cases and deaths represent 20.9%
and 14.2%, respectively, while Africa has an incidence of 5.7% and a mortality of 7.2%
(Ferlay et al., 2020).

In 2020, it was estimated by GLOBOCAN 2020 that breast cancer (BC) was the most inci-
dent type of cancer, followed by lung cancer, with over 2 million diagnosed new cases of
cancer worldwide (Figure 1a). Colorectum, prostate, and stomach cancers were the follow-
ing most common types of cancer, with more than 1 million new cases each (Figure 1a). As
for mortality, in 2020, GLOBOCAN estimated that the types of cancer with the highest mor-
tality rates were, first, lung, with more than 1.5 million deaths, followed by colorectum, liver,
stomach, and BC (Figure 1b) (Ferlay et al., 2020; Sung et al., 2021).
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Figure 1 — Estimated number of (a) new cancer cases and (b) deaths by cancer in both sexes, in 2020, world-
wide, and of all ages. Source: GLOBOCAN 2020. Graph Production: Global Cancer Observatory (Ferlay et al.,
2020).

2. Breast cancer
2.1. Epidemiology — incidence, and mortality — sex-specific

BC represents the type of cancer with the highest incidence in both sexes. Nonetheless,
this occurs because BC accounts for the most diagnosed type of cancer in women world-
wide, representing approximately 99% of all cases, accounting for almost one in four cases
of cancer in women (Figure 2a) (Konduri et al., 2020; Miranda et al., 2021; Siegel et al.,
2018).

a) Incidence of cancer in women b) Mortality by cancer in women
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Figure 2 — Estimated number of (a) new cancer cases and (b) deaths by cancer in women, in 2020, worldwide,
and at all ages. Source: GLOBOCAN 2020. Graph Production: Global Cancer Observatory (Ferlay et al., 2020).

Incidence of BC varies based, not only on sex, but also on age, racial, ethnic, geographic
levels, and socioeconomic status. The incidence rates of BC differ according to the coun-

try's income. In low and middle-income countries, the incidence of BC was similar for pre-



and postmenopausal women. In high-income countries, BC incidence was higher in post-
menopausal women (Heer et al., 2020). Furthermore, the age-specific incidence rate pat-
tern of BC varies with the molecular pattern of BC. Estrogen receptor (ER) positive and
human epidermal growth factor receptor 2 (HER2) negative BC has its peak incidence in
women between 75 and 79 years old. In triple negative BC (TNBC), the incidence peak
occurs before the age of 70. As for the HER2-positive BCs, the incidence rates vary less
abruptly compared to BC with different molecular patterns (Brinton et al., 2018; Howlader
et al., 2014).

BC represents the first or second type of cancer with higher incidence in women, in almost
every country. Nonetheless, cancer incidence rates largely vary among regions, being
greater in Australia, North America, and northern and western Europe, and lower in almost
all the countries of the African and Asian continents (Figure 3). Additionally, the incidence
of BC is substantially higher in countries with very high and high human development index
(VH-HDI), than in countries with medium and low human development index (ML-HDI)
countries (Lei et al., 2021; Sung et al., 2021). In VH-HDI countries, BC is more frequently
diagnosed at earlier stages of the disease (stage | or Il). The high registry of BC cases may
be attributed to the increased detection through BC screening programs. Failure to have a
screening system results in underdiagnosis. Nonetheless, the higher registry of BC cases
may also be associated with higher exposure to risk factors related to lifestyle, women’s
reproductive history (including lower fertility), menopausal hormone therapy and oral con-
traceptives intake, as well as population growth and aging (Lei et al., 2021; Sung et al.,
2021; Torre et al., 2017). ML-HDI countries have a lower incidence of BC than VH-HDI
countries, but it is diagnosed in the later stages of the disease (stage Ill or IV) (Sung et al.,
2021; Torre et al., 2017).

ASR (World) per 100 000

=69.2
53.0-69.2
41.1-53.0

30.3-41.1 - Not applicable
<303 No data

R

Figure 3 — Estimated age-standardized incidence rates of BC in women of all ages in 2020. Source: GLO-
BOCAN 2020. Graph Production: Global Cancer Observatory (Ferlay et al., 2020).



BC only represents the fifth cancer with higher mortality in both sexes. Still, it is the leading
cause of mortality by cancer in women, accounting for almost 685 thousand deaths world-
wide, in this group (Figure 2b) (Ferlay et al., 2020). Despite the higher incidence rates of
BC in women from VH-HDI countries, mortality rates in women from ML-HDI countries are
higher (Lei et al., 2021; Sung et al., 2021). The higher mortality rates may be associated
with the later stages of diagnosis of BC tumors but also limited access to treatment (Brinton
et al., 2014; Sung et al., 2021; Torre et al., 2017).

A decrease in BC mortality rates have been observed in developed countries since the late
80s and early 90 (Siegel et al., 2022; Wojtyla et al., 2021). But disparities in BC's incidence
and mortality rates from different racial, socioeconomic, and geographic groups still arise,
even within the same country. In the United States of America (USA), black women have
around 41% higher mortality associated with BC, than white women, even though incidence

rates of BC are slightly higher (about 4%) in the latter group (Siegel et al., 2022).

2.2. Risk factors for breast cancer

BC is a multifactorial disease with several known modifiable and non-modifiable risk factors.
One of the main non-modifiable risk factors is genetic sex. As already described, BC occurs
predominantly in women while extremely rare in men. This difference in incidence based on
sex appears as a consequence of breast cell stimulation by sex hormones, namely via ER

and progesterone receptor (PGR) in women (Lukasiewicz et al., 2021).

Age is also a non-modifiable risk factor, with BC incidence rates varying in a different pattern
in women above or below 50 years old, with a greater risk of developing BC at older ages.
Indeed, most of the cases, over 75%, occur after the age of 50. Furthermore, the BC inci-
dence rates pattern varies with age, being associated mainly with menopausal status and,
consequently, hormonal status (Brinton et al., 2018; Howlader et al., 2014; Lukasiewicz et
al., 2021).

Race also represents a non-modifiable risk factor, dependent on the BC subtype. White
women show a higher incidence of BC than women from other races. In its turn, black

women show a higher incidence of the TNBC cancer subtype (Howlader et al., 2014)

BC incidence is also affected by reproductive factors. Between these, it is possible to men-
tion the menstrual cycle where early menarche and late age at menopause are associated
with higher risk. Furthermore, women who underwent bilateral oophorectomy show a de-

creased risk. As to the reproductive history, nullipara women and the late age of first birth
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are associated with a higher risk. In its turn, breastfeeding is associated with a decrease in
the risk of developing BC. The exogenous hormone intake represents an additional modifi-
able risk, including hormonal birth control, and more markedly, menopausal hormone ther-
apy which displays an accepted known risk due the estrogen-progestin intake (Lei et al.,
2021; Sung et al., 2021; Torre et al., 2017).

Other modifiable risk factors such as lifestyle patterns, physical inactivity, higher body mass
index, exposure to ionizing radiation, and non-modifiable risk factors, including personal
history of previous BC and higher mammographic density, also represent relevant risk fac-
tors for the development of BC. Family history of BC also represents a significant risk factor
with an increased risk inversely correlated with the age of the diagnosed family member
(higher risk at younger ages) and positively associated with the number of affected relatives

and the existence of bilateral disease (Brinton et al., 2018).

Another highly relevant risk factor is genetic susceptibility due to germline mutations, mainly
in high penetrance genes but also in medium and low penetrance genes. BRCA1 and
BRCAZ2 gene mutations are the main mutations that confer an elevated risk for BC (Antoniou
et al., 2003; Mavaddat et al., 2013; Thompson, 2002). Other high penetrance genes asso-
ciated with several syndromes are also described in BC, including protein 53 (P53) gene
mutation in Li-Fraumeni syndrome, PTEN gene mutation in Cowden syndrome, STK11
gene mutation in Peutz-Jeghers syndrome, CDH1 gene mutation in Hereditary Diffuse Gas-
tric Cancer syndrome(Barresen-Dale & Anne-Lise, 2003; Fusco et al., 2020; Kaurah et al.,
2002; Mcgarrity et al., 2001). Germline mutations in moderate to low penetrance genes
such as PALB2 gene mutation associated with Fanconi anemia syndrome, ATM gene mu-
tation associated with ataxia-telangiectasia, the CHEK2, and BARD1 gene mutations,
among others, correlate with a moderate risk of BC development (Cybulski et al., 2011;
Gatti et al., 1999; Hu et al., 2020; Weber-Lassalle et al., 2019; Yang et al., 2020).

2.3. Characterization of breast cancer

BC has a large molecular and histologic heterogeneity, with varying biological and morpho-
logic characteristics. These features translate into different clinical behavior and response
to treatments. Traditionally, BC diagnosis is based on the histologic characteristics and the
tumor, lymph node, and metastasis (TNM) stages. The histological analysis comprises the
pathological growth pattern (either the tumor cell type, architectural characteristic, secre-

tion, and immunohistochemical profile), histologic differentiation, and the immunophenotype



(based on the expression of ER, progesterone receptor (PGR), and HER2 gene amplifica-
tion). In its turn, the TNM classification evaluates the tumor size, nodal status, and the ex-

istence of distant metastasis (Cardoso et al., 2019; tukasiewicz et al., 2021).

BC can also be characterized based on its molecular characteristics. According to the mo-
lecular profile, BC can be classified into four main accepted intrinsic subtypes, luminal A,
luminal B, HER2-enriched, and basal-like (Cardoso et al., 2019; Perou et al., 2000). These
BC intrinsic subtypes allow for substantial prognostic information in the outcome and be-
havior of the disease but also aid in therapeutic decisions on whether the patients will ben-
efit or not from a certain therapy. The classification of BC into intrinsic subtypes, through
the usage of molecular techniques, gives more precise information on the prognosis and
predictive behavior of the tumor (Caan et al., 2014; Ohnstad et al., 2017; Parker et al., 2009;
Prat et al., 2015, 2021). Nonetheless, in clinical practice, the European Society for Medical
Oncology recommends the classification of BC into surrogate intrinsic BC subtypes: Lu-
minal A-like, Luminal B-like (either HER2 positive or negative), HER2 positive (non-luminal),
and TNBCs, comparable to the luminal A, luminal B, HER2-enriched and basal-like BC in-
trinsic subtypes, respectively (Table 1) (Allison et al., 2019; Cardoso et al., 2019). Besides
the four major described subtypes in the latest WHO classification of BC, two other minor
subtypes, such as the normal breast-like (that arises as a controversial subtype) and the
claudin-low, have also been distinguished (Allison et al., 2019; Badve et al., 2011; Tang &
Tse, 2016; Weigelt et al., 2010).

The alternative, clinicopathologically surrogate classification of BC subtypes can be as-
sessed based on the expression of three main biomarkers: ER, PGR, and HER2 amplifica-
tion or overexpression, and an additional biomarker to give information on proliferation sta-
tus, the Ki67 (Table 1). Since they are less expensive and readily available techniques, the
expression status of the abovementioned biomarkers should be assessed through anato-
mopathological techniques, either immunohistochemistry (IHC) or in situ hybridization. The
recommendation is the assessment of ER, PGR, and Ki67 status through IHC. HER2 status
(gene amplification) should be classified preferably by in situ hybridization, or in the alter-
native, HER2 overexpression can be assessed by IHC, with confirmation through in situ
hybridization for the unclear IHC score (Cardoso et al., 2019; Coates et al., 2015; Park et
al., 2018). The usage of these four biological markers allows the definition of clinicopatho-

logical BC groups with significance in prognostic and therapeutic decisions.

The luminal A-like subtype of BC is characterized by the high expression of ER and PGR,

the lack of amplification/overexpression of HER2, and a low expression of proliferation bi-



omarkers. Furthermore, this subtype of BC should also be characterized by a low-risk mo-
lecular signature, whenever these techniques are available (Cardoso et al., 2019; Gold-
hirsch et al., 2013). The luminal B-like subtype can be distinguished into two more specific
subtypes, either HER2 positive or negative. In both subtypes, it is observed the expression
of ER, but a different pattern of expression of HER2, PGR, and Ki67. In the luminal B-like
HER2 negative subtype, the lack of HER2 amplification/overexpression is observed, with
simultaneous high Ki67 and/or low PGR expression (Cardoso et al., 2019; Goldhirsch et al.,
2013). Additionally, a high-risk molecular signature is also observed and should be evalu-
ated whenever these techniques are available. In turn, the luminal B-like HER2 positive
subtype, besides the ER expression, has HER2 amplification/overexpression and variable
proliferative fraction and PGR expression (Cardoso et al., 2019; Goldhirsch et al., 2013).
The HERZ positive non-luminal subtype of BC is characterized by HER2 gene amplification
but lacks expression of ER and PGR. For last, in the TNBC is observed lack of expression
of ER, PGR, and no amplification of the HER2 gene (Table 1) (Cardoso et al., 2019; Gold-
hirsch et al., 2013).

Table 1 — Surrogate definitions of intrinsic BC subtypes

Intrinsic subtype Luminal A Luminal B HER2-enriched  Basal-like
q) . .
o Luminal B-like HER? +
0
a Luminal A-like (HER2 -) (HER2 +) (non-luminal) TNBC
Clinico-patho- —,
>
i . ® ER + ER + ER +
logical surro g HER?2 + ER —
gate definition g HER2 — HER2 — HER2 + ER — PGR —
X Ki67 low At least one: Ki67  Any Ki67
© PGR - HER2 —
g PGR high high or PGR -/low  Any PGR
2

Adapted from Cardoso et al., 2019

“+” - positive

“~"- negative

“HER2+” - HER2 overexpressed or amplified

BC clinicopathological surrogate subtypes, assessed through IHC expression, are not al-
ways concordant with the intrinsic BC subtypes, resulting in over or under-treatment of cer-
tain BC subtypes (Park et al., 2018).

The different subtypes of BC have different incidence rates, prognoses, and, consequently,
different types of recommended therapies. In fact, the subtypes of BC that express hormone
receptors (ER or/and PGR), luminal A and B-like subtypes, are the most common types of
BC (Cardoso et al., 2019; Howlader et al., 2014; Yersal & Barutca, 2014). The luminal A-
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like represents the subtypes of BC with higher incidence but also better prognosis, having
a high response to endocrine therapy. In the luminal B-like, chemotherapy with or without
anti-HER2 therapy (depending on the tumor HER2 status), mainly with trastuzumab or dual
blockade with trastuzumab/pertuzumab (in the HER2 positive cases), followed by endocrine
therapy is the recommended (Neo)-adjuvant systemic treatment in the majority of cases of
these subtypes of BC (Cardoso et al., 2019; Yersal & Barutca, 2014).

The HERZ positive (non-luminal) subtype has a poor prognosis, especially when untreated,
due to its aggressive clinical behavior, with poor metastasis and recurrence outcomes. With
the development of targeted molecular therapies and anti-HER2 agents, the HER2-positive
BCs achieve a better prognosis with significant improvement in the time to disease progres-
sion, tumor objective response rate, and survival time of patients with metastatic BC tumors
(Brown et al., 2008; Cardoso et al., 2019; Howlader et al., 2014; J. Wang & Xu, 2019).

Similarly to the untreated HER2 positive (non-luminal) subtype of BC, the TNBC also has a
highly aggressive nature and poor prognosis. Nonetheless, the therapeutic options are re-
duced to chemotherapy due to the lack of molecular targets (ER, PGR, and HER2), contrary
to the other BC subtypes (Cardoso et al., 2019; Garrido-Castro et al., 2019).

2.4. Triple negative breast cancer

The TNBC accounts for more than 10% of all the BCs, and is associated with early age of
onset and, as already mentioned, poor prognosis (Bauer et al., 2007; Dent et al., 2007,
Howlader et al., 2014). Furthermore, TNBC incidence across different ethnic and racial
groups is also variable. Non-Hispanic Black women have a higher incidence of TNBC, 1.8
to 2 times more likely to develop TNBC than women from other ethnicities. Hispanic women
also have a slightly higher risk of developing TNBC, with a 1.2 to 1.3 times higher risk (Bauer
et al., 2007; Harris et al., 2006; Howlader et al., 2014).

TNBC's poor prognosis is associated with a more advanced stage at diagnosis, when com-
pared to other subtypes of BC, earlier and higher rates of recurrence, high rates of invasion,
low overall and breast cancer-specific survival, rapid disease progression, and a short sur-
vival rate following the first metastatic event (Badve et al., 2011; Bauer et al., 2007; Dent et
al., 2007; Harris et al., 2006).

Women with TNBC have higher early recurrence (metastatic and local) rates, with most
metastatic and local recurrence occurring within the first three years after diagnosis. TNBC

also displays higher metastatic recurrence rates than other subtypes of BC, since almost

8



34% of women with TNBC experience distant recurrence, whereas, in other subtypes of
BC, the proportion drops to 20.4%. Furthermore, the risk of death rates and BC-related
death were 1.7 and 1.8 times higher in women with TNBC than with non-TNBCs, with a

decrease in overall survival (Dent et al., 2007; Harris et al., 2006).

Due to the lack of molecular targets (ER, PGR, and HERZ2), the TNBC has limited thera-
peutic options, with chemotherapy (mainly with regimens of anthracyclines and taxanes,
used preferably sequentially) as the only recommended adjuvant treatment option for early,
locally advanced and metastatic BC cases (Allison et al., 2019; Cardoso et al., 2018, 2019;
Garrido-Castro et al., 2019; Senkus et al., 2015).

TNBC is a heterogeneous disease with a high mutation burden and a varying gene expres-
sion classification depending on the method used. Through gene expression, besides ba-
sal-like BC intrinsic subtype, TNBC may also comprise all the other BC intrinsic subtypes,
HER2 overexpression, luminal A or B, or the less accepted, normal-like (whose definition is
somewhat controversial and that is defined by some authors as arising from an artifact of
inadequate sampling, with cross-contamination with normal breast tissues) and claudin-low
subtypes (Allison et al., 2019; Badve et al., 2011; Bastien et al., 2012; Prat et al., 2015;
Tang & Tse, 2016; Weigelt et al., 2010).

Further molecular subclassification can be obtained based on the TNBC molecular charac-
teristics. Lehmann et al. (2011) subclassified the TNBC into six subtypes based on gene
expression: basal-like 1 or 2, mesenchymal, mesenchymal stem-like, luminal androgen re-
ceptor (AR), and immunomodulatory. Burstein et al. (2015) distinguished four TNBC sub-
types through RNA and DNA fingerprinting analysis: luminal AR, mesenchymal, and basal-
like immune-suppressed or immune-activated. Nonetheless, there is still no consensus on

a clinically relevant and prognostic classification (Allison et al., 2019).

Most of TNBCs have a basal-like phenotype, with as little as 56% to about 80.6% of TNBCs
showing a basal-like intrinsic BC subtype gene expression pattern, depending on the
method used to identify the basal-like subtype, followed by the HER2-enriched (7.8% to
9.1%), Luminal B (3.2% to 4.4%) and Luminal A (1.6 to 2.2%) (Ahn et al., 2016; Bastien et
al., 2012; Bertucci et al., 2008; Prat et al., 2013; Rody et al., 2011). The inverse is also
observed, where most basal-like BC subtypes have a TNBC phenotype (ER, PGR, and
HER2 negative), in an overlap of 68.5 % to 81 %. (Bastien et al., 2012; Bertucci et al., 2008;
Prat et al., 2013).



Basal-like BC intrinsic subtype characterization is not yet wholly defined since there is not
a consensual definition with therapeutic and prognostic value, varying whether it is as-
sessed through IHC biological markers expression or by gene expression molecular profil-
ing (Badve et al., 2011; Cheang et al., 2008; Lehmann et al., 2011). Overall, basal-like BC
is characterized by a high expression of basal epithelial markers, such as keratins 5, 6, 14,
and 17, laminin, integrin B 4, epidermal growth factor receptor (EGFR), and P-cadherin.
This subtype of BC may also be associated with a high expression of proliferation-related
genes such as MKI67, intermediate expression of HER2 genes, and very low expression of
luminal genes (Cheang et al., 2008; Perou et al., 2000; The Cancer Genome Atlas Network,
2012; Yersal & Barutca, 2014).

Basal-like has one of the highest overall mutation rates. Basal-like BC often arbor mutations
in tumor suppressor genes, mainly the protein 53 (P53) gene (occurring in 80% of the
cases), less frequently in the PIK3CA (occurring in 9% of the cases), and in the BC gene 1
(BRCA1). Basal-like BC, as well as TNBCs are frequently associated with BRCA1 muta-
tions. In fact, about 75% of women with BC carrying a BRCA1 mutation, had basal-like or
TNBC subtype of BC. In women between 30 and 34 years old with TNBC, the probability of
being a BRCA1 mutation carrier is 26.5% whereas for other subtypes of BC the BRCA1
mutation incidence is substantially lower, about 5%. Alterations in the PISK/AKT pathway
are also described in basal-like BC, with the above-mentioned PIK3CA mutation, but also
AKT3 amplification, and PTEN mutation or loss (Alluri & Newman, 2014; Lakhani et al.,
2002; The Cancer Genome Atlas Network, 2012).

A subset of TNBCs also display a claudin-low phenotype in a variable range between 1.5
and 14%, and that is usually associated with a poor prognosis (Prat et al., 2010; Rody et
al., 2011). Its identification often falls into the normal-like and basal-like categories. Claudin-
low BC is oftentimes characterized by a low expression of tight junction encoding genes,
such as claudin 3, 4, and 7, E-cadherin, and occludin. This subtype of BC also shows higher
expression of epithelial-to-mesenchymal transition genes, and stem cell markers, but low

luminal and proliferation-associated genes (Prat et al., 2010).

Claudin-low BCs, present high levels of immune cell infiltration, and programmed death
ligand 1 (PD-L1) expression. Furthermore, this subtype of BC is associated with a low mu-
tational burden but usually displays mutations in the P53 gene and genes related to the
PI3K/AKT pathway as well as amplification of KRAS and BRAF and loss of NF1 (Fougner
et al., 2020; Radler et al., 2021). The claudin-low BC subtype is poorly understood. Fougner
et al. (2020) proposed an alternative method to identify this subtype of BC by redefining it
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as a phenotype that may be expressed by the other intrinsic BC subtypes, and not an indi-

vidual intrinsic subtype of BC.

New target therapies with Poly-ADP-Ribose-Polymerase inhibitors for BC with BRCA mu-
tations, programmed death 1 (PD-1) and PD-L1 inhibitors for PD-L1 positive TNBCs, anti-
body-drug conjugates for targeted drug delivery, and AKT inhibitors, are currently being
tested and developed. But chemotherapy still represents the standard treatment approach
for all TNBC cancers (Cardoso et al., 2019; Lyons, 2019).

Due to TNBC characteristics, chemotherapy-associated toxicity, the development of drug
resistance, and early onset of metastasis, the search for compounds aimed at different ther-
apeutic targets or that potentiate the existing established drugs with minimal or at least
decreased toxicity towards normal cells has become a priority, to overcome the poor prog-

nosis associated with this disease (Hulst et al., 2022; Kapatczynska et al., 2016).

3. Potential sources of natural compounds with anti-cancer properties

Due to nature's chemical diversity, the natural environment represents an important and
vast source of new bioactive molecules (Harvey, 2008; Newman & Cragg, 2020; Wright,
2019). As stated by Atanasov et al. (2021) “Natural products (NPs) are structurally ‘opti-
mized’ by evolution to serve particular biological functions”. This evolutionary history confers
them a unique and structural complexity, wide scaffold diversity, different mechanisms of
action, and, in this way, a wide range of biological activities, giving them a valuable thera-
peutic potential (Atanasov et al., 2021; Newman & Cragg, 2020; G. D. Wright, 2019). Addi-
tionally, natural and NP-derived therapeutic agents, as well as compounds used as models
for the development of analogs with higher efficacy, can be obtained from very different
sources, such as plants, microorganisms (bacteria and fungi), and animals, both from ter-
restrial and marine environments (Cragg & Pezzuto, 2016; Harvey, 2008; Newman & Cragg,
2020).

NPs are currently used for treating a broad spectrum of diseases, serving as antibacterial,
anticancer, antifungal, antiviral, antiparasitic, and immunosuppressive drugs, to name a few
(Harvey, 2008; Newman & Cragg, 2020). Pharmacotherapeutics of natural origin can be
obtained as biological macromolecules, unaltered NPs, or molecules from which derivatives
with pharmacotherapeutic properties can be produced. Furthermore, many of the already
developed pharmaceutical compounds result from drugs obtained through semisynthetic
modifications of NPs, totally synthesized compounds with a pharmacophore from NPs, or
consist of synthetic products that mimic the natural compounds' mode of action. In fact, in
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the last four decades, from the 1881 developed drugs (excluding biological effectively iden-
tical agents to drugs previously approved and including vaccines), about 41.8% of the de-
veloped drugs came from natural origin, either biological macromolecules, unaltered NPs,
botanical drugs, or derivatives of NPs. About 14.5 % consisted of synthesized drugs with a
pharmacophore from NPs, and only 36.2 % consisted of totally synthesized products (New-
man & Cragg, 2020).

A large portion of the approved pharmaceutical agents with origin in NPs is used as antibi-
otics or as anticancer drugs. In the field of cancer, the panorama is not very different from
what was described for the pharmacotherapeutics of natural origin or derived from them.
NPs represent around 47.7 % of all approved anticancer therapeutic agents (a total of 237
anticancer drugs, excluding vaccines), either by the Food and Drug Administration (FDA)
or the European Medicines Agency (EMA), and other similar organizations around the
world. Furthermore, synthesized compounds with a pharmacophore derived from NPs rep-
resent 24.5%, and purely synthetic compounds only represent 27.4% (Newman & Cragg,
2020). Some of the most commonly used chemotherapeutic agents are of natural origin.
For example, taxanes and anthracyclines, recommended in treating TNBC, consist mainly
of NPs, or NP derivatives (Cardoso et al., 2019; Newman & Cragg, 2020).

Taxanes are mitotic inhibitors used in cancer treatment and include paclitaxel, cabazitaxel,
and docetaxel. Paclitaxel, the first approved taxane, is an NP initially extracted from the
bark of the Pacific yew (Cui et al., 2021; Newman & Cragg, 2020; Ojima et al., 2016). Cab-
azitaxel and docetaxel are NP derivatives (semisynthetic drugs) whose precursor was ex-

tracted from the bark of the yew tree (Cui et al., 2021; Newman & Cragg, 2020).

In the group of anthracyclines used in cancer treatments, it is possible to distinguish the
NPs daunorubicin, first isolated from the bacteria Streptomyces peucetius, and doxorubicin
(Dox) initially isolated from a mutant variant of the daunorubicin producing Streptomyces
peucetius strain. Furthermore, some NP derivatives of semisynthetic anthracyclines are
also used in the treatment of cancer including, epirubicin, idarubicin, pirarubicin, and val-
rubicin (Hulst et al., 2022; Newman & Cragg, 2020). In fact, NPs have a great potential to
be used either as chemotherapeutic agents or as adjuvants when used concomitantly with
already established therapeutic regimens to improve their effectiveness or reduce the ad-
verse effects of the drug and the adjuvant (de Oliveira Junior et al., 2018; Dehelean et al.,
2021; Lin et al., 2019).

Plants represent the primary source of bioactive compounds used as therapeutic agents,
and it is estimated that only 15% of the plant species have been studied for their potential
use in developing new therapeutic drugs. These numbers are even more accentuated in
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the study of microorganisms, where it is estimated that less than 1% have been discovered,
even though they represent around 90% of all the natural diversity (Mathur & Hoskins, 2017;
Sintar, 2020).

Using microorganisms as a source for new potential therapeutic compounds is an attractive
option compared to other organisms, such as plants, since they are generally less time-
consuming and more cost-effective to culture and maintain (Atanasov et al., 2021; How et
al., 2021). Even though many microorganisms are difficult to maintain outside their natural
environment, some strains allow for easier genetic manipulation, are easily cultured and
maintained, and enabled the production of high quantities of the bioactive NPs. Fungi, for
example, are usually easy to grow outside their natural environments, can be grown in bio-
reactors in great quantities, stored for large periods, and consequently allow an excellent
availability of bioactive compounds. Even for microorganisms that are not easily maintained
in culture, it is possible to clone and express biosynthetic gene clusters of NPs in well char-
acterized, and easy-to-culture microorganisms’ strains (Atanasov et al., 2021; How et al.,
2021).

3.1. Fungi

Fungi represent the second group of organisms with higher species diversity, right after the
insects. Various studies estimate that the number of fungi species ranges between 1.5 mil-
lion to 12 million species worldwide. Of these fungi species, it seems that only 7% have
been described, of which only 5% have been cultivated in the laboratory; when considering
the hypothesis with the lowest number of estimated fungi species (1.5 million) (Ramirez-
Rendon et al., 2022; B. Wu et al., 2019).

Fungi are a very resourceful yet poorly explored source of bioactive compounds. These
microorganisms have always represented an important source of therapeutic agents, start-
ing with the discovery of penicillin, the first developed antibiotic, obtained by Alexander
Fleming from the Penicillium notatum (Gaynes, 2017; Sanchez & Demain, 2017). Further,
their relevance in drug development continued with the discovery of some fungi species
capable of producing the wide used anticancer anthracycline paclitaxel or other metabolites
already in use in the treatment of cancer, such as camptothecins, podophyllotoxins, and the

vinca alkaloids (Cragg & Pezzuto, 2016; How et al., 2021; Ramirez-Rendon et al., 2022).

Some other fungi metabolites and their analogs showed promising results in the treatment

of cancer and therefore are currently under phase |, Il, or lll clinical trials, including plinabulin
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and fingolimod, based on the search on https://clinicaltrials.gov (ClinicalTrials.Gov.; How et
al., 2021)

3.2. Marine environment as a source of new compounds

The scope of nature as a source of new compounds is widened even more with the search
for new molecules in the marine environment (Jiménez, 2018; G. D. Wright, 2019). Oceans
cover around 70% of the earth’s surface. Nonetheless, the marine environment is still un-
derstudied, with more than 95% of the deep ocean yet to be explored (Jiménez, 2018).
Oceans represent a rich and resourceful environment with a great diversity of physical con-
ditions such as salinity, hydrostatic pressure, temperature, oxygen levels, and light that
translates into a wide diversity of habitats and ecosystems. The great variety of physical
and ecological conditions results in broad biodiversity, representing around 95% of the
world’s biosphere (Altmann, 2017; Ameen et al., 2021; Deshmukh et al., 2018; Jimenez et
al., 2018). In fact, 34 out of 35 of the already identified animal phyla exist in the marine
environment, 8 of which are only described in the aquatic environments (Altmann, 2017).
To thrive and proliferate in these environments characterized by extreme conditions, organ-
isms, including microorganisms, need to adapt to these conditions. One of these adaptative
mechanisms is the production of bioactive molecules, many of which may present relevant
potential in the treatment of various diseases, including cancer (Ameen et al.,, 2021;
Deshmukh et al., 2018; Jimenez et al., 2018).

The research of new compounds with origin in the marine environment dates back to the
’50s with the discovery of spongothymidine and spongouridine, two nucleosides that, about
10 years later, would give rise to important advances in the development of chemothera-
peutic drugs and that later lead to the development of cytarabine, considered the first ma-
rine-derived drug (Jimenez et al., 2018; Varijakzhan et al., 2021). By now, several drugs
with origin in marine organisms have been approved for the treatment of cancer, such as
cytarabine, trabectedin, eribulin mesylate, nelarabine, lurbinectedin, and the antibody-drug
conjugates (ADC) brentuximab vedotin, enfortumab vedotin, polatuzumab vedotin, bel-
antamab mafodotin and, more recently, and tisotumab vedotin (Cragg & Pezzuto, 2016;
Papon et al.,, 2022). Furthermore, plitidepsin was already approved in Australia, and
disitamab vedotin in China (Deeks, 2021; Dyshlovoy & Honecker, 2019).

14


https://clinicaltrials.gov/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6187399/
https://chimia.ch/chimia/article/view/2017_646/981
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8146879/
https://pubmed.ncbi.nlm.nih.gov/?term=Disitamab+Vedotin+or+RC48&sort=date

Furthermore, other marine-derived compounds, such as plinabulin, marizomib, plocabulin,
AGS-16C3F, tisotumab vedotin, ladiratuzumab vedotin, telisotuzumab vedotin, enapo-
tamab vedotin, cofetuzumab pelidotin, to name a few, are currently undergoing phase |, I,

or lll, clinical trials (Papon et al., 2022).

3.2.1. Marine-derived fungi — diversity and potential

The biodiversity in the marine environment includes algae, invertebrates (such as marine
sponges), vertebrates, and a myriad of microorganisms (including fungi, archaea, and bac-

teria) that represent important sources of bioactive compounds (Wali et al., 2019).

Marine-derived fungi may englobe the marine obligate (fungi that only proliferate in the ma-
rine environment) and the facultative (fungi with origin in the terrestrial environment but that
adapt to the marine environment). However, the distinction between these two is not always
easy (Ameen et al., 2021). In the marine environment, besides its isolation from water and
sediments, marine-derived fungi have also been found in symbiotic interactions, associated
with host macroorganisms such as algae, mangroves, corals, and marine animals such as

sea cucumber, snails, and sponges (Cragg & Pezzuto, 2016; Deshmukh et al., 2018).

The marine sponges are important sources of bioactive compounds, some of which were
approved for cancer treatment, as described above (Papon et al., 2022; Varijakzhan et al.,
2021; L. Wu et al., 2021). The marine sponges are filter feeders. The water passes through
the sponge pores (ostia), and the amoebocyte cells engulf the water's existing particulates.
In this filtration process, some microorganisms may be phagocytized by the sponge, but
others remain in the sponges' mesohyl (the inner sponge cell lining). These microorganisms
can then develop symbiotic interactions with the sponge, enrolling in its physiological pro-
cesses, including nutrition, skeleton stabilization, metabolite production, and chemical de-
fense (Debbab et al., 2011; Varijakzhan et al., 2021). Thus, it is worth noting that some of
the bioactive substances discovered in sponges, mostly secondary metabolites, are created
by the sponge’s symbiotic microorganisms rather than by the sponge itself (Varijakzhan et
al., 2021).

Although the sponges’ microorganism’s population density is highly variable, about 40% of
the sponge volume may be comprised of microorganisms (Debbab et al., 2011; Varijakzhan
et al., 2021). The diverse conditions (including the symbiotic interactions with other organ-
isms) to which the marine-derived fungi are subjected lead to the development of unique
metabolic pathways that may, in turn, lead to the development of a wide variety of natural
products with potential pharmaceutical proprieties, including anticancer drugs (Ameen et
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al., 2021; Deshmukh et al., 2018; Jimenez et al., 2018; Saeed et al., 2021; Varijakzhan et
al., 2021). However, despite the many compounds isolated from marine-derived fungi, none

has been approved yet to treat human diseases (Ameen et al., 2021; Saeed et al., 2021)

Plinabulin, for example, is a derivative from the NP diketopiperazine halimide isolated from
the fungus Aspergillus sp. (from marine and terrestrial sources) and the NP phenylahistin
isolated from the terrestrial fungi Aspergillus ustus (Blayney et al., 2022; How et al., 2021;
Jiménez, 2018). Plinabulin is a microtubule destabilizing agent that is currently being eval-
uated in several phase |, Il, or lll clinical trials, according to data from https://clinicaltrials.gov
(ClinicalTrials.Gov, n.d.).

Overall, fungi, and especially marine-derived fungi symbionts, represent an exciting source
of bioactive compounds with unique structures with high potential pharmacological proprie-

ties, including anticancer proprieties that deserve further investigation.

3.3. Preussin

Preussin, or (+)-preussin, as also known, is a hydroxypyrrolidine alkaloid (Figure 4) that was
initially extracted from the fermentation broths of Aspergillus ochraceus (Schwartz et al.,
1988) and later from Preussia sp. (Johnson et al., 1989). More recently, preussin was also
isolated from cultures of Aspergillus candidus (KUFA 0062), found in association with the
marine sponge Epipolasis sp., captured from the Similan Island National Park’s coral reef,
in Phang-Nga province, Southern Thailand (Buttachon et al., 2018). Furthermore, various
authors have described different methods for its synthesis (Arévalo-Garcia, 2014; Basler et
al., 2005; Beier & Schaumann, 1997; Buchman et al., 2016; Draper & Britton, 2010;
Hausherr et al., 2019; P. Q. Huang et al., 2015; Kanazawa et al., 1986; Khandare et al.,
2020; Lee et al., 2000; Mao et al., 2018; McGrane & Livinghouse, 1993; Okue et al., 2002;
Raghavan & Rasheed, 2003; Rong et al., 2017; Veeresa & Datta, 1998).

Figure 4 — Chemical structure of (+) — preussin (Buttachon et al., 2018).
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Different preussins have been identified and isolated from natural sources. Besides the one
simply-called preussin, it has already been shown the isolation of preussin B, extracted from
Simplicillium lanosoniveum; preussin C, isolated from the marine sponge-associated As-
pergillus candidus and Aspergillus flocculosus, and the preussins D to K, obtained from the
fermentation broths of the marine sponge-associated Aspergillus flocculosus (Buttachon et
al., 2018; Fukuda et al., 2014; Gu et al., 2018).

Although there is little bibliography about preussin and its isomers, the (+)-preussin is the
most described and seems to have a wider diversity of biological activities. This preussin
has shown antifungal activities both against filamentous and yeast forms of fungi (Johnson
et al., 1989; Kasahara et al., 1997; Schwartz et al., 1988). It was also suggested to have a
bacteriostatic and bactericidal action against gram-positive bacteria, with the capability to
inhibit methicillin and vancomycin-resistant bacteria strains (Buttachon et al., 2018), and

even shown to exhibit antiviral proprieties (Goss Kinzy et al., 2002).

Several authors have also shown preussin to present cytotoxic proprieties (Achenbach et
al., 2000; Buttachon et al., 2018; Malhao et al., 2019). Achenbach et al. (2000) showed that
synthetic preussin could decrease cell survival of several human cancer cell lines with a
half-maximal inhibitory concentration (ICso) between 1.2 and 4.5 yM in HL-60 (promyelocy-
tic leukemia), HelLa (cervical carcinoma), A549 (lung adenocarcinoma), MCF-7 (breast car-
cinoma), lines PC-3, DU-145, and LNCaP (prostate carcinoma) and MeWo (melanoma) cell
lines. Recently, Buttachon et al. (2018) demonstrated that preussin, extracted from the ma-
rine sponge-associated Aspergillus candidus, decreased cell viability with a variable 1Cs
between 12.3 yM and 74.1 uM. This study included the HT29 (colorectal adenocarcinoma),
HCT116 (colorectal carcinoma), A375 (melanoma), HepG2 (hepatocellular carcinoma),
A549 (lung cancer), T98G (glioblastoma astrocytoma), MCF-7, and U251 (glioblastoma
multiforme), human cell lines, here described from the most sensitive to the less sensitive
to preussin (lower to the highest ICso) (Buttachon et al., 2018). Malhao et al. (2019) demon-
strated that this marine fungi-derived preussin decreased cell viability below 50% in the
human BC MCF-7, and SKBR3 cell lines, at a concentration of 50 uM, for cells cultured in
monolayer. Nonetheless, at this concentration, preussin decreased cell viability in all tested
BC cell lines (MCF-7, MDA-MB-231, and SKBR3) and in the non-tumoral breast cell line,
MCF12A (Malhao et al., 2019). Furthermore, in a three-dimensional (3D) cell culture model,
preussin decreased cell viability at 50 or 100 pM for MCF-7, SKBR3, MDA-MB-231, and
MCF-12-A, depending on the used proxies (either lactate dehydrogenase release, MTT or
resazurin conversion assays). It is important to note that in the 3D cell culture model, 50 or

100 uM were the only tested concentrations (Malhao et al., 2019).
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Preussin has also been shown to induce apoptosis in HL-60 cell line through caspase 8,
and cytochrome c-caspase 9 pathways, with the activation of caspases 3 and 8, and the
release of cytochrome c, respectively (Achenbach et al., 2000), and to increase the expres-
sion of caspase 3 in MCF-7, SKBR3, MDA-MB-231 and, MCF-12-A cell lines (Malhao et al.,
2019). This compound was also shown to decrease cell proliferation in MCF-7, SKBR3,
MDA-MB-231, and MCF-12-A cell lines both in monolayer and 3D cell cultures (respectively
25 and 50 yM), with MDA-MB-231 cell line showing higher resistance than the other cell
lines in monolayer culture (Malhdo et al., 2019). Preussin also promoted cell cycle arrest
through the G1 phase preventing the progression into the S phase by inhibiting cyclin E
kinase (CDK2-cyclin E) in A549 cells and HL-60 cells (Achenbach et al., 2000), despite not
being observed in fission yeast cells (Okue et al., 2002). Cell cycle arrest caused by expo-
sure to preussin was also observed in 3Y1 normal rat fibroblast (Kasahara et al., 1997).
Furthermore, preussin has also been shown to be a DNA-damaging agent in Saccharomy-

ces cerevisiae yeast (Overhand & Hecht, 1994).

The diversity of preussin biological activities has been attributed to some of its molecular
characteristics. When comparing preussin and preussin C, Buttachon et al. (2018) empha-
sized the importance of the N-methyl group on the pyrrolidine ring (present in the (+) —
preussin (Figure 4) but not observed for the preussin C (Figure 5)), for the preussin antifun-

gal and cytotoxic proprieties.

Figure 5 — Chemical structure of C preussin (Buttachon et al., 2018).

3.4. Development of cancer drugs derived from natural products

According to the FDA, drug development comprises 5 steps. First, the discovery and devel-
opment of new compounds, followed by preclinical research (with in vitro and in vivo mod-
els), clinical research, review of all data available to decide on the approval of the drug, and
if and after approval, drugs are monitored on its safety (U.S. Food and Drug Administration
(FDA), 2018).

Traditionally, the discovery and development of anticancer drugs derived from NPs consist

first in the obtention of crude extracts from an organism. After extraction, the crude extract
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is tested on its pharmacological activities. If promising, it undergoes the next step: fraction-
ing the crude extract until pure bioactive compounds are isolated. Nonetheless, impurities
may be present in the extracted and isolated NPs, resulting in altered behavior. With this in
mind, an advanced purity analysis is recommended before further studies. The process of
isolation involves biological screening and may need multiple rounds of fractioning. The
isolated bioactive compounds are later identified based on phenotypic assays and charac-
terized on their molecular mechanism of action. This is a laborious and time-consuming
process. Furthermore, this process may be impaired due to the incapability of culturing the
organism outside its natural habitat, the inability of the organism to produce determined NPs
out of its habitat, or the quantity they produce may not be enough for its identification and

classification and, later on, for preclinical studies (Atanasov et al., 2021).

Nonetheless, new drug discovery and development advances overcame or at least allowed
for the diminishing of NPs' drug discovery limitations. These may include developing new
culturing methods that mimic the natural environment and in situ analysis, with the incuba-
tion of the microorganism in the environment from which it was collected. New methods for
extraction, dereplication, and pre-fractioning of the crude extracts may also represent other
methods of circumventing the investigation of NPs for developing new therapeutical drugs.
For example, the crude extract fractioning can be optimized so that the sub-fraction contains
NPs with characteristics of pharmacological relevant compounds, such as moderate hydro-
philicity. Also, metabolomic analysis, through nuclear magnetic resonance (NMR) spectros-
copy, high-resolution mass spectrometry, and liquid chromatography for isomer separation,
allows for the analysis of several metabolites simultaneously and its rigorous characteriza-
tion (Atanasov et al., 2021).

Some approaches allow for the obtention of NPs, and NP hybrids, analogs, and derived
scaffolds leading to the production of compounds with higher biological activities, selectivity,
and better pharmacokinetic proprieties. Microorganism genetic manipulation and cloning of
NPs biosynthetic gene clusters into other, more easily cultured and better-characterized,
microorganisms allow the increase in the NPs yields and/or the production of NPs analogs
with higher biological pharmacological relevant proprieties (Atanasov et al., 2021; Patra et
al., 2018; Press et al., 2019)

In addition to genetic manipulation, these techniques may include biosynthetic engineering
with manipulation of the organism's biosynthetic pathways, derivatization of isolated NPs,
or the semisynthesis of NP analogs (Atanasov et al., 2021; Patra et al., 2018). Even com-
pounds that display relevant pharmacological proprieties still display some challenges that

may reduce their therapeutic effects, such as limited plasma solubility and biodistribution,
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low dissolution and absorption, high instability, rate of degradation during storage, and rate
of excretion, resulting in lower bioavailability and pharmacological activity with poor phar-
macokinetic properties (Atanasov et al., 2021; Beck et al., 2017; Large et al., 2021; Mitchell
et al., 2021).

Several approaches allow for the diminishing of these drawbacks. These may include the
usage of delivery systems such as liposomes, polymeric and inorganic nanoparticles, and
antibody-drug conjugates (Mitchell et al., 2021; Patra et al., 2018). These techniques allow
for drug delivery with higher therapeutic efficacy, selectivity with tissue-targeting capabili-
ties, reduced systemic toxicity, and lower drug toxicity compared to free drug administration.
Further, these drug delivery systems enable higher maximum tolerated doses and efficient
bioavailability (Beck et al., 2017; Large et al., 2021; Mitchell et al., 2021).

4. In vitro models for investigation and development of anticancer drugs

Cell culture represents an indispensable model, used as the first approach in drug discov-
ery, development, and characterization. Cell culture has low cost-effectivity, allows for the
obtention of consistent and reproducible results, and the possibility of performing a high
number of replicates, thereby diminishing the usage of animal models (Edmondson et al.,
2014; Freshney, 2010).

4.1. 2D cell culture

Most in vitro studies with cells have used the two-dimensional (2D) culture method, in which
the cells grow in a monolayer and adherent to a solid substrate (Kapatczyhska et al., 2016).
Despite its advantages, such as the simplicity of methods, and the low costs associated
with maintaining the cell cultures and performing research tests, cultures with adherent cells
have disadvantages that limit their use and the conclusions drawn from them (Habanjar et
al., 2021; Kapatczynhska et al., 2016)016). The disposition of the cells as a monolayer trans-
lates into their homogeneous exposure to the cell culture medium, resulting in a similar
availability of oxygen and nutrients to the cultured cells. Further, the disposition of the cells
also influences the cell morphological characteristics resulting in an altered cell structure,
more elongated and flattened. It also influences the cell-cell interactions and cell junctions,
which are decreased in the 2D cell culture model. These altered characteristics result in

modified signaling pathways, which translate into altered cell metabolism, differentiation and
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proliferation rates, viability, cell invasion, transcriptional and apoptotic patterns, and sensi-
tivity to different compounds, not mimicking the tissue and tumor structure, behavior and
microenvironment complexity found in vivo (Biatkowska et al., 2020; Duval et al., 2017; Ha-
banjar et al., 2021; Jensen & Teng, 2020; Kapalczyhska et al., 2016; Langhans, 2018).

4.2. 3D cell culture

Three-dimensional (3D) cell culture consists on the obtention of multicellular aggregates
(MCA), also called spheroids. Various methods have already been described for the obten-
tion of 3D cell cultures. These may include cell culture in scaffold-free environments or scaf-
fold structures from natural and synthetic origin, and either grown in scaffold 3D structures
or in substrates that mimic the extracellular matrix (ECM) (Habanjar et al., 2021; Lv et al.,
2017).

The scaffold-free methods of 3D cell culture are tendentially less expensive and character-
ized by high throughput and easily obtention protocols. These may include: a) pellet culture,
where cells are concentrated by centrifugation, and the pellet is resuspended in culture
medium for spheroid formation; b) hanging drop, in which a drop of cell suspension is placed
on the lid of a culture plate which is turned upside-down, and the formation of spheroids is
induced by gravity and cell culture medium surface tension; c) microwell-based non-adhe-
sive agarose scaffolds, in which cells are seeded in agarose molds and spinner culture,
forcing cells to aggregate by continuous agitation; d) liquid overlay technique, where cells
are seeded in low attachment plates which are coated with non-adhesive materials such as
agarose or pHEMA, forcing cells to aggregate (Fang & Eglen, 2017; Froehlich et al., 2016;
Habanjar et al., 2021; Lv et al., 2017). In this last technique, the spheroid formation may be

improved using rounded or v-shaped bottom plates. (Langhans, 2018).

3D cell culture techniques allow for the obtention of dynamic structures, the spheroids, that
are classically composed of: a) an outer layer of cells with a high rate of proliferation, which
have more access to nutrients and oxygen from the cell culture medium; b) an intermediate
layer with senescent cells; and c) a necrotic center, were cells have lower availability of
oxygen and nutrient levels. Due to its 3D structure, with varying availability of nutrients and
oxygen, this cell culture model mimics the in vivo tumor and tissue biochemical, morpho-
logical, and physiological conditions (Costa et al., 2016; Habanjar et al., 2021). In fact, when
cultured in a 3D cell culture model, tumoral cells prevenient from patients better maintained
their pattern of expression of caspase 3 and ki67, when comparing the cells cultured in 3D

or 2D cell culture models (Imamura et al., 2015). Nonetheless, it is important to mention
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that the spheroid’s characteristics, including the spheroid morphology, the cell's pattern of
distribution in different stages of cell proliferation and death (necrosis or apoptosis), and cell
cohesion, are influenced by the method of obtention, as well as the cells in culture (Malhao
et al., 2022).

Despite allowing to overcome the already mentioned disadvantages of 2D cell cultures, 3D
cell cultures are more laborious, expensive and require more precise work (for culture uni-

formization) when compared to the 2D cell culture (Habanjar et al., 2021; Langhans, 2018)

Due to its tridimensionality, the 3D cell culture shows important features for anti-cancer drug
discovery and development, including the capability to mimic tumor in vivo characteristics
such as cell morphology, gene expression, cell surface receptors organization, drug re-
sistance, hypoxia, migration, proliferation, differentiation, dormancy, and anti-apoptotic pat-
terns, as well as the cell-cell interaction and the tumor microenvironment including cell-ECM

interactions (Fontoura et al., 2020; Habanjar et al., 2021; Langhans, 2018).
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Objectives

This study aimed to explore and expand the in vitro anticancer proprieties of the bioactive
compound preussin, purified from marine sponge-associated fungi, in the TNBC cell line

MDA-MB-231 while comparatively investigating 2D and 3D in vitro cell culture models.

The following specific objectives were set, using preussin as the compound of primary in-

terest and Dox as a reference drug when comparing the 2D and 3D models:

1. Optimize assays for conducting drug screening in 3D cultures of MDA-MB-231 cells;

2. Select the lowest concentrations of preussin that induced a reduction of cell viability in
the MDA-MB-231 cell line, either cultured in 2D or 3D models;

3. Evaluate the preussin antiproliferative, long-term survival, genotoxic, and cytotoxic (dis-
tinguishing between apoptosis and necrosis) effects, considering the pre-identified con-
centrations, in 2D and 3D cell culture models;

4. Describe the stereomicroscopy and ultrastructural alterations induced by preussin in
both types of culture models and also using the pre-identified concentrations;

5. Evaluate the effects of preussin in cell migration at low concentrations of preussin in a

2D cell culture model.
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Material and Methods

1. Cell culture

The MDA-MD-231 cell line was purchased from American Tissue Culture Collection
(ATCC). Cells were maintained as monolayer cell cultures in Dulbecco’s Modified Eagle’s
Medium (DMEM) with high glucose, without glutamine, and phenol red supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (pen/strep). The maintenance
was made in T25 cm? (with 5 ml of DMEM) and T75 cm? (with 15 ml of DMEM) culture flasks
(Orange Scientific, Braine-I'Alleud, Belgium) in an MCO 19AIC humidified incubation cham-
ber (Sanyo, Osaka, Japan) at 37°C and 5% CO.. Cells were regularly observed under an
inverted phase-contrast CKX41 microscope (Olympus, Tokyo, Japan), and the medium was
replaced every two to three days. When about 80%-90% confluence was reached, cells
were in their logarithmic phase and were harvested and subcultured (as described in section
1.1. Subculturing conditions). Cell suspensions with the desired cell density were obtained
from the subcultures to perform different assays, either as monolayers or 3D cell cultures
(MCAs).

1.1. Subculturing conditions

Cells were washed twice with phosphate-buffered saline (PBS) [pH 7.2-7.4], detached with
0.25 % Trypsin 0.02 % ethylenediaminetetraacetic acid (EDTA) (1 ml for cells cultured in
T25 cm? flasks or 3 ml of for cells cultured in T 75 cm? flasks) at 37°C for 3-5 min. When
cells became rounded-shaped and started to detach, the action of trypsin was stopped by
adding supplemented DMEM in a proportion higher than 1:2 (v/v) (2 ml of DMEM in T25
cm? flasks and 6 ml of DMEM in T75 cm? flasks). This process of disaggregation was helped
by mechanical shearing. After trypsinization, cells were centrifuged at 280 g in a 416 cen-
trifuge (Gyrozen, Gimpo, Korea), the supernatant removed, and cells were resuspended
again in DMEM (1 ml for T25 cm? flasks cultured cells or 3 ml for T75 cm? flasks cultured
cells). The cell density and viability of the obtained cell suspension were accessed through
the trypan blue exclusion assay (see section 1.2. Trypan blue exclusion assay and deter-
mination of cell density). Finally, cell suspensions with the desired concentrations were pre-
pared according to the assay that was being performed. Subcultures were obtained by
seeding approximately 200 pl of cell suspension in 5 ml of supplemented DMEM in T25 cm?
flasks or 1 ml of cell suspension in 15 ml of supplemented DMEM in T75 cm? flasks. The
final volume was adjusted to obtain the desired concentration for seeding. When the cul-
tured cells reached passage 35, new cell cultures were obtained from frozen cells.
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1.2. Trypan blue exclusion assay and determination of cell density

The trypan blue exclusion method was used to determine cell density and viability of cell
suspensions. In this assay, cells are mixed with trypan blue. Viable cells show impermea-
bility to the dye (appear bright under a microscope), and the non-viable cells that do not
have cell membrane integrity are permeable to the dye (appear blue under a microscope
(Freshney, 2010). To perform this assay, 20 pl of cell suspension were added to an equal
volume of 0.1% trypan blue (w/v) in PBS. Immediately, 10 pl were loaded into a Neubauer
chamber and the number of live and dead cells was counted. Cell density and viability were

calculated according to the following equations:

Cell density (n° cells/ml) = average number of cells x 2 (dilution factor)

x 10* (conversion factor for Neubauer chamber)

o n° of viable cells
Cell viability (%) = o of ol Galls x 100

1.3. Thawing of frozen cells

New cell cultures were obtained from cells frozen in DMEM supplemented with 10% FBS,
1% pen/strep, and 10% dimethyl sulfoxide (DMSQO) at -80 °C. The 1 ml aliquots of frozen
cells were thawed to 37°C by adding supplemented DMEM, previously heated, and seeded
in a T75 cm? flasks with 15 ml of supplemented cell culture medium and incubated at the
standard incubation conditions (37°C and 5% CO3). After 24h, the cell culture medium was

exchanged to remove the DMSO present in the culture.

2. Chemicals and reagents

Dox (D1515), FBS, collagenase from Clostridium histolyticum, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), low melting point (LMP) agarose, normal melting
point (NMP) agarose, and potassium bromate (KBrOs) were purchased from Sigma Aldrich
(Missouri, USA). DMEM (with high glucose, without glutamine, and phenol red) and DMSO
were acquired from VWR Chemicals (Ohio, USA). FBS, trypsin/EDTA, and pen/strep were
obtained from Biochrom KG (Berlin, Germany). Trypan blue, crystal violet, methylene blue,
azure |l, glutaraldehyde solution, and hydrogen peroxide (H20-) were obtained from Merck
(Darmstadt, Germany). SyberGold™ from Thermo Fisher Scientific (Massachusetts, USA),

the FPG enzyme from New England Biolabs (Barcelona, Spain), BrdU assay kit from Roche
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(Basel, Switzerland), and FITC-conjugated Annexin V, Annexin V buffer, and propidium io-
dide (PI) from BioLegend (California, USA).

Preussin was isolated from the marine sponge Epipolasis sp. associated fungi Aspergillus
candidus KUFA 0062 (collected from the coral reef of Similan Island National Park in Phang-
Nga province of Southern Thailand). The preussin process of isolation and purification has
been described by Buttachon et al. (2018).

2.1. Stock solutions

Preussin (10 mM), Dox (20 mM), and SyberGold™ (1000x) were prepared as stock solu-
tions in DMSO and, MTT (5 mg/ml) was prepared in sterile PBS. The solutions were kept in
aliquots at -20 °C and freshly diluted right before use.

For each experiment, dilutions (work solutions) of the stock solutions of Dox and preussin
were freshly prepared, before use, using a cell culture medium with a final concentration of
0.1% of DMSO. Right before use, preussin was diluted to a concentration of 50 uM from
which were obtained the other final preussin concentrations of 35 uM, 25 uM, 15, and 5 uM.
Dox was used as a positive control and prepared to a final concentration of 1 uM (for mon-
olayer culture exposure) or 5 uM (for MCAs exposure). As a negative control, cells were
only exposed to the cell culture medium (DMEM); as solvent control, cells were exposed to
DMEM with 0.1% DMSO. Additional control groups were added depending on the assay

that was being performed.

3. Multicellular aggregates (MCAs)
3.1. MCAs obtention

To obtain MDA-MB-231 MCAs, 200 pl of cell suspension at 4x10° cells/ml were seeded in
96-well ultra-low attachment plates (Corning, New York, USA) and incubated at 37 °C, with
5% CO; for 72 h. MCAs were then exposed to preussin at the desired concentrations ac-

cording to the assay that was being performed.
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3.2. MCAs disaggregation

To execute this study, certain tests required the MCAs disaggregation to obtain cell sus-
pensions following the exposure period. MCAs trypsinization is a delicate process since it
implies high cell manipulation, which may cause cell damage or even cell loss (especially
when transferring MCAs to 1.5 ml tubes and washing them with PBS). Several protocols
were experimented to evaluate the adequate method that induced less damage in the cells.
After being obtained, three MCAs were transferred to 1.5 ml tubes, washed gently two times
with warm PBS, and centrifuged in a Microstar 12 centrifuge (VWR, Pennsylvania, USA) at
280 g for 5 min between washes. After washing with PBS, the MCAs were incubated with
100 pl of the disaggregation solution for 5 min, with or without mechanical disaggregation.
The tested disaggregation solutions were: a) 20mM EDTA with 2% DMSO; b) 20 mM EDTA
with 10% DMSO; c) 1 mg of collagenase in 2ml HBSS; d) trypsin-EDTA (Mandujano-Tinoco
et al., 2013; Vincent-Hubert et al., 2011). In the trypsin-EDTA condition, 100 pl of the dis-
aggregation solution was used, and then 300 ul supplemented medium was added to stop

trypsinization. MCAs viability was assessed by trypan blue assay, as described above.

4. Viability assay - MTT assay

MTT assay is a viability assay where MTT, a yellow tetrazolium salt, can be absorbed and
then metabolized by the cell into formazan, a purple water-insoluble compound (Meerloo et
al., 2011; Prabst et al., 2017). This reaction depends on an electron donor such as NADH,
NADPH, succinate, or pyruvate and is carried out by mitochondrial or cytoplasmic enzymes
such as dehydrogenases, oxidoreductases, oxidases, and peroxidases. Some reduction
molecules such as glutathione, ascorbic acid, and coenzyme A may also reduce MTT to
formazan through non-enzymatic reactions (Prabst et al., 2017). Mitochondrial enzymatic
activity is constant in most viable cells. Subsequently, the conversion of MTT into formazan
crystals allows the usage of MTT as a colorimetric assay with which it is possible to measure
the increase or decrease in the number of viable cells. In this way, it is possible to infer a
compound's effect on cell proliferation and cytotoxicity activity by quantifying cellular meta-
bolic activity (Meerloo et al., 2011; Prabst et al., 2017). Since formazan is obtained intracel-
lularly as needle-like crystals, it causes cell disruption, making unfeasible its usage in further
studies, and it also causes the need for a step of solubilization of these crystals for homog-
enous reading of the formazan. Additionally, all procedures should be performed under low
light conditions since MTT is degraded by light (Meerloo et al., 2011; Prabst et al., 2017).
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4.1. MTT in monolayer cell culture

The MTT assay was used to evaluate the effects of preussin in MDA-MB-231 cells, as pre-
viously tested by Malhao et al. (2019). MDA-MB-231 cells were seeded at a density of 5
x10% cells/ml, 100 pl of cell suspension per well in 96-multiwell culture plates (Orange Sci-
entific, Belgium) and incubated at 37°C and 5% CO- for 24 h to allow cell adhesion. Cells
were then exposed to preussin at concentrations of 5, 15, 25, 35, and 50 yM and incubated
for 24, 48, and 72 h in the incubation chamber under the same conditions. Negative control,
solvent control, and positive control groups were also added. Simultaneously, an additional
blank control group was included in which exposure and control solutions were added to
wells without cells. This procedure allowed the obtention of background A measurements.
After the defined exposure time, 10 pl of MTT solution in PBS were added to each well and
incubated for 3 h, protected from light in the incubation chamber. After MTT metabolization,
the medium was completely removed, and the formed formazan crystals were dissolved by
adding to each well 100 pl of DMSO/ethanol solution (in the proportion of 1:1) (v/v), and the
plates were agitated for 15 min in a plate shaker. Absorbance (A) was read in the Mul-
tiskan™ GO Microplate Spectrophotometer (Thermo Fisher Scientific, Massachusetts,
USA) at 570 nm. Data was analyzed first by subtracting the background of each condition
(mean of the A of the blank of each exposure condition) from the mean A of the cells of
each exposure condition, followed by the calculation of the percentage of cell viability in

relation to the control, as described by Malh&o et al. (2019):
Mean A (without background) = mean A of exposed cells - mean A of the blank

Cell viability (% _mean A (without background) sample at 570 nm < 100
ell viability (%)= mean A (without background) control at 570 nm

The values of measured A should be proportional to the number of viable cells in the culture.
MTT assay was performed in five independent experiments (n=5), using triplicates per ex-

posure condition.

4.2. MTT in MCAs

To evaluate the cytotoxic effects of preussin in MDA-MB-231 MCAs, a modified version of
the MTT assay was implemented in monolayer cell culture (Malhdo et al., 2019). MCAs
were obtained as described previously (sub-section 3.1. MCAs obtention) and were ex-

posed to preussin at 25, 35, and 50 or Dox at 5 uM (positive control) for 96 h. Following the

28



assessment of preussin’s induced decrease in the MCAs viability at 96 h of exposure, the
concentrations of 25 and 35 uM were selected for evaluation of its proprieties through other
proxies. Accordingly, the effects of preussin on cell viability were also assessed through the
MTT assay at 24 h of exposure to later perform the comet assay (to explore the preussin
induced genotoxicity). Following the defined period of exposure with preussin, 15 ul of MTT
were added to each well and incubated for 4 h. After this time, MCAs were carefully trans-
ferred from the ULA-rounded bottom plate into a flat-bottomed culture plate with a 1000 pl
micropipette tip. To diminish the damage and cell loss that this process could cause, the
end of the 1000 pl micropipette tip was cut to augment the tip diameter. The excess of the
medium was carefully removed with a 100 pl micropipette tip. Formazan crystals were sol-
ubilized by adding 150 pl of DMSO to each well and by agitating in a plate shaker for 20
min. In MCAs, DMSO was used alone to solubilize the formazan crystal since it allowed
better and easier solubilization of these crystals than the usage of a solution of DMSO/eth-
anol (as it was used in monolayer cell culture). The results were also expressed as a per-
centage of cell viability already described in the 2D cell culture MTT assay. The MTT assay
in MCAs was performed in five independent assays, using triplicates for each exposure

condition.

5. Clonogenic survival assay

Clonogenic survival assay is a long-term survival assay with which it is possible to measure
the long-term effects of a compound in cell survival by evaluating its long-term cytostatic
effects either by cell cycle arrest or DNA synthesis inhibition (Freshney, 2005; Sumantran,
2011). The principle of this assay is based on the capability of a single cell to originate a
viable colony. In this way, cells from cell suspensions are seeded at low density to obtain
isolated cells from which representative colonies may form. By counting the number of col-
onies formed, it is possible to assess alterations in cell survival considering the cells' regen-
erative capacity by allowing cells with reversible damages and cells resistant to drugs to
proliferate. Generally, colonies should be considered if they have more than 50 cells (Fresh-
ney, 2005). Despite its advantages, the clonogenic assay does not account for cell-to-cell
interaction since the cells are seeded at a low density (Freshney, 2005; Sumantran, 2011).
The clonogenic survival assay was utilized here to assess the long-term cytostatic effects

of preussin, as previously described (Ramos et al., 2019).
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5.1. Clonogenic assay in monolayer cell culture

MDA-MB-231 cells were seeded in 24-well plates (Orange Scientific, Braine-I'Alleud, Bel-
gium) at a density of 1 x10° cells/ml, 500 pl per well, and incubated for 24 h at 37°C e 5%
CO; for cell adhesion. After this period, cells were initially exposed to preussin at a concen-
tration of 35 and 50 uM. Based on the obtained results, it was later decided to lower the
used concentrations of preussin in this assay. In this way, in subsequent assays, cells were
exposed to preussin at a concentration of 5, 15, 25, and 35 yM. Simultaneously, negative
control (DMEM), solvent control (0.1 % DMSO), and positive control (1 uM of Dox) groups

were added.

After 72 h of exposure, cells were carefully washed twice with PBS and harvested by tryp-
sinization with 150 pl of trypsin/EDTA for 3 min at 37°C and 5% CO,. When cells became
round-shaped, trypsinization was stopped by adding 300 ul of supplemented cell culture
medium, and cells were carefully resuspended for cell suspension homogenization. Living
cells were counted with trypan blue in the Neubauer chamber as previously described, and
serial dilutions of the cell suspension were performed to obtain a final dilution of 250 cells/ml.
Then 2 ml of cell suspension were seeded in 6-multiwell culture plates (500 cells/ well). Five
hundred cells in 2 ml of cell suspension (Orange Scientific, Braine-I'Alleud, Belgium) were
incubated for 21 days at 37°C and 5% CO.. The number of cells initially seeded was 200
cells per well. Nonetheless, based on the obtained results, the protocol was optimized to
500 cells per well. Also, the incubation time was raised from 10 days to 21 days. Further-
more, to assure adequate humidity, which would lead to less medium evaporation, cells
seeded in the 6-multiwell culture plates, were incubated inside a small plastic with a humid-
ified paper towel. After 21 days of incubation, cells were washed with PBS and fixed in situ
for 15 min at 37°C with 4% (w/v) paraformaldehyde in PBS (stored as aliquots at -20 °C
and, just before use, it was thawed at room temperature and heated to 37 °C). Cells were
then stained with crystal violet at 0.05% (w/v) in PBS for 30 min at room temperature,
washed, and air-dried. Colonies with more than 50 cells were observed and counted in an
SZX10 stereomicroscope (Olympus, Tokyo, Japan). Plating efficiency (PE) and surviving

fraction (SF) were calculated as follows (Ramos et al., 2019):

_n° of colonies counted PE of treated cells

o) =
n° of seeded cells SF (%) PE of control x 100

This assay was performed in 5 independent experiments.
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5.2. Clonogenic assay in MCAs cell culture

Three MDA-MB-231 MCAs were exposed to preussin at a concentration of 5, 15, 25, or 35
MM. In the positive control group, cells were exposed to 5 uM of Dox. Negative control and
solvent control groups were also included. After 96 h of exposure, MCAs were disaggre-
gated as described previously (section 5.1 - Clonogenic assay in monolayer cell culture),
and through serial dilutions we obtained a cell suspension of 250 cells/ml. As it has already
been described for the monolayer cell culture, 2 ml of the obtained cell suspension were
seeded in 6 well plates and incubated for 21 days at 37°C and 5% CO.. After, the colonies
were washed twice with PBS, fixed with 4% paraformaldehyde in PBS, and stained with
0.05% (w/v) crystal violet in PBS. The colonies with more than 50 cells were counted, and
the PE and PF were calculated, as reported in the mentioned section 5.1. Five independent

assays were performed.

6. In vitro scratch assay

In vitro scratch assay or cell wound-healing assay is used to measure cell migration in mon-
olayer cultures. In this assay, a scratch is made in a confluent cell monolayer, and it is later

observed at different time points to evaluate the scratch closure (Cory, 2011).

To evaluate the effects of preussin on the ability of MDA-MB-231 cells to migrate, cell cul-
ture conditions had to be initially determined. In this way, a gradient of seeding densities
(2.5 x10° cells/ml, 3 x10° cells/ml, 5 x10° cells/ml, 10 x10° cells/ml, and 20 x10° cells/ml in
500 ul per well, in 24-well plates) were tested. The seeding density of 2.5 x10° cells/ml
allowed the obtention of a confluent uniform monolayer without cell crowding. To establish
a reference point, a line was drawn in the center of each well with a permanent marker, and
cells were seeded at the chosen density and incubated at 37°C and 5% CO,. After cell
adhesion (24 h of incubation), cells were starved for 6 h with serum-free media for cell cycle
synchronization (Sharma et al., 2020). Scratching the monolayer cell culture causes cell
rupture that leads to the release of mitogenic stimuli, which in turn promotes cell migration.
This period of cell starvation with the serum-free medium before scratching minimizes the

cells' endogenous migration (Cory, 2011).

After starvation, a scratch was made with one flowing single movement with a 100 pl mi-
cropipette tip, in a vertical position and guided by a ruler, to assure that the scratch was a
straight line, had a uniform width, and that the scratches of the different exposure conditions

had similar dimensions to minimize variability. After scratching, cell debris and suspended
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cells were immediately removed by washing two times with PBS so the motility-released
stimuli could be quickly (Cory, 2011). Cells were then exposed for 72 h to preussin at 35,
and 50 pyM, prepared in serum-reduced cell culture medium (DMEM) with 1% FBS (v/v), to
reduce proliferation stimuli, and with 1% penicillin/streptomycin (v/v) (Ozman et al., 2021).
As a negative control, cells were exposed only to the serum-reduced cell culture medium,
as solvent control cells were exposed to 0.1% DMSO (v/v) in the serum-reduced cell culture
medium, and intern control cells were exposed to DMEM with 10% FBS. After getting the

first results, the preussin concentrations were diminished to 5, 15, and 25 uM.

Two different fields of each scratch were photographed using the inverted phase-contrast
microscope CKX41 microscope with an objective lens of 2x amplification and coupled with
an M5DC-CYL camera (Pixellink, New York, USA) at time points of 0 h, 24 h, 48 h, and 72
h. This assay was performed in 5 independent experiments with 3 replicates per condition.
MDA-MB-231 cell migration was assessed, with free Fiji software (version 1.53c, National
Institute of Health, Maryland, USA), at different time exposures. The acquired images were
initially converted into binary images. Then, a region of interest of the scratch was selected
by cropping the image laterally, by selecting the central 2/3 of the image (assessed by the
Grid function of the Fiji software) and at the front of migration (horizontal line at a point with
high cell density). The cropping limits were obtained by drawing a rectangle, and the area
of interest was obtained by cropping the image through the selected limits of the rectangle.
The area of the region of interest of the scratch was obtained with the function of “Area

fraction” which allowed the exclusion of the cells present in the middle of the scratch.
The percentage of migration was evaluated as described by (Ramos et al., 2019):

. . 0 wound area at 0 h - wound area at 24, 48, or 72 h
Migration (%) = wound area ai O h x 100

The assay was performed as five independent assays with triplicates per exposure condi-

tion.

7. Proliferation assay — 5'-bromo-2'-deoxyuridine (BrdU) assay

To evaluate preussin effects on cell proliferation, BrdU assay was performed with the Cell
Proliferation ELISA, BrdU (colorimetric) kit (Roche, Switzerland), both in monolayer and
MCAs cell culture as described by the manufacturer with some modifications, mainly for 3D

cell culture, as described by Malh&o et al. (2019).
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The BrdU assay allows for indirect detection of cell proliferation by measuring the incorpo-
ration of BrdU into the newly synthesized DNA. BrdU is a pyrimidine analog that, in prolif-
erating cells, during cell division, will be incorporated into the DNA in substitution for thymi-
dine. The incorporated BrdU can later be detected through ELISA techniques using anti-
BrdU antibodies. In this way, the number of proliferating cells in the sample should be pro-

portional to the quantified incorporated BrdU (Gauthier et al., 2003).

7.1. BrdU assay in monolayer cell culture

To perform the BrdU assay in MDA-MB-231 cells in 2D cell culture, 100 pl of cell suspension
at a density of 5 x10* cells/ml were seeded in 96-multiwell culture plates and incubated at
37°C and 5% CO; for 24 h, for cell adhesion. After adhesion, the cells were exposed to 25
or 35 uM of preussin and incubated at standard conditions for 72 h. Negative control, solvent
control, and positive control groups were also added. An additional blank control group in
which the solutions of exposure and control groups were added to wells without cells, to

obtain background A measurements.

After exposure, DNA was labeled by incorporation of BrdU, by adding 10 ul of BrdU labeling
reagent to each well (final concentration of 10 uM) and incubating cells for 2 h at 37°C and
5% CO,. After removing the labeling medium, the cells were dried for 1h at 60 °C and stored
at 4 °C overnight. The following day, the cell DNA was denatured with 200 ul of FixDenat
reagent for 30 minutes at room temperature. The denaturing reagent was removed, and
100 pl/well of working solution of the monoclonal antibody mouse anti-BrdU conjugated with
peroxidase (1:100 dilution) was added to each well and incubated at room temperature for
90 min, for detection of BrdU incorporation into cellular DNA. Furthermore, the wells were
washed 3 times with 200 pl/well of washing solution (1x PBS) and incubated with tetra-
methylbenzidine substrate solution at room temperature for 30 min, for later photometric
detection. At last, the A was measured at 370 and 492 nm with the microplate reader Mul-
tiskan™ GO Microplate Spectrophotometer. The developed color, and consequently the
measured A should directly correlate to the amount of synthesized DNA and, in this way, to
the number of proliferating cells. The percentage of cell proliferation was calculated, first by
obtaining the difference between the measured A at 370 nm and the measured A at 492
nm, from each well, followed by subtraction of the mean A of the blank groups to the mean
A of the exposed cells. At last, cell proliferation was calculated in relation to the control

group through the following equation:
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. . A of sample
Cell proliferation (%)=m x 100

7.2. BrdU assay in MCAs cell culture

The BrdU assay in MCAs was performed with modifications to the protocol described for

monolayer cell culture.

As described before (3.1 MCAs obtention), MCAs were obtained and later exposed to
preussin at 25 or 35 yM and incubated at 37°C and 5% CO- for 96 h. Negative control,
solvent control, and positive control groups were also added and incubated in the same
conditions. A blank control group was added, in which the solutions of exposure and control
groups were added to wells without cells to obtain background A measurements. After ex-
posure, 100 pl out of a total of 200 ul of medium were removed from each well (to have a
final volume of 100 pl of the medium in each well), and 10 ul of BrdU labeling reagent were
added to a final concentration of 10 uM. The MCAs were incubated for 4 h at 37°C and 5%
CO,, for DNA incorporation of pyrimidine. The MCAs were then transferred to a flat-bottom
96 well plate, carefully removing all the exceeding culture medium. The following steps fol-
lowed the described for the monolayer cell culture (7.1 BrdU assay in monolayer cell cul-
ture). After drying at 60 °C for 1h and incubated overnight at 4 °C, the cells' DNA was de-
natured by incubating the MCAs with 10 pl of Fix Denat reagent, followed by incubation with
100 pl anti-BrdU-POD working solution for BrdU incorporation detection. At last, MCAs were
incubated with Substrate Solution, and the A was measured at 370 and 492 nm, by photo-
metric detection, with the microplate reader Multiskan™ GO Microplate Spectrophotometer
Proliferation in exposed groups was calculated in relation to the control group as was de-
scribed above (3.1 MCAs obtention).

8. Comet assay
8.1. Single-cell gel electrophoresis

The standard comet assay or alkaline single-cell gel electrophoresis (SCGE) is used to
evaluate DNA damage and genotoxic effects of compounds in single cells. This assay de-
tects strand breaks (double and single-strand breaks) and alkali-labile sites (Collins et al.,
2008).
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After embedding cells in a thin agarose gel, performing cell lysis and histone removal, it is
possible to obtain structures occupied by DNA and with similar shape and size to the nu-
cleus, called the nucleoids. DNA is organized as a supercoiled structure around histones to
form nucleosomes. After histone removal, the nucleosomal organization is destroyed, but
the negatively charged supercoiled structure of DNA is maintained. When DNA strand
breaks are present, the loops of supercoiled DNA are relaxed. Therefore, when subjected
to an electrophoretic field, the DNA migrates from the cathode towards the anode through
the agarose gel, giving an image resembling a comet. After DNA staining, comets are ob-
served under a fluorescence microscope and 100 comets are randomly selected to evaluate
the % of DNA contained in the comet tail (Azqueta & Collins, 2013). The greater the % of
DNA detected in the comet tail, the higher the number of relaxed DNA loops caused by the

presence of strand breaks and, consequently, the higher the level of DNA damage.

Before performing the comet assay, the exposure conditions were evaluated for cell viability
at 24 h of exposure through the MTT assay; as already described in section 4 - Viability
assay - MTT assay, both for monolayer and MCAs cell culture (sub-sections 5.1 and 4.2,
respectively). Since the tested conditions had viability higher than 70%, the comet assay
was executed. The obtained results are the outcome of 5 independent experiments (tripli-

cates were performed), each executed on different days.

The genotoxicity effects of preussin were also evaluated at 2 h and 24 h of exposure, by
the alkaline version of the comet assay as described by Malh&o et al. (2021), both in mon-

olayer and MCAs.

In monolayer cell culture, 1 x 10° cells/ml were seeded in a volume of 500 pl, in 24 well
plates. These cells were incubated at 37°C and 5% CO- for 24 h, for cell adhesion. MCAs
were acquired as described in the sub-section 3.1 MCAs obtention. After that, monolayer
and MCAs were exposed to preussin at 25 and 35 pM, for 2h and 24h at 37°C and 5% CO:..
Simultaneously, negative control (cells treated with medium) and solvent control (cells
treated with 0.1% DMSO) groups were performed. The positive control (cells treated with

H.O- for alkaline) was also included, as described below.

After 2 and 24 h of exposure, cells were washed 2 times with PBS and trypsinized as de-
scribed above in sub-section “5.1 Clonogenic assay in monolayer cell culture”, for the mon-
olayer cell culture, and in sub-section “3.2 MCAs disaggregation”, for the MCAs. After tryp-
sinization, cells were immediately transferred into an ice bath to avoid cellular repair (Collins

et al., 2008). The cell density and viability of each condition, both in monolayer and MCAs,
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were evaluated with the trypan blue exclusion assay using an automated cell counter Coun-
tess™ (Invitrogen, Massachusetts, USA). Then, approximately 3 x 10* cells per condition
(the equivalent of 5 x103 cells per gel) were collected in 1.5 ml tubes, centrifuged at 1500 g
for 10 s in a MicroStar12 centrifuge (VWR, Pennsylvania, USA), and immediately trans-
ferred to ice protected from light. The supernatant was completely removed, and the cells
were gently resuspended in 470 ul of LMP agarose at 0.5% (w/v) in PBS, pre-heated to 37
°C (Note: LMP agarose was kept in 2 ml aliquots at 4 °C and each aliquot was heated only
once to avoid alteration in LMP agarose concentration caused by evaporation). From this
cell suspension, 70 ul were pipetted into 1% (w/v) NMP agarose-coated microscope slides.
The slides were previously prepared by dipping conventional microscope slides in liquid
NMP agarose at 1% (w/v), let dry for 24 h at room temperature, and stored protected from
dust. After dispensing the cell suspension in LMP agarose into the slide, a 22 x 22 mm
coverslip was immediately placed on top, and the slide was transferred to a cold horizontal
surface to obtain the gel. Per experimental condition, 3 slides (with 2 gels each) were per-
formed (one to be kept in a lysis solution, the other in buffer F, and the last to incubate with
FPG). To be used as a positive control for the alkaline standard version of SCGE, two ad-
ditional slides from the negative control conditions (2D or 3D cell culture) were also col-
lected. The slides were kept horizontally at 4 °C for 10 min, for complete gel solidification.
After this time, the coverslips were carefully removed by sliding them through the gel. At
this stage, to obtain the positive control of the alkaline SCGE, 2 gels of the same slide, with
cells from the control conditions (from 2D or 3D cell culture) were either exposed to cold 50
MM of H20, in PBS or PBS, for 5 min on ice protected from light and later washed with cold
PBS.

For cell lysis and, consequently, DNA release, all the slides were treated with a lysis solution
[2.5 M NaCl, 100 mM Naz:EDTA, 10 mM Tris Base, at pH 10, with 1 % (v/v) Triton X-100
added right before use] for 1 h at 4 °C in the dark. The positive control and exposure groups
slides were incubated separately in lysis solution to avoid DNA damage caused by H>O-
residues. After lysis, all the slides were washed with distilled water and in cold electropho-
resis buffer [0.3 M NaOH and 1 mM NazEDTA, pH>13]. For DNA unwinding, the slides were
transferred into the electrophoresis chamber and incubated in the electrophoresis buffer for
40 min at 4 °C protected from light. Later, the electrophoresis of the gel-embedded bodies,
nucleoids, was taken at 21 V (1 V/cm) for 20 min at 4 °C, protected from light. The slides
were washed with distilled water three times for 5 min each and then dehydrated in absolute
ethanol three times for 5 min each. After dehydration, they were left to dry at room temper-

ature.
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Right before analysis, the slides were stained for 30 min with a freshly thawed aliquot of
SyberGold™ staining solution, at a final dilution of 1Xin Tris-EDTA (TE) Buffer [10 mM Tris-
HCl and 1 mM EDTA, pH 7.5], under slight agitation and protected from light. Slides were
washed with deionized and left to dry at room temperature, also in the dark, and analyzed
with a Motic BA410 ELITE microscope, attached to an epi-fluorescence illuminator Motic
MXH-100 power supply for HG 100W, with 100x magnification (Filter Set: Exciter D480/30x,
Emitter D535/40nm, Dichroic 505DCLP) (Motic, Kowloon, Hong Kong). For each condition,
100 non-overlapping, randomly selected comets were evaluated from duplicated gels (50
from each gel), avoiding the comets from the edge of the gels. For comet analysis and
image capture, Comet Assay IV™ software (Instem PLC, Staffordshire, United Kingdom)
was used, and the cell DNA damage was measured through the percentage of DNA in the
comet tail (% tDNA). The results are expressed as % tDNA of five independent assays,

each performed on different days.

8.2. Detection of FPG-sensitive sites

Cells quickly repair single-strand breaks. Therefore, they may represent less relevant DNA
damage than other types of DNA damage that can be mutagenic and have higher effects
on viability and genetic stability. For this reason, other types of DNA damage, such as ad-
ducts, cross-links, and oxidized and alkylated bases, should also be evaluated. Accordingly,
lesion-specific enzymes, like the formamidopyrimidine DNA glycosylase (FPG), may be
used. FPG enzyme allows the detection of DNA oxidative damage through the detection of
FPG-sensitive sites. FPG enzyme has the capability to remove oxidized purines (like 8-oxo-
7,8-dihydroguanine or formamidopyrimidines) and adducts of ring-opened N7 guanine
formed by alkylating agents. This removal of oxidized purines by the FPG in the enzymatic
version of the comet assay results in (abasic) apurinic or apyrimidinic (AP) sites in DNA.
These abasic sites are converted into DNA strand breaks, by the activity of an AP lyase
enzyme or by incubating the nucleoids in the highly alkaline electrophoresis buffer (Azqueta
& Collins, 2013).

The genotoxicity effects of preussin were also evaluated by the enzymatic version of comet
assay at 2 h and 24 h of exposure, as described by the FPG supplier, both in monolayer
and MCAs (New England Biolabs, n.d.). For this assay, KBrOs; was selected as a positive
control for the enzymatic version of the comet assay, as described by (Mgller et al., 2020).
The positive controls were optimized for the MDA-MB-231 cell line, cultured at monolayer

and MCAs cell culture conditions.
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Monolayer and MCAs were obtained and exposed as previously described in sub-section
8.1 Single-cell gel electrophoresis. Furthermore, as a positive control, for the enzymatic
version of the SCGE, cells in monolayer and MCAs conditions were exposed to KBrO; at
4.5 mM in supplemented DMEM (100 pl in monolayer cell culture and 200 pl in MCA’s) for

1 h, at standard incubation conditions (Mgller et al., 2020).

After exposure, monolayer and MCAs cells were collected into 1.5 ml tubes, counted, and
the gels were obtained and subjected to lysis as also described above (8.1 Single-cell gel
electrophoresis). After lysis, the slides were washed three times for 5 min at 4 °C with cold
buffer F. This was prepared as a stock solution of 10 x, with pH adjusted to 8, kept at -20
°C and diluted, right before use, to a concentration of 1 x with 40 mM HEPES, 0.1 M KClI,
0.5 mM EDTA, 0,2 % (w/v) BSA. The excess of buffer F was dabbed from the slides and 50
pI of either buffer F or FPG enzyme at a dilution of 1:10000 in buffer F were pipetted onto
the gel surface. The concentration of enzyme required was previously optimized for this cell
type. The gels were covered with a 22 x 22 mm coverslip and incubated in a moist box at
37°C for 30 minutes, protected from light. The alkaline treatment, electrophoresis, dehydra-
tion, staining, and % tDNA quantification, were carried out as described previously (8.1 Sin-
gle-cell gel electrophoresis). For the evaluation of FPG-sensitive sites, the mean of the %
tDNA from buffer F incubated slides was subtracted from the obtained mean of the % tDNA
of the slides incubated with the FPG enzyme. Five independent assays were performed,

each on different days.

9. AnnexinV - Pl assay

The annexin V - Pl assay is used for the detection of apoptotic membrane changes allowing
the distinction of early apoptosis from late apoptosis/necrosis (Crowley et al., 2016). An-
nexin V is a protein capable of sensitively binding, in a calcium-dependent manner, to the
phosphatidylserine residues of phospholipids in the presence of calcium, which are normally
found in the innermost layer of the cell membrane. During early apoptosis, this residue is
translocated to the outer phospholipidic layer (with loss of plasma membrane asymmetry)
of the cell membrane, and with the usage of a fluorochrome-labeled annexin V protein, it is
possible to identify apoptotic cells. If a DNA labeling compound is simultaneously used,
such as P, it is possible to distinguish early apoptotic from late apoptotic and necrotic cells.
In the late apoptotic and necrotic stages, cells show membrane disruption, allowing the DNA
to be stained by the PI. In early apoptotic cells, despite the changes in the cell membrane

asymmetry, the membrane integrity is preserved, and the DNA dye cannot enter the cell. In
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this way, viable cells will appear unstained, early apoptotic cells will stain only with the la-
beled Annexin V, and the late apoptotic and necrotic cells will appear both stained by the
labeled Annexin V and by the PI (Crowley et al., 2016; Vermes et al., 1995).

To analyze if preussin could induce cell death and whether it would be early or late apopto-
sis, or necrosis the Annexin V-PI was performed by flow cytometry. For monolayer cell cul-
ture, 2 x10° cells/well were seeded in 6 well plates at a density of 1x10° cells/ml and left to
adhere for 24 h. The cells were then exposed to preussin for 72 h at the concentrations of
25 and 35 uM (the concentrations that exerted an effect on cell viability at these incubation
conditions). After exposure, the supernatant was collected into 15 ml tubes, and the remain-
ing adherent cells were collected by trypsinization. First, the cells in monolayer cell culture
were washed two times with 1ml of PBS. Secondly, the cells were incubated for 3 min with
500 pl of trypsin-EDTA, and later the effect of the enzyme was stopped by adding 1 ml of
supplemented cell culture medium, and the cells were collected into 15 ml tubes and cen-

trifuged for 5 min at 280 g.

In 3D cell culture, three MCAs per triplicate were obtained (as described in section 3.1.
MCAs obtention) and were exposed for 96 h to the selected conditions of preussin at 25
and 35 uM. Following, the supernatant and the MCAs were collected into 1.5 ml tubes and
the cell disaggregation proceeded with trypsin-EDTA as described in section 3.2. MCAs
disaggregation. Simultaneously, negative control, solvent control, and positive control (1 uM
of Dox in 2D culture or 5 uM in MCAs) groups were added. To be used subsequently for
the correction of the fluorescence data, additional MCAs and monolayer cell cultures of the

negative control were maintained.

After cell collection, the monolayer and MCAs derived cell suspensions were centrifuged at
300 g, the supernatant removed, and the cells resuspended in 50 pl of Annexin V buffer.
Then, 50 pl of the cell suspension were transferred into flow cytometry tubes and the cell
suspensions were then incubated with 0.5 ul of FITC-conjugated Annexin V for 15 min at
room temperature, protected from light. Right before analysis, 0.5 pl of Pl at 0.25 mg/ml
was added to each cell suspension. Cell analysis was performed using a FACSCanto Il flow
cytometer (BD Biosciences, New Jersey, USA) and the BD FACSDiva™ Software. Simul-
taneously from negative control cells (both from MCAs and monolayer cultures) flow cytom-
etry controls were obtained (Annexin V, Pl, and unstained controls), for later correction of
fluorescence readings. The results were analyzed using the FlowJo™ v10 Software (BD
Biosciences, New Jersey, USA). Before analysis, the data samples were corrected for flu-
orescence spillover emissions, a process called compensation, with the usage of single

stained controls (stained only with Annexin V or PI). After compensation, the samples were
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gated, first to exclude debris and, secondly, for the selection of single cells (with the exclu-
sion of aggregated cells). At last, four-quadrant gates were defined based on the single
stained controls. In this way, three cell populations were defined: alive cells (Annexin V-/PI),
dead cells (Annexin V+/Pl+ or Annexin V-/Pl+), and apoptotic cells (Annexin V+/PI-). The
assay was performed in 5 independent replicates (each on different days) with triplicates

for each replicate.

10. Morphological analysis
10.1. Phase-contrast microscopy and stereomicroscopy

For every executed assay, either in a monolayer or 3D cell culture model, a daily analysis
of the morphological alterations caused by the exposure to preussin was performed. When-
ever the defined time point was reached and before proceeding with the assay, representa-
tive images of the structural changes in each condition were acquired (for every assay and
cell culture model). For the monolayer cell culture, the cells were photographed with a
CKX41 inverted phase-contrast microscope using an M5DC-CYL camera. As for 3D cell
culture, the MCAs were photographed with an SZX10 stereomicroscope using the darkfield

filter and a DP21 camera (Olympus, Tokyo, Japan).

10.2. Electron microscopy

To observe ultrastructural alterations that could have been caused by the exposure to
preussin, cells from monolayer cell culture and MCAs were collected and processed for
electron microscopy. For monolayer cell culture, 2 x 10° cells/well were seeded in 6 well
plates at a density of 1 x 10° cells/ml, for 24 h at 37°C and 5% CO.. In its turn, two MCAs
per condition were obtained as described in section 3.1 MCAs obtention. After obtaining the
cell cultures, the MCAs and the cells in monolayer cell culture were exposed to preussin at
5, 15, 25, and 35 uM, either for 72 h (monolayer cell culture) or 96 h (MCAs), at 37°C and
5% CO2. Simultaneously, negative control, solvent control, and positive control (1 uM of
Dox in 2D culture or 5 uM in MCAs) groups were added. After the defined time exposures,
monolayer cell culture cells were harvested through trypsinization by first washing two times
with 1ml of PBS and later adding 500 ul of trypsin-EDTA. After 3 min, the effect of the
enzyme was stopped by adding 1 ml of supplemented cell culture medium, and the cells
were collected into 1.5 microtubes and centrifuged for 5 min at 280 g. The supernatant was

removed, and the cells were immediately fixed for 2 h at 4 °C, with freshly prepared 2.5%
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glutaraldehyde in sodium cacodylate-HCI buffer (0.1 M, pH 7.2). In MCAs, after exposure,
150 pl of cell culture medium was removed and the same volume of fixative was added for
15 min. The MCAs were then collected into 1.5 ml tubes with a 1000 pl pipette whose tip
was cut off, to enlarge its diameter and avoid MCAs destruction. The exceeding medium

was removed, and the MCAs were fixed as described above for the monolayer cell culture.

After fixation, cells were washed 2 times with the same 0.1 M cacodylate buffer (10 min
each) and post-fixed in 1% osmium tetroxide in the same buffer for 2 h at 4 °C. Cells were
then washed 2 times with 0.1 M cacodylate buffer (10 min each) and dehydrated in 50%
ethanol, 70%, ethanol, 96% ethanol, two times in absolute ethanol, and two times in propyl-
ene oxide, for 30 min in each step. Cells were then gradually embedded in epoxy resin
through the usage of a gradient of concentrations of the epoxy with propylene oxide (re-
spectively in the proportions of 1:3; 1:1 and 3:1), and a final solution of only epoxy resin, for
1h in each step, plus 10 min at 60 °C for evaporation of propylene oxide residues. At last,
the monolayer cells and the MCAs were placed in electron microscopy rubber embedding
molds with freshly prepared epoxy resin and incubated for 48 h at 60 °C, for resin polymer-
ization. After polymerization, the hardened blocks were manually trimmed with a razor blade
and later sectioned with an EM UC7 ultramicrotome (Leica, Wetzlar, Germany) with dia-
mond knives (Diatome, Nidau, Switzerland). First, 1 um semithin sections were collected
onto adhesive glass microscope slides (VWR, Pennsylvania, USA) and stained with a 1:1
mixture of 1 % methylene blue and 1 % azure Il. After washing with distilled water, drying
at 60 °C, and mounting with the synthetic mounting medium, Bio Mount HM (Bio-Optica
Milano, Italy), the slides were observed under a BX50 microscope (Olympus, Tokyo, Japan)
and photographed with an EP50 Microscope Digital Camera (Olympus, Tokyo, Japan) cam-
era. For ultrastructural analysis, 90 nm thick ultrathin sections were obtained(Reynolds,
1963). The grids were later observed under a JEOL 100CXII transmission electron micro-
scope (JEOL, Tokyo, Japan), operated at 60 kV. Representative photographs of the ultra-
structural changes were captured using an Orius SC1000 CCD digital camera (Gatan, Cal-

ifornia, USA). The assay was performed using independent duplicates.

11. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0 software (GraphPad Soft-
ware, California, USA). The results are presented as mean + standard deviation (SD), from
five independent assays. Statistical significances (p < 0.05) were evaluated using the One-

Way ANOVA test followed by the post-hoc Holm-Sidak multiple comparisons (between the
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negative control and the exposed groups); when the ANOVA displayed significant differ-
ences. The ANOVA assumptions of normality and homogeneity of variance were confirmed
by the Shapiro-Wilk's and Levene’s tests, respectively, using the PAST 4.09 software (Ham-
mer et al., 2001). Whenever the homogeneity of variances was not observed, the differ-
ences were assessed by the Welch ANOVA test. When this indicated significant differences

(p < 0.05), Dunnett's T3 multiple comparisons test was applied.

The significance of the results is indicated according to the p values with one, two, three, or
four of the used symbol (*) corresponding, respectively, to a p-value inferior to 0.05, 0.01,
0.001, 0.0001.
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Results

1. Assessment of cell viability — MTT assay
1.1. Monolayer cell culture

In 2D cell culture, cell viability effects of preussin in the TNBC cell line MDA-MB-231 were
accessed by the MTT assay after 24, 48, and 72 h of incubation. For comparison purposes,
several control groups were used: negative control with untreated cells (cells incubated only
with cell culture medium), solvent control with cells exposed to 0.1% (v/v) DMSO, and pos-

itive control with cells exposed to Dox at 1 uM.

Preussin showed an accentuated effect on cell viability over time (Figure 6). Cells exposed
to preussin at 50 yM showed a decrease in cell viability even at 24 h of exposure, with a
decrease of cell viability to 36.4%, in relation to the control. At 35 yM, preussin could de-
crease cell viability in comparison to the negative control at times of exposure above 48 h.
At 48 h of exposure, preussin at 35 yM showed a decrease in cell viability, below 45.5%,
and at 72 h the cell viability was 29.1% (compared to the negative control group) (Figure 6b
and c). At 72 h of exposure, preussin at 25 yM was the lowest concentration to decrease
the cell viability significantly to 67.5 %, compared to the negative control (Figure 6c¢). Simi-
larly to what was observed for preussin at 35 uM, Dox at 1 yM only exhibited decreased
cell viability with incubation times above 48 h, showing cell viability of 65.9% and 33.1% at
48 h and 72 h of exposure, respectively (Figure 6b and c, respectively). There were no
statistically significant differences between negative control and solvent groups at all expo-

sure times (Figure 6).
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Figure 6 — Effects of preussin on cell viability of MDA-MB-231 cells in monolayer cell culture assessed by the
MTT assay after 24 h (a), 48 h (b), or 72 h (c) of exposure. Negative control (C) (cells in cell culture medium),
solvent control (0 uM of preussin and 0.1% of DMSQO), and positive control (cells exposed to 1 yM of Dox)
groups were included. The results are expressed as the percentage of cell viability relative to the negative
control and are expressed as mean + SD of n=5. Significant differences, represented with asterisks (* p<0.05;
** p<0.01; **** p<0.0001) were tested by one-way ANOVA, followed by post-hoc Holm-Sidak’s multiple compar-
ison test.

1.2. MCAs

The effects on cell viability of the selected concentrations of preussin, in MDA-MB-231 cells
cultured as MCAs, were accessed by the MTT assay, after 96 h of incubation. Negative
control (with cells incubated only with culture medium), solvent control (with cells exposed
to 0.1% (v/v) DMSO), and positive control (with cells exposed to Dox at 5 yM), were added

for comparison.

With 96 h of exposure, all the tested concentrations of preussin showed decreased cell
viability when compared to the control, as shown in Figure 7. This decrease was higher at
50 uM of preussin, where the observed cell viability was 33.4%. At 25 and 35 uM of preussin

and 5 uM of Dox, the decrease in cell viability was similar to the cell viability calculated
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values of 72.3%, 67.7%, and 65% (Figure 7). Statistically significant differences were not

observed between the negative control and the solvent control groups (Figure 7).
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Figure 7 — Effects of preussin on cell viability in MDA-MB-231 cells, cultured as MCAs, assessed by the MTT
assay after 96. Negative control (C) (cells in cell culture medium), solvent control (0 uM of preussin and 0.1%
of DMSO), and positive control (cells exposed to 5 uM of Dox) groups were included. The results are expressed
as the percentage of cell viability relative to the negative control and are expressed as mean + SD of n=5.
Significant differences, represented with asterisks (* p<0.05; ** p<0.01; **** p<0.0001) were tested by one-way

ANOVA, followed by post-hoc Holm-Sidak’s multiple comparison test).

2. Analysis of long-term survival — clonogenic assay

The effects of preussin on long-term survival were evaluated with the clonogenic assay,
both in monolayer and MCAs. After 72 h (monolayer cell culture) or 96 h (MCAs) of expo-
sure, 500 cells, per condition, were seeded in 6 well plates and left to grow for 21 days.
After staining with crystal violet, the obtained colonies, composed of 50 or more cells, were
counted using a stereomicroscope. Both in monolayer and MCAs, negative control with cells
in culture medium only, solvent control with cells exposed to 0.1% (v/v) DMSO, and positive
control with cells exposed to Dox at 1 uM (in monolayer cell culture) or 5 uM (MCAs), were
added. Initially, we proposed to test the effects of preussin in long-term survival with con-
centrations of 35 and 50 uM. After the 72 h or 96 h of exposure (in 2D and 3D cell culture
models, respectively), it was observed that in the 50 uM preussin exposed groups, the levels
of cell death were high enough to make it impossible to re-seed 500 cells to proceed with
the assay (in both cell culture models). For this reason, a set of lower concentrations (5, 15,

25, and 35) were selected to evaluate the effects of preussin on long-term survival.

In all the exposure conditions, the obtained colonies were not uniform (Figure 8). Some of

the colonies were small and composed of densely packed cells. These cells appeared light-

45



stained, round-like to spindle-shaped cells (Figure 8a). Other colonies appeared to be big-
ger in diameter, irregularly shaped, and constituted by dispersed heavily stained slender
cells (Figure 8b). The last type of observed colonies showed a mixture of the characteristics
described for the colony types described above. These colonies were irregular-shaped and
composed not only of both spindle-shaped slender and densely stained cells but also of
spindle-shaped with abundant and lightly stained cytoplasm cells, as observed in Figure 8c.
No specific distribution of the type of colonies was observed between the different groups

of exposure or between the model of culture.
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Figure 8 — Representative images of the colony types obtained for the MDA-MB-231 cell line in the clonogenic
assay. Small colonies and composed of densely packed round-like to spindle-shaped cells cells (a), Colonies
of high diameter, irregularly shaped, with slender cells (b), and mixed colonies with spindle-shaped slender cells
and round-like to spindle-shaped cells (c). After exposure (for 72 h in monolayer cell culture or 96 h in MCAs),
500 viable cells were incubated for 21 days in 6-well plates, for colony formation. The obtained colonies were

later stained with crystal violet. Colonies were considered only when composed of 50 cells or more.

Overall, in the cells initially cultured and exposed as a monolayer, the number of obtained
colonies was consistently higher than in those initially cultured and exposed as MCAs. As
represented in Figure 9, the described trend existed in all the exposure groups (excluding
the positive control group). Data from the positive control was not included in the statistical
analysis since no colonies were observed, in any of the performed replicates, both from 2D

and 3D cell culture models, as represented in Figures 9a and 9b, respectively.

Furthermore, in both cell culture models, high variability was observed in the number of
obtained colonies between the independent replicates, which was more accentuated in the
preussin-treated groups. This unevenness translates into high variability in the calculated
surviving fractions. No statistically significant differences were observed between the neg-
ative and solvent control groups or between the negative control and the preussin exposed

groups (Figure 10).
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Figure 9 — Representative effects of preussin on colony formation capability on the MDA-MB-231 cell line,
accessed through the clonogenic assay. Cells exposed to preussin in the 2D cell culture model (a) or in the 3D
cell culture model (b). 500 viable cells were re-seeded in 6 well culture plates for 21 days. Colonies were stained
with crystal violet, counted (colonies with 50 or more cells), and photographed in an inverted phase-contrast
microscope. Cells exposed only to the cell culture medium and to 0.1% of (v/v) of DMSO were added as negative
and solvent controls, respectively. Additionally, positive control of 1 uM of Dox in monolayer cell culture (a) or 5
uUM of Dox in MCAs (b), was added. The counted colonies are encircled in orange.
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Figure 10 — Effects of preussin on long-term survival of MDA-MB-231 cells, cultured in 2D or 3D cell culture
models, assessed by the clonogenic assay. After 72 h (monolayer cell culture) or 96 h (MCAs) of exposure, 500
cells were seeded in 6 well plates and incubated for 21 days. Negative control (C) (cells in cell culture medium),
and solvent control (0 uM of preussin and 0.1% of DMSO) were included. The results are expressed as the

percentage of surviving fraction relative to the negative control and are expressed as mean = SD of n=5.

3. Effects on cell proliferation — 5’-bromo-2'-deoxyuridine (BrdU) assay

The BrdU assay evaluated whether the effects of preussin on cell viability in 2D and 3D cell
culture models resulted from alterations in cell proliferation. The lower concentrations of
preussin that exert an effect on cell viability (25 and 35 uM of preussin) were selected to
evaluate its effects on cell proliferation. Cells cultured as a monolayer, and MCAs were
exposed to 25 or 35 uM of preussin for 72 h (monolayer) or 96 h (MCAs). In both cell culture
models, all the tested preussin concentrations induced a decrease in cell proliferation, which
was more accentuated in the cells in the 2D cell culture model (Figure 11). In the cells
cultured in monolayer, preussin significantly decreased cell proliferation by around 27.1 %
and 7.6 % (compared to the negative control) for the concentrations of 25 and 35 uM, re-
spectively (Figure 11a). As for the cells cultured in the 3D cell culture model, preussin
showed a slightly lower effect in decreasing cell proliferation. Compared to the negative
control group, the MCAs exposed to 25 uM of preussin showed a decrease in cell prolifer-
ation to 47.6 %, while 35 uM of preussin decreased cell proliferation to 25.7 % (Figure 11b).
No statistically significant differences were observed in cell proliferation between the solvent
and negative control groups. As for the positive control, in 2D and 3D cell culture models,
Dox (at 1 uM in monolayer and 5 uM in MCAs) induced similar effects with a decrease in

cell proliferation below 30 % when compared to the negative control groups.
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Figure 11 — Effects of preussin on cell proliferation of MDA-MB-231 cells, cultured as a monolayer and exposed
for 72 h (a) or cultured as MCAs and exposed for 96 h (b), assessed by the BrdU assay. Negative control (C)
(cells in cell culture medium), solvent control (0 uM of preussin and 0.1% of DMSQ), and positive control (cells
exposed to 1 uM (2D cell culture) or 5 uM (3D cell culture models) groups were included. The results are pre-
sented as the percentage of cell proliferation relative to the negative control and are expressed as mean + SD
of n=5. Significant differences, represented with asterisks (* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001) were

evaluated by one-way ANOVA, followed by post-hoc Holm-Sidak’s multiple comparison test.

4. Analysis of cell migration — In vitro scratch assay

The in vitro scratch assay evaluated the effects of preussin on MDA-MB-231 cell migration
over time (at the time points of 24 h, 48 h, and 72 h of exposure). As a negative control,
cells were exposed to the serum-reduced culture medium (DMEM supplemented with 1%
FBS and 1% pen/strep), as solvent control cells were exposed to 0.1% DMSO (v/v) in se-
rum-reduced culture medium, and as intern control cells were exposed to DMEM supple-
mented with 10% FBS.

The cells were initially exposed to preussin at a concentration of 35 or 50 yM. In the group
exposed to 50 uM of preussin, all the cells presented shrunken and detached from the bot-
tom after 24 h of exposure. As for cells exposed to 35 uM of preussin, after 24 h of incuba-
tion, some cells appeared buoyant (at a considerably higher number than what was ob-
served for the control groups), and, after 48 h, all the cells were completely detached from

the bottom of the plate, making unfeasible the measuring of the scratches (Figure 12).
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| Negative Control || Preussin35uM || Preussin 50 yM |

Figure 12 — Representative effects of preussin at 35 or 50 uM on cell migration, accessed through the in vitro

.}

| t=24n || t=o0h

t=48h

scratch assay. Cells were seeded in a monolayer with high density, serum-starved for 6 h, scratched with a 100
pl micropipette tip, and exposed to the compounds in culture medium supplemented with 1% FBS. The
scratches were photographed in an inverted phase-contrast microscope at 0 h, 24 h, and 48 h of exposure. The
cells' front of migration is marked with orange lines. As solvent control, cells were exposed to culture medium
with 1% FBS and 0.1% of (v/v) of DMSO.

The concentrations of 35 uM and 50 uM of preussin induced widespread cell death, making
it impossible to measure the effects of this compound on cell migration. Therefore, lower
concentrations of preussin (5 uM, 15 uM, and 25 uM) were selected to proceed with the

assay.

All the tested preussin concentrations were visibly capable of decreasing cell migration, as
demonstrated in Figure 13. After 24 h of exposure, cells exposed to preussin at 25 yM
markedly decreased cell migration compared to solvent control. As for preussin at the con-
centrations of 5 yM and 15 uM, with higher exposure times, an accentuation of the preussin
effect on cell migration was observed. At 25 uM of preussin, after 48 h of exposure, high
levels of cell death were observed, with cells detached from the bottom of the plate. These
aspects were also observed for cells exposed to preussin at 15 uM for 72 h (Figure 13). For
this reason, no measures of the scratches were made for cells exposed for 48 h or 72 h to

preussin at 25 uM or exposed for 72 h to preussin at 15 pM (Figure 14).
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Figure 13 — Representative effects of preussin at 5, 15, and 25 yM on cell migration accessed through the in
vitro scratch assay. Cells were seeded in a monolayer at a high density, serum-starved for 6 h, scratched, and
exposed to the compounds in culture medium supplemented with 1% FBS. The scratches were photographed
in an inverted phase-contrast microscope at 0 h, 24 h, 48 h, and 72 h of exposure. The cells' front of migration
is marked with orange lines. As solvent control, cells were exposed to culture medium with 1% FBS and 0.1%
of (v/v) of DMSO.

The effects on cell migration were analyzed by calculating the variation of the scratches’
areas (in comparison to the area measured at 0 h). When compared to the negative control,
all the tested concentrations of preussin could decrease cell migration at all the tested time
points (Figure 14). After 24 h, the exposure to 5 uM of preussin decreased cell migration by
13.9 %, the exposure to 15 pM of preussin decreased cell migration by 21.68 %, and the
exposure to 25 yM of preussin decreased cell migration by 26.89 % when comparing to the
negative control group (Figure 14a). After 48 h of exposure, there was an accentuation of
the effects of preussin on cell migration. While the measured migration ratio in the negative
control was 67.4%, in the cells exposed to preussin at 5 uM and 15 pM, the measured
migration decreased to 37.6% and 34.6%, respectively (Figure 14b). After 72 h of exposure,

the negative, solvent, and intern controls showed almost complete closure of the scratches,
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above 80 %. As for the cells exposed to 5 uM of preussin, a decrease of more than 30% in
cell migration was observed compared to the negative control group, with a measured
wound closure of 53.11% (Figure 14c). No statistically significant differences were observed

between the control groups at any of the evaluated time points (Figure 14).
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Figure 14 — Effects of preussin on cell migration of MDA-MB-231 cells cultured as a monolayer, after 24 h (a),
48 h (b), or 96 h (c) of exposure, accessed through the in vitro scratch assay. Negative control (C) (cells in
DMEM supplemented with 1 % FBS), solvent control (0 uM of preussin and 0.1% of DMSO), and intern control
(IC) (cells exposed to DMEM supplemented with 10 % FBS). The results are expressed as the percentage of
cell migration and are expressed as mean + SD of n=5 (three replicates per experiment). Significant differences,
represented with asterisks (* p<0.05; ** p<0.01; *** p<0.001) were evaluated by one-way ANOVA, followed by

post-hoc Holm-Sidak’s multiple comparison test.

5. Detection of DNA damages — Comet assay

The standard and the enzymatic (with FPG enzyme) versions of alkaline SCGE evaluated
if preussin has genotoxic effects and verified the type of DNA damage induced. Before

proceeding with the assay, the selected concentrations of preussin (25 and 35 pM) were
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evaluated for the effects on cell viability at 24 h of exposure through the MTT assay and
confirmed that the results of the SCGE would not be impaired by high levels of cytotoxicity
induced by the preussin exposure. The results obtained for the 2D cell culture model were
already described (Section 1 Assessment of cell viability — MTT assay, subsection 1.1 Mon-
olayer cell culture). In the MCAs, as was observed for the 2D cell culture, with only 24 h of
exposure, neither preussin nor Dox was capable of decreasing cell viability when compared
to the control (Figure 15).
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Figure 15 — Effects of preussin on cell viability in MDA-MB-231 cells, cultured as MCAs, assessed by the MTT

assay after 24 h. Negative control (C) (cells in cell culture medium), solvent control (0 uM of preussin and 0.1%
of DMSO), and positive control (cells exposed to 5 uM of Dox) groups were included. The results are expressed

as the percentage of cell viability, relative to the negative control, and are expressed as mean + SD of n=5.

Since no cytotoxicity was observed, the comet assay was implemented in cell monolayers
and MCAs exposed to preussin at 25 or 35 uM for 2 and 24 h. No differences were observed
in cell viability, between the negative control group and the exposure groups, at any time
points, for the cells cultured either in 2D or 3D cell culture models (Figure 16). The cell
viability measured through the trypan blue exclusion assay varied between 69 % and 83 %,
with no significant differences between the cell culture model and the tested exposure time
(Figure 16).

For each exposure condition, 3 slides (1 for the standard and 2 for the enzymatic versions
of comet assay) with 2 gels each (with 5x1032 cells per gel) were obtained. During analysis,
in the cells with low levels of DNA damage, the DNA occurs as a nucleoid with no or a small
tail (Figure 17a). As for cells with high levels of DNA damage, the DNA resembles the struc-
ture of a comet with a head and a tail with damaged DNA (Figure 17b). The higher the levels
of DNA damage, the smaller the head of the comet and the higher the percentage of DNA

observed in the comet's tail.
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Figure 16 — Effects of preussin at 25 and 35 uM on cell viability of MDA-MB-231 cells cultured in 2D (a and b)
or 3D (c and d) cell culture model after 2 h (a and ¢) or 24 h (b and d) of exposure. Cell viability was accessed
through the trypan blue exclusion assay using an automated cell counter CountessTM. Negative control (C) with
cells in culture medium, solvent control (0 upM of preussin and 0.1% of DMSO) of cells exposed to 0.1% (v/v) of
DMSO, and positive control for the enzymatic version of comet assay with cells exposed to 4.5 mM of KBrOs,

groups were included. The results are expressed as mean + SD of the percentage of cell viability from n=5.

Figure 17 — Representative images of the analysis of comets from MDA-MB-231 cells, using the Comet Assay
IVT™M software. The blue line indicates the beginning of the head, the green line represents the middle of the
head, and the pink line shows the end of the comet's tail. Comets with low levels of DNA damage, with the DNA
distributed in a rounded shape, with no or a small tail, a nucleoid (a). Comets with higher levels of DNA damage,

with a well-defined head and a tail constituted of damaged DNA (b).
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In comparison to the negative and solvent control groups, at the tested concentrations,
preussin did not induce DNA damage, either strand breaks (Figures 18 and 19) or oxidative
damages (FPG sensitive sites) (Figures 20 and 21) on the MDA-MB-231 cell line. The result
was alike in cells cultured either in 2D or 3D. Figures 18 and 20 illustrate results from the
standard and enzymatic versions of comet assay (respectively) of cells cultured in a mono-
layer or as MCAs and exposed for 24 h to preussin. In the standard version of the comet
assay, low levels of strand breaks were observed for the control and preussin exposed
groups, with the DNA organized as a nucleoid with no or a small tail. As for the enzymatic
version of the DNA from the control and preussin exposed groups, the DNA showed to
present FPG sensitive sites, with the DNA organized in the shape of a comet, with damaged

DNA in the tail, but with no visual differences between these groups.

Although no differences were observed in the levels of DNA damage between the negative
control and the preussin exposed groups, in MDA-MB-231 cells cultured both in 2D and 3D
culture models and exposed either for 2 or 24 h, higher levels of oxidative DNA damage
(FPG sensitive sites) were observed than strand breaks (Figures 19 and 21). The mean
levels of oxidative damage varied between 9.7 and 21.5 %, and the levels of strand breaks
varied between 2.2 % and 6.9 % in the negative and solvent controls and in the preussin
exposed groups. Only the positive controls from both the standard and enzymatic versions
of the comet assay (respectively 50 uM of H.O- and 4.5 mM of KBrOs) displayed statistically
significant differences from the control, with an increase of more than 50 % in the DNA

damage when compared to the negative control group (Figures 19 and 21), respectively.

| Negative Control || Preussin 25 uyM || Preussin 35 uM H,O, 50 pM

Figure 18 — Representative images of the standard version of comet assay in MDA-MB-231 cells treated with

2D

3D

preussin at 25 uM or 35 uM, after 24 h of exposure, either cultured in a 2D or 3D cell culture model. As solvent
control, cells were exposed to 0.1% of (v/v) of DMSO and for the positive control, nucleoids from a negative

control group were exposed to 50 uM of H202. Samples were analyzed with the Comet Assay IV™M.
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Figure 19 — Genotoxic effects (induction of strand breaks) of preussin at 25 and 35 yM on MDA-MB-231 cells
cultured in a 2D cell culture model, after 2 h (a) or 24 h (b) of exposure or cultured in a 3D cell culture model
and exposed for 2 h (c) or 24 h (d), measured through the standard version of the comet assay. Negative control
(C) with cells exposed only to the cell culture medium, solvent control (0 uM of preussin) of cells exposed to
0.1% (v/v) of DMSO, and positive control of nucleoids exposed to 50 uM of H202 in PBS, groups were selected.
The results were measured as the percentage of DNA in the comet’s tail. The results are expressed as mean +
SD of n=5 (from 50 comets per gel and 2 gels per condition). Significant differences from the negative control
group, represented with asterisks **** p<0.0001) were evaluated by one-way ANOVA, followed by post-hoc

Holm-Sidak’s multiple comparison test.
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| Negative Control || Preussin 25 yM Preussin 35 uM || KBrO, 4.5 mM

Flgure 20 — Representative images of the enzymatic version of the SCGE assay, using the FPG enzyme, in

MDA-MB-231 cells treated with preussin at 25 yM or 35 pM, after 24 h of exposure, cultured in a 2D or 3D cell

culture model. As SC, cells were exposed to 0.1% (v/v) of DMSO, and for the positive control, nucleoids from a

negative control group were exposed to 4.5 mM of KBrOs. Samples were analyzed with the Comet Assay IV™.,
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Figure 21 — Genotoxic effects (FPG sensitive sites) of preussin at 25 and 35 yM on MDA-MB-231 cells cultured
in a 2D cell culture model after 2 h (a) or 24 h (b) of exposure or cultured in a 3D cell culture model and exposed

for 2 h (c) or 24 h (d). Negative control (C) (cells exposed only to cell culture medium), solvent control (0 uM of
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preussin) (cells exposed to 0.1% (v/v) DMSO), and positive control (cells exposed for 1 h to 4.5 mM of KBrO3),
groups were selected. The results were measured as the percentage of DNA in the tail of the comet and calcu-
lated by subtracting the percentage of DNA damage from the non-FPG enzyme-treated samples from the FPG
enzyme-treated samples. The results are expressed as mean * SD of n=5 (from 50 comets per gel and 2 gels
per condition). Significant differences, represented with asterisks **** p<0.0001) were evaluated by one-way

ANOVA, followed by post-hoc Holm-Sidak’s multiple comparison test.

6. Induction of apoptosis - Annexin V - Pl assay

The annexin V-PI assay was used to evaluate the effects of preussin in the induction of
apoptosis in MDA-MB-231 cells. This assay detects membrane changes that occur during
the apoptotic process (translocation of the phosphatidylserine residues (to which annexin-
V protein binds) of phospholipids from the inner to the outermost layer of the cell membrane)
and allows its distinction with necrosis and late apoptosis (where membrane disruption al-
lows the DNA to be stained with PI) (Crowley et al., 2016).

Cells were cultured in monolayer or as MCAs and exposed for 72 h and 96 h, respectively,
to preussin at 25 and 35 uM. A negative control group with untreated cells (cells incubated
only with cell culture medium), solvent control with cells exposed to 0.1% (v/v) DMSO, and
positive control with cells exposed to Dox (at 1 uM in 2D cell culture, or 5 uM in the 3D cell
culture), groups were added. The percentage of alive, necrotic/late apoptotic, and early
apoptotic cells was obtained with AnnexinV-FITC/PI double staining followed by flow cy-
tometry and analyzed using the FlowJoTM software. Data from each condition was gated,
first to exclude cell debris, second to exclude aggregated cells, and, in the end, in quadrants
to distinguish the positive or negative cells for annexin V and Pl based on Pl/Annexin V
staining (Figure 22). Viable cells presented Annexin V-/PI- staining, necrotic and late apop-
totic cells showed Annexin V- or +/Pl+, and the early apoptotic appeared with Annexin

V*/PI- staining pattern
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Figure 22 — Representative images of flow cytometry gating strategy used in the Annexin V-FITC/PI double

staining of MDA-MB-231 cells, cultured in 3D and 2D cell culture models, to evaluate the induction of early
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apoptosis and late apoptosis/necrosis. Gating for the isolation of MDA-MB-231 cells and exclusion of cellular
debris (a), and for selecting single cells and excluding aggregated cells (b). The gated cells were distinguished
based on the PI/Annexin V staining: Q1 + Q2 (Annexin* °'/ PI*) represented the cells in necrosis/late apoptosis;
Q3 (Annexin*/ PI') represented the cells in early apoptosis; Q4 (Annexin/ Pl) represented the living cells (c).

SCC: side-scattered light; FSC: forward-scattered light; H: height; A: area; PI: propidium iodide.

In the 2D cell culture model, only the preussin at 35 uM increased the percentage of cells
in the state of late apoptosis/necrosis compared to the negative control group, with an in-
crease of 19 % (Figure 23a). As for the 3D cell culture model, both preussin at 25 and 35
MM increased the rate of cells in late apoptosis/necrosis compared to the negative control

group, with an increase of 16.9 % and 29.1 %, respectively (Figure 23b).

When evaluating early apoptosis induction, differences between the tested concentrations
of preussin (25 and 35 uM) to the negative control were only observed in the 2D cell culture
model cells (Figure 23). Compared to the negative control group, in the 2D cell culture, an
increase of 1.9 % and 4.3 % was observed in the 25 pM and 35 pM preussin exposed
groups (respectively) (Figure 23a). Although statistically significant, this increment in the
percentage of early apoptotic cells was much lower than what was observed for the per-

centage of cells in late apoptosis/necrosis.

No statistically significant differences existed between the negative and solvent control
groups in the cells from 2D and 3D cell culture models in the different cell states (alive, late
apoptotic/necrotic, or early apoptotic). As for the positive control group, Dox increased the
percentage of cells in late apoptosis/necrosis, both in cells cultured in 2D and 3D cell culture
models, and slightly increased the percentage of cells in early apoptosis in the cells cultured

as a monolayer (when compared to the respective negative control groups) (Figure 23).

When comparing the 2D and 3D cell culture models, the percentage of cells in late apopto-
sis/necrosis was higher for all groups (negative, solvent, and positive controls and the
preussin exposed groups) in the cells cultured as MCAs than in 2D cell culture model (Fig-
ure 23).
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Figure 23 — Effects of preussin at 25 and 35 pM, in the induction of cell death (late apoptosis/necrosis), and
early apoptosis, on MDA-MB-231 cells cultured in 2D (a) or 3D (b) cell culture models, respectively exposed for
72 h or 96 h. Early apoptosis, and late apoptosis/necrosis induction, were accessed by Annexin V-FITC/PI
double staining followed by flow cytometry and analysis with the FlowJo™ software. Negative control (C) with
cells exposed only to cell culture medium), solvent control (Preussin at 0 uM) of cells exposed to 0.1% (v/v)
DMSO, and positive control where cells were exposed to Dox (at 1 yM in 2D cell culture and 5 pM in 3D cell
culture) groups were added. The results were measured as the percentage of cells in each stage, either alive,
in early apoptosis, or in late apoptosis/necrosis. The results are expressed as mean + SD of n=5. Differences
in comparison with the negative control group, in each cell state, were evaluated by one-way ANOVA, followed
by post-hoc Holm-Sidak’s multiple comparison test (in the early apoptotic and late apoptotic/necrotic cells
groups) or Brown-Forsythe and Welch ANOVA tests (in the alive cells groups). Statistically significant differ-
ences are represented with asterisks (* p<0.05; ** p<0.01; **** p<0.0001).
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7. Effects on cell morphology
7.1. Phase-contrast microscopy and stereomicroscopy
7.1.1. Monolayer cell culture

For each assay, a daily analysis of the morphological alterations induced by the exposure
to preussin was performed (24 h, 48 h, and 72 h of exposure) by observation with an in-
verted phase-contrast microscope. At each analysis time, representative images of the mor-

phologic alterations observed in every exposure group were acquired (Figure 24).

The positive control (Dox at 1uM) experienced a decrease in cell density after 48 h of ex-
posure compared to the negative and solvent control groups. Furthermore, after 72 h of
exposure, some cells became more spherical, while there was an increase in cell debris
caused by cell detachment associated with cell damage (Figure 24). As for preussin ex-
posed cells, there was a dose-dependent response, and the effects were accentuated with
the time of exposure. After 24 h of incubation, the exposure to preussin at 25 uyM or above,
induced the appearance of cytoplasmatic granules. Cell rounding up, decreased substrate
adherent cells, and the emergence of cell debris were also identified after exposure to
preussin at 50 uM. After 48 h of exposure to the latter chemical compound, cell morphology
alterations appeared at lower concentrations when compared to solvent and negative con-
trols. Cytoplasmatic granules were observed with exposure to preussin at a concentration
of 15 uM or higher. A decrease in cell density, cell rounding up, and cytoplasm vacuolization
was noted with exposure to 25 uM, or higher concentrations of preussin. When cells were
incubated with it preussin at 35-50 uM, most cells appeared round-shaped with cell debris

in the background and just a few cells remained adherent to the substrate.

After 72 h of exposure, preussin exerted similar effects to those described above, with a
decrease in the number of cells adhering to the substrate, more cells rounding up, and
abundant cytoplasmatic granules starting at a concentration of 15 yM. Above 25 yM of
preussin, there was an increasing cell rounding up and cell debris, with just a few cells being

adherent to the substrate.
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Figure 24 — Representative effects of preussin on cell morphology, in cells cultured in a monolayer cell culture

model, and photographed in an inverted phase-contrast microscope. Cells were exposed to preussin at 5, 15,
25, 35, or 50 yM, during 24, 48 h, and 72 h. Cells exposed only to cell culture medium, to 0.1% of DMSO or 1

uM of Dox, were included as negative, solvent, and positive control groups, respectively.
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7.1.2. MCAs

As described for the monolayer cell culture, the MCAs were observed daily. After 3 days of
formation, similar-sized and oval-shaped (with a slightly flattened bottom) MCAs were ob-
tained (Figure 25). Following the period of formation, the MCAs were incubated for 96 h
either to preussin, 5 yM of Dox (positive control), 0.1% DMSO (solvent control), or DMEM
(negative control), and daily analysis of morphologic alterations was performed at the end.

The MCAs were photographed with the darkfield filter of the stereomicroscope (Figure 26).

Figure 25 — Schematic representation of the shape of the MDA-MB-231 cell line obtained MCAs.

Negatlve Control || Solvent Control Dox 5 uM Preussin 5 pM |

Preussin 15 pM Preussin 25 uM Preussin 35 pM Preussin 50 yM |

Figure 26 — Representative effects of preussin on MCAs morphology and photographed in the dark field of a
stereomicroscope. MCAs were exposed to preussin at 5, 15, 25, 35, or 50 yM, for 96 h. Cells exposed only to
cell culture medium, to 0.1% of DMSO or 5 uM of Dox, were included as negative, solvent, and positive control

groups, respectively.

At the end of the exposure period, the MCAs from the negative and solvent control groups
and the MCAs exposed to 5, 15, 25, and 35 uM of preussin appeared similar in shape to
the MCAs after the formation period but slightly smaller and denser. No apparent visual
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differences were observed between these groups. In contrast, the MCAs exposed to 50 uM
of preussin or 5 yM of Dox showed higher diameter, less density, and were more flattened

compared to the negative and solvent control groups.

During MCAs manipulation, some differences between controls and exposure groups were
also noted, namely MCAs cell cohesion. These differences were apparent from observing
the MCASs' integrity during its manipulation, where some groups disaggregate more easily,
even with gentle manipulation. The positive control and the 50 uM preussin exposed MCAs
showed less cell cohesion, with poor shape and integrity maintenance. Similarly, the MCAs
exposed to 35 uM of preussin had slightly poorer shape and integrity during their manipu-

lation than the negative and solvent control groups.

7.2. Transmission electron microscopy

Cells cultivated in monolayer and MCAs were subjected to preussin (for 72 hours and 96
hours, respectively) at concentrations of 5, 15, 25, or 35 M to assess ultrastructural effects.
As a negative control cells in monolayer and MCAs were incubated only with DMEM, as
solvent control incubated with 0.1% (v/v) DMSO, and as a positive control exposed to Dox
at 1 or 5 yM. After exposure, cells in monolayer and MCAs were observed with an electron

microscope.

7.2.1. Monolayer cell culture

In the cells cultured in monolayer, no morphological differences were observed between
cells from the negative and solvent control groups (Figure 27). In these two groups, cells
presented irregular-shaped nuclei with prominent nucleoli (Figure 27c,d). Moreover, in the
cytoplasm, there were abundant rough endoplasmic reticulum and mitochondria (Figure
27a-c), some lipid droplets, dilated cisternae, prominent vesicles, and multivesicular bodies
(Figure 27b, d). The cell surface evidenced membrane blebbing (Figure 27a,c,d) and finger-

like structures (Figure 27b).

In the preussin-treated cells, the ultrastructural alterations were dose-dependent. With 5 uM
of preussin (Figure 28a), there were no significant visual differences in comparison with the
control groups. Above 15 uM of preussin, a higher number of pleomorphic multi-vesicular
bodies of different sizes were observed, some of which with heavily electron-dense bodies

inside (Figure 28b,d-f). Similarly, more enlarged cytoplasmic vesicles were observed (Fig-
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ure 28d,e). The number and pleomorphism of larger cytoplasmatic vesicles and multi-ve-
sicular bodies (mainly the multivesicular bodies containing electron-dense material) highly
increased with the concentration of preussin. Furthermore, above 15 uM of preussin, mito-
chondria exhibited considerable damage, with their cristae becoming more structurally dis-
ordered (Figure 28c) and faded (Figure 28f).

Figure 27 — Representative images of TEM analysis of MDA-MB-231 cells cultured as a monolayer. Cells were
exposed for 72 h only to DMEM, in the negative control (a and b), or to 0.1 % (v/v) DMSO, in the solvent control

(c and d). Black arrowheads: membranes blebs; White arrowheads: slender finger-like structures; C: dilated

cisternae; Ld: lipid droplets; Mb: multivesicular bodies; Mi: mitochondria; N: nucleus; Nu: nucleolus; ReR: rough

endoplasmic reticulum; Vc: vesicles.
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monolayer. Cells were exposed for 72 h to several preussin concentrations: 5 yM (a), 15 yM (b and c), 25 pM

(d), and 35 uM (e and f). Black arrowheads: membranes blebs; White arrowheads: slender finger-like structures;
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C: dilated cisternae; Dv: degenerative vesicles; Ld: lipid droplets; Mb: multivesicular bodies; Mdb: multivesicular

electron-dense bodies; Mi: mitochondria; N: nucleus; ReR: rough endoplasmic reticulum; Vc: vesicles.

7.2.2. MCAs

The MDA-MB-231 MCAs cells displayed similarities and differences from the patterns found
in the monolayer cultured and exposed cells. Similarly to the 2D cell cultures, no relevant
morphological differences were observed between the MCAs from the negative and solvent
control groups (Figure 29). Irrespective of that, the analysis of semi-thin sections revealed
that some of the MDA-MB-231 MCAs had a necrotic-apoptotic core filled up with dead cells,
cell debris, and dense intercellular material (Figure 29a,b). Under electron microscopy, the
MCAs from the control groups had irregular-shaped nuclei and well-developed organelles

(mainly mitochondria) (Figure 29d-g).

In contrast to the observations in the 2D cell culture model, the cells from MCAs displayed
a significantly higher quantity of lipid droplets in the cytoplasm (Figure 29c, e and f) and
some pleomorphic multi-vesicular electron-dense bodies (Figure 29e,f). MCAs from the
control groups also showed high cell-to-cell adhesion, with cells connecting in several re-
gions alongside the cellular membranes. It was also possible to observe the formation of
lumen-like structures, between cells, with membrane blebbing and short finger-like struc-
tures on the cell surface (Figure 29d,g). Furthermore, these lumen-like structures were
sometimes filled with electron-dense material, either amorphous or slightly granular (Figure
29d and e). In some of these luminal structures, it was possible to observe necrotic cells,
evidencing shrinkage, nuclear pyknosis, and some degree of cytoplasmatic vacuolization,
and apoptotic shrinking cells, with chromatin condensation and preservation of cell integrity

and membranes (Figure 299).
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Figure 29 — Representative images of semithin sections (a, b, and ¢) and TEM (d, e, f, and g) analysis of MDA-
MB-231 MCAs. The MCAs were exposed for 96 h only to DMEM in the negative control (a - ), or to 0.1 % (v/v)
DMSO, in the solvent control group (f and g). Asterisk: electron-dense amorph material; black arrows: electron-
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dense slightly granular material; black arrowheads: membranes blebs; white arrowheads: finger-like structures;
Ld: lipid droplets; Lu: lumen-like structures; Mdb: multivesicular dense bodies; Mi: mitochondria; N: nucleus;

Nec: necro-apoptotic core NC: necrotic cells; Nu: nucleolus; ReR: rough endoplasmic reticulum; Vc: vesicles.

In the preussin-exposed MCAs, ultrastructural morphological alterations occurred in a dose-
dependent manner. With the increase in preussin concentration, the number of cells having
pleomorphic multivesicular structures with electron-dense bodies inside increased. The
higher the preussin concentration, the greater the pleomorphism of these multivesicular
dense bodies and degenerative vesicles (Figure 30). Also, with increasing preussin levels,
the amorph or slightly granular electron-dense material grew in the lumen-like structures.
Accordingly, it was also observed higher cell debris, a higher number of necrotic cells (with
cell loss of organelles and membrane rupture), and apoptotic cells (with cell shrinkage, pyk-
nosis, and DNA condensation) were also observed, in those lumen-like structures. At least,
higher levels of preussin lead to less cell aggregation (Figure 30). Accordingly, it was also
observed higher cell debris, a higher number of necrotic cells with loss of organelles, and
membrane rupture. Apoptotic cells were also observed, in the lumen-like structures, with
cell shrinkage, pyknosis, and DNA condensation. Also, with the increase in preussin con-

centration, less cell aggregation was observed (Figure 30).
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Figure 30 — Representative images of TEM analysis of preus

sin-exposed MDA-MB-231 MCAs. The MCAs were
exposed for 96 h to preussin at a concentration of: 5 yM (a), 15 uM (b), 25 yM (c and d), and 35 pM (e and f).
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Asterisk: electron-dense amorph material; black arrows: electron-dense, slightly granular material; black arrow-
heads: membranes blebs; white arrowheads: microvilli-like structures; Dv: degenerative vesicles; G: Golgi com-
plex; Ld: lipid droplets; Lu: lumen-like structures; Mb: multivesicular bodies; Mdb: multivesicular dense bodies;

Mi: mitochondria; N: nucleus; Nc: necrotic cells; Nu: nucleolus; Vc: vesicles.
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Discussion

TNBC is an aggressive subtype of breast cancer characterized by an invasive nature, rapid
disease progression, low survival, and high recurrence rates. Furthermore, it has few ther-
apeutic options (Badve et al., 2011; Bauer et al., 2007; Dent et al., 2007; Harris et al., 2006).
This study elucidated the in vitro anticancer activities of the underly studied marine fungi-
derived compound, preussin, in a TNBC cell line, MDA-MB-231, both in 2D culture and in a
more representative model of the tumor behavior in vivo, the 3D cell culture model. We
confirmed preussin’s antiproliferative and cytotoxic effects in a TNBC in vitro culture model
and described, for the first time, its ability to induce late apoptosis/necrosis, as well as its
incapacity to cause genotoxic effects. We further characterized the preussin-induced ultra-
structural changes, a frequently neglected type of analysis. To our knowledge, we also first
described its anti-migratory effects. At last, we further compared the differences between

the used 2D and 3D cell culture models for testing preussin and Dox (reference control).

Previously, in our group, the effects of preussin were tested in a set of BC cell lines, includ-
ing SKBR3, MCF-7, and MDA-MB-231 (each one representing a different clinicopathologi-
cal surrogate subtype of BC), and a non-tumoral breast cell line, MCF-12-A, where it was
observed a cytotoxic effect of preussin at 50 pM, for all tested cell lines cultured in a 2D cell
culture model (Malhao et al., 2019). However, the MDA-MB-231 cell line showed a higher
resistance when compared to the other BC cell lines. MDA-MB-231 is a mesenchymal-
stem-like BC adenocarcinoma cell line characterized by the lack of expression of ER, PGR,
and HER2 markers, which classifies it as a TNBC cell line (Dai et al., 2017; Neve et al.,
2006). The MDA-MB-231 cell line can be further characterized according to its intrinsic sub-
type into basal-like BC (Dai et al., 2017; Neve et al., 2006) or, as described by some authors,
as a claudin-low intrinsic subtype of BC (Prat et al., 2010). Following the line of thought of
Fougner et al. (2020), these classifications of MDA-MB-231 as a basal-like or claudin-low
intrinsic subtype might not be mutually exclusive but complementary, with claudin-low rep-
resenting a more aggressive phenotype of the basal-like BC subtype. Despite its intrinsic
BC classification, MDA-MB-231 represents an invasive and aggressive subtype of BC, for
which there are limited therapeutic options, especially compared to other BC subtypes.
Therefore, MDA-MB-231 cells were selected as a proxy to evaluate and expand the prop-
erties of preussin and determine the lowest concentration to induce cytotoxic effects, as a

continuation of the work of Malh&o et al. (2019).

First, we proposed to select the lowest concentration of preussin to induce alterations in cell
viability. In the present study, over time, the MDA-MB-231 cells cultured in a 2D cell culture

model observed a gradual decrease in cell viability after exposure to preussin. At 24 h,
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preussin showed effects only at 50 uM. Accordingly, when evaluating cell viability by trypan
blue assay (that assesses effects on membrane integrity), preussin showed no effects at
25 and 35 uM with exposure times of 2 and 24 h, with no differences between 2D and 3D
cell culture models. Increasing the exposure time, we observed an accentuation of the
preussin capability to decrease cell viability for all the concentrations tested. For instance,
at the highest exposure time, 25 uM of preussin reduced cell viability (to 67.5 % in 2D cell
culture and 72.3% in the 3D cell culture model) compared to the respective negative control
group in 2D and 3D cell culture models. These results were similar to what we found for
other assays (including BrdU assay, annexin V-PI, and colony assay), mainly when observ-
ing the cell morphology alterations. When performing the clonogenic assay, the used con-
centrations of preussin had to be lowered since at 50 uM there were not enough cells to re-
plate after exposure. With 35 uM and 25 uM of preussin, there were scarce viable cells, but

enough to perform the assay.

Regarding the decrease in cell viability induced by preussin, it was previously described
that preussin reduces MDA-MB-231 cell viability only at a concentration of 50 uM in 2D and
100 pM in 3D cell culture models (when using the MTT assay), higher than what we ob-
served (Malhdo et al., 2019). Although preussin was isolated from the same species and
extracted using the same method (as described by Buttachon et al. (2018)), the one that
was used in this dissertation was obtained from different batches of extraction, which may
represent a source of variability. Furthermore, it has already been described that a draw-
back of natural products is their instability and high rate of degradation during storage (At-
anasov et al., 2021; Beck et al., 2017; Large et al., 2021; Mitchell et al., 2021). The cell
passage number may also introduce variability in drug sensitivity. These factors may have
contributed to the differences between the present results and those reported by Malhdo

and collaborators (Malhao et al., 2019).

Other authors have previously described the cytotoxic effects of preussin on cells cultured
in monolayers. In the present study, the lowest concentration required to induce a decrease
in cell viability (over 50% decrease) was 35 uM preussin. Achenbach et al. (2000) showed
that the preussin obtained through synthesis decreased cell viability below 50% in various
cell lines (with 48 h of exposure) at lower concentrations, between 1.2 and 4.5 uM, in a wide
subset of cell lines (HL-60, HelLa, A549, MCF-7, PC-3, DU-145, LNCaP, and MeWo). But-
tachon et al. (2018) showed preussin capability to decrease cell viability to 50% at higher
concentrations than the ones described by Achenbach et al. (2000), with ICso effects at 47.9
and 53.6 M, in the cell lines A549, and MCF-7, respectively. Preussin effects were also
tested in other cell lines (HT29, HCT116, A375, HepG, A549, T98G, and U251) with the
ICs0 concentrations ranging from 12.3 uM to 74.1 uM (Buttachon et al., 2018). Accordingly,
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Malhao et al. (2019) concluded that preussin reduced cell viability in MCF-7, SKBR3, MDA-
MB-231, and MCF-12-A cell lines only at 50 uM after 72 h of exposure. Kasahara et al.
(1997) also reported preussin to induce cytotoxic effects in the rat fibroblast cell line 3Y1 at

higher concentrations (31.7 ug/ml, 99.8 uM) than those that other authors or we described.

The use of in vitro 3D cell culture models to study preussin effects in cell culture has only
been evaluated once by Malh&o et al. (2019). In the latter study, the MCAs from different
breast cell lines, including MDA-MB-231, showed higher resistance to preussin-induced re-
duction of cell viability. Nonetheless, this tendency was not directly observed in our study
since the lowest concentration of preussin that triggered cytotoxic effects in a monolayer
induced cytotoxicity in a 3D cell culture model. It is important to note, however, that even
though the tested concentrations of preussin were the same in these two culture models,
the time of exposure to preussin was different (72 h in the 2D cell culture model and 96 h in
the 3D cell culture model). Therefore, our findings indirectly suggest that MDA-MB-231

MCAs are more resistant to preussin than the 2D culture models.

Concerning the Dox exposure (positive control) on MDA-MB-231 cells, the 2D cell cultures
also displayed higher sensitivity to the drug than the cells cultured in 3D cell culture. In the
2D cell cultured MDA-MB-231 cells, we observed a high decrease in cell viability (to 33.1%)
after exposure to Dox at 1 yM. When cultured in a 3D cell culture model, MDA-MB-231 cells

showed higher resistance to Dox at 5 uM (decreasing cell viability to 65 %).

According to the literature, different cell lines in 3D can display either higher resistance or
higher sensitivity to drugs when compared to cells cultured in 2D. Nonetheless, the first is
far more common (Z. Huang et al., 2020; Imamura et al., 2015; Muguruma et al., 2020), as
we and other authors observed for the MDA-MB-231 cells in the 3D model, where 3D cul-
tured cells presented higher resistance to Dox than 2D cultured cells (Lovitt et al., 2018;
Nigjeh et al., 2018). In its turn, it has previously been shown, by Imamura et al. (2015), that
MDA-MB-231 spheroids had a similar resistance towards Dox exposure when compared to
the cells cultured in a monolayer, in contrast to what we observed. These authors also ob-
served a variable resistance (either a higher or similar resistance) to drugs when comparing
cells in monolayer and 3D cultures for other cancer cell lines. Cells that formed looser sphe-
roids tended to display equivalent resistance to drugs compared to those in monolayer.
Moreover, cell lines forming more cohesive spheroids tended to show higher resistance to

Dox and paclitaxel than cells cultured in 2D cell culture models.

The 3D architecture of MCAs may explain the higher resistance to drugs in comparison to
2D cell culture, possibly due to the differences in drug penetration, described between the
2D and 3D cell cultures (Mehta et al., 2012). Similarly, the MDA-MB-231 MCAs architecture
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as well as the cell cohesiveness may reduce preussin and Dox penetration, resulting in a

lower bioavailability of the compounds to all cells.

Ivascu & Kubbies (2007) also found that spheroids with lower disaggregation were more
resistant to various anticancer drugs (cisplatin, docetaxel, and anthracycline epirubicin). It
is important to note, however, that different authors described the obtention of MDA-MB-
231 cell line 3D structures with varying levels of cohesiveness (Dubois et al., 2017; Froeh-
lich et al., 2016; Imamura et al., 2015; lvascu & Kubbies, 2007; Malhao et al., 2022; Mu-
guruma et al., 2020; Scolamiero et al., 2018; Vinci et al., 2012). The 3D cell cultures we
obtained with the MDA-MB-231 cell line using the ULA plates may be considered to have
an ellipsoid form and intermediate cohesion. Malhao et al. (2022), using the same cell line
and method for the obtention of 3D culture, described the MCAs of MDA-MB-231 with an
ellipsoid form while being cohesive 3D structures. The existence of cell adhesions when
observing the ultrastructure of these MCAs, similar to what Malhao et al. (2022) described,
may further confirm the cohesiveness of the MDA-MB-231 MCAs. Several factors may in-
fluence the differences observed in the literature regarding the obtained MDA-MB-231 cell
line 3D structure, both in terms of shape and cohesiveness, including the method of obten-
tion, cell culture medium and respective supplementation, cell seeding density, and cell

passage number.

Furthermore, in the 3D cell cultures, the cell-cell and cell-EMC interactions and the cell cycle
distribution may also affect drug response when comparing different cell culture models
(lvascu & Kubbies, 2007; Mehta et al., 2012). Because of their tridimensionality, MCAs,
similar to what is described for spheroids (Ivascu & Kubbies, 2007; Lovitt et al., 2018), may
display higher cell-cell interactions and cell-ECM interactions, which may also confer higher
resistance to drugs. Those interactions may modulate protein expression, including up-reg-
ulation of pro-survival proteins, leading to drug resistance (Ilvascu & Kubbies, 2007; Lovitt
et al., 2018). For example, MDA-MB-231 cells are described to spontaneously form 3D
structures, induced by the interaction of collagen | with 1 integrin, which is considerably
more expressed in the 3D cell culture model than in 2D cell culture (Ilvascu & Kubbies,
2007). Integrins have been described as transmembrane linkers with essential functions in
mediating cell-cell and cell-ECM interactions and intracellular signaling pathways (Alberts
et al., 2022). The collagen/B1 integrin signaling has been implicated in chemoresistance to
various drugs (including Dox) in leukemia and BC cell lines (including the MDA-MB-231 cell
lines). The higher expression of collagen | with the 31 integrin in the MDA-MB-231 spheroids
may explain the higher resistance to Dox (El Azreq et al., 2012), as we also observed. The
differences in the expression and spatial organization of surface receptors between the cells

cultured in 2D and 3D culture models may therefore affect the binding efficacy of the drugs
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to the cells since drugs often target determined receptors on the surface of cells (Langhans,
2018; Lv et al., 2017).

We may also raise the question of whether cell responses to preussin influences the cell-
cell and cell-ECM interaction molecules. A visual increase in MCAs diameter was observed
in MDA-MB-231 MCAs exposed to preussin (at cytotoxicity-inducing concentrations) and
Dox. Also, when MCAs exposed to preussin were manipulated, they tended to disaggregate
more easily than non-exposed MCAs or MCAs subjected to low concentrations of preussin.
Both observations indicate a decrease in cell cohesion. Nonetheless, the increase in MCAs
diameter and loss of MCAs cohesiveness were considerably less marked in the preussin
group than in the Dox-exposed MCAs. However, it is important to note that in the preussin-
exposed MCAs, a decrease in cell cohesion was observed at higher concentrations of the
compound, in accordance with the lower cell viability detected at higher concentrations of
preussin. Therefore, the decrease in cell cohesiveness may be correlated to the increase

in cell death induction and not necessarily caused by a reduction in cell adhesion.

Other factors have been proposed for the higher resistance of 3D cell cultures compared to
that of 2D cell cultures. Lovitt et al. (2018) correlated the lower cytotoxicity of Dox in 3D cell
culture models with the lower proliferation rate observed in this cell culture model compared
to the 2D cell culture. This lower proliferation rate may result in a lower sensitivity to drug

cytotoxicity compared to cells with higher doubling times (Lovitt et al., 2018).

Hypoxia and pH may also arise as resistance mechanisms. In spheroids, as it is described
for solid tumors, a gradient of oxygen is observed throughout the layers of cells. The cells
in the outer layers have higher bioavailability of oxygen, whereas the inner cells have lower
availability, not only dependent on the oxygen diffusion throughout the spheroid/tumor but
also on its consumption by the outer cells (Zanoni et al., 2016). This differential accessibility
induces hypoxia in the inner cells, which in turn may induce the expression of molecules
responsible for external drug export, the activation of antiapoptotic factors, the expression
of growth factors, and the inhibition of oxidative stress due to the inexistence of oxygen
(Nunes et al., 2019). Furthermore, oxygen-deprived cells produce lactate, which decreases
the pH of the inner portion of the spheroid (Nunes et al., 2019). Low pH values may affect
drug action by impairing the uptake of some drugs, as is described to occur with Dox (Nunes
et al., 2019).

Regarding the variable results described in the bibliography for the preussin-induced de-
crease in cell viability, it is important to mention that all methods used were different, which
may translate into variability in the obtained conclusions. In the present study, as observed
by other authors (Buttachon et al., 2018; Malh&o et al., 2019), the MTT assay was used to
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evaluate the effects of preussin on cell viability. Achenbach et al. (2000) calculated the cell
viability by measuring the crystal violet dye retained by the cells after 48 h of exposure to
preussin, followed by incubation in a drug-free medium for another 48 h. Malhao et al.
(2019) previously showed that the evaluation of cytotoxicity of preussin in a 3D cell culture
model, assessed through multiple assays (including MTT, LDH, and resazurin reduction
assays), retrieved different results since they evaluated several targets of cell viability (ei-
ther cell metabolism or cell membrane integrity). Overall, careful analysis and comparison
of the results should be taken when comparing the viability obtained through different prox-

ies and the conclusions drawn from these assays.

It is also important to note that in the scratch assay (performed to study the effects of preus-
sin in cell migration), the results were not similar to what we observed with the MTT assay.
In fact, in the scratch assay, cells were more sensitive to the effects of preussin. Lower
concentrations of preussin could induce aspects of cell death, including a detachment of
cells from the plate surface. However, the scratch assay, some alterations in the culture
conditions were implemented compared to other assays, such as serum deprivation and
reduced concentration of FBS during cell exposure. With serum starvation and serum re-
duction, we intended to decrease cell proliferation, which may appear as a confounding

factor in this assay, whose objective is to measure cell migration.

The serum contains growth and adhesion factors to promote cell proliferation and attach-
ment. Mammalian cells require growth factors to enter and progress through the cell cycle
(Freshney, 2010). Additionally, serum starvation is described to synchronize and inhibit cell
proliferation, in some cancer cell lines, by arresting these cells at the GO/G1 phase of the
cell cycle (Odom et al., 2009; Rajh et al., 2016; Shin et al., 2008; White et al., 2020). Fur-
thermore, by reducing the concentration of FBS for culture maintenance, we intended to
decrease cell growth and, consequently, proliferation (Gstraunthaler et al., 2013; Jayme et
al., 1997; White et al., 2020). Nonetheless, no differences existed between the cells cultured
in serum-reduced or serum-complete conditions, where a similar pattern of migration and/or
growth was observed. These may either indicate an ineffective inhibition of cell proliferation
with the serum-reduced medium or the induction of a more invasive phenotype in the MDA-
MB-231cells when exposed to the serum-reduced conditions conjugated with simultaneous
cell proliferation in the normal serum conditions cultured cells. It was previously described
that in some cancer cell lines, using serum reduced medium can decrease cell proliferation
(White et al., 2020). Furthermore, Ye et al. (2013) reported that MDA-MB-231 cells display
a more aggressive phenotype, with higher invasiveness, in a phospholipase D2-dependent

manner when serum-deprived. Nonetheless, we believe that more research should be con-
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ducted to compare different culture conditions (such as serum reduction versus normal se-
rum conditions) and their effects on cell proliferation and invasiveness, elucidating the

mechanisms causing scratch closure.

In this assay, we observed that with serum deprivation and depletion, MDA-MB-231 cells
became more sensitive to the effects of preussin. For instance, we observed aspects of cell
death (cell detachment and alteration of cell morphology) in cells exposed to concentrations
of preussin that had not previously decreased the cell viability (in normal serum culture
conditions). In some cancer cell lines, serum depletion is described to increase cell cancer
resistance to oxidative stress (White et al., 2020). These authors also suggested that serum
deprivation may be related to in vitro multidrug and chemoresistance by inducing a reversi-
ble proliferation arrest of cancer cells (White et al., 2020). Other authors described a higher
sensitivity (with lower doses of compounds causing a decrease in cell viability) of cancer
cell lines to compounds when cells were cultured under serum-reduced culture conditions
(Sainz-Cort et al., 2020; Zhao et al., 2017).

We may also raise the question of whether preussin affects cell adhesion. This action would
explain that at low serum dosages, preussin showed higher effects in inducing aspects of
cell death, including cell detachment. Lower serum concentrations translate into a lower
bioavailability of adhesion factors (Freshney, 2010) which could lead to a higher effect of
compounds affecting cell adhesion. In this case, preussin could be sensitizing cells to anoi-
kis, a non-apoptotic programmed cell death type induced in adherent cells that lose the cell-
ECM interaction (Kornienko et al., 2013). Even though we observed an increase in the per-
centage of cells in apoptotic processes after exposure to preussin, we did not notice an
increase in ultrastructural aspects suggestive of apoptosis induction (such as cell shrinkage,
membrane blebbing, DNA condensation and fragmentation; nuclear membrane rupture,

loss of organelles placement (Yan et al., 2020)).

With the decrease in cell viability, we further investigated some cellular processes that could
explain the decrease in cell viability and could be attributed to preussin, including cell death
induction, either by necrosis or apoptosis (early or late), cell proliferation, and genotoxicity

induction.

To explore the type of cell death mechanisms involved in reducing cell viability, we further
performed the annexin V-PI assay, which distinguishes alive cells from cells in processes
of apoptosis (either early or late apoptosis) and necrosis. The assay showed that preussin
decreased cell viability partially due to cell death induction. The compound induced a slight
increase in the percentage of cells in early apoptosis, mainly in the 2D cell cultured MDA-
MB-231 cells, and a higher increase in the percentage of cells in late apoptosis/necrosis
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state. Interestingly, this increase in late apoptosis/necrosis induction appeared to be greater
in the 3D than in the 2D cell cultured cells. Indeed, the lowest tested concentration of preus-

sin only induced an increase in late apoptosis/necrosis on the MDA-MB-231 MCAs.

Achenbach et al. (2000) previously noticed that higher concentrations of preussin increased
chromatin condensation, indicating cell apoptosis induction in the HL-60 cell line. Similarly
to what we observed for the TNBC cell line MDA-MB-231, preussin has previously been
shown to induce necrosis and apoptosis (without a distinction between early and late apop-
tosis) in the HL-60 cell line, postulated to occur in a p53 and BCL-2 independent manner
(Achenbach et al., 2000). Achenbach et al. (2000) further described the occurrence of apop-
tosis through caspase 8 and cytochrome c-caspase 9 apoptotic pathways. Accordingly,
Malhao et al. (2019) described the induction of caspase-dependent apoptosis by demon-
strating the expression of caspase 3 in different BC cell lines, including the MDA-MB-231

cell line, after exposure to preussin.

Apoptosis may be a secondary response to DNA damage (Kieffer & Lowndes, 2022). In this
line of thought, we postulated whether preussin induced genotoxic effects on the TNBC cell
line MDA-MB-231, as described in Saccharomyces cerevisiae yeast (Overhand & Hecht,
1994). Since apoptosis occurs as a secondary response to DNA damage (Kieffer &
Lowndes, 2022) and because at late phases of necrosis DNA damage may also occur (Ya-
suhara et al., 2003), we tested the effects of preussin at early time points (2 and 24 h) after
exposure. Nonetheless, we observed that preussin did not induce DNA damage, either
strand breaks or DNA oxidative damage (oxidized purines, like 8-oxo-7,8-dihydroguanine
or formamidopyrimidines, and adducts of ring-opened N7 guanine (Azqueta & Collins,
2013)), at any of the time points in any of the cell culture models, assessed through the

standard version and FPG enzymatic version of SCGE.

In agreement with the observation of preussin induction of cell late apoptosis/necrosis, it
was possible to confirm signals of apoptosis and necrosis in the MDA-MB-231 cells when
analyzing the alterations in the cell ultrastructure. In fact, with increasing concentrations of
preussin, higher cell debris (indicating a process of cell destruction) and cells with aspects
of apoptosis or necrosis were observed. With increasing concentrations of preussin, it was
also possible to visualize the presence of multivesicular bodies containing electron-dense
material. These structures were also present at higher quantities in the MDA-MB-231 MCAs
than in the monolayer cultured cells. We postulated that these membrane-bounded vesicles
might be a result of cell autophagy. The process of autophagy consists of the formation of

double-membrane vesicles that engulf cytoplasm and organelles, which are degraded after
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fusion with lysosomes (Han et al., 2018; Marifio et al., 2014; Niklaus et al., 2021). Nonethe-
less, due to the high electron density of the multivesicular structures, the observation of the

double bounding membrane was not possible.

Autophagy arises as a protective mechanism of the cell to maintain homeostasis and over-
come stress stimuli, such as the lack of nutrients or damages caused by exposure to chem-
ical agents (Cocco et al., 2020; Marifio et al., 2014; Niklaus et al., 2021). Autophagy repre-
sents a vital process both in normal and tumoral tissues (Cocco et al., 2020). In cancer,
autophagy may arise as a protective or resistance mechanism to the cytotoxicity induced
by anticancer drugs (Niklaus et al., 2021). Autophagy is correlated with regulated cell death,
through various pathways in a two-way relation, with autophagy regulating cell death and

cell death regulating autophagy (Napoletano et al., 2019).

In the MDA-MB-231 cells, we observed an increase in the number and dimensions of the
pleomorphic vesicles, postulated to be autophagic vesicles. Whether those vesicles are in
fact autophagic vesicles acting as a protective or a death-inducing mechanism, and if they
lead to cell death, is still unknown. To confirm the origin of those vesicles, autophagy mark-
ers (such as autophagic protein LC3 detection) and autophagy flux assays (LC3 or p62
degradation, lysosome delivery of LC3 labeled with fluorescent proteins, or others) can be
used (Mizushima & Murphy, 2020; Napoletano et al., 2019). Each way, it would be relevant
to administer preussin in conjugation with autophagy inducers or inhibitors to test both hy-
potheses and know whether preussin activity could be potentiated. It is described that the
culture model alters the expression of autophagy-related genes and transcription factors
that regulate autophagy, with 3D cell culture better correlating with the tumor than the cells
cultured in a monolayer (Follo et al., 2019). In our results, we observed that, when cultured
in 3D cell culture models, cells presented a higher number of multivesicular dense bodies,
which have also been described previously by other authors to occur in this cell line (Ivers
et al., 2014; Malhao et al., 2021). Furthermore, the MDA-MB-231 cells exposed to preussin
had a higher number, pleomorphism, and size of the multivesicular bodies. This may indi-
cate that the autophagy process induced by exposure to preussin in the MDA-MB-231 cells

might be better represented in the 3D cell cultured cells.

When analyzing apoptosis, necrosis, and cell survival induced by preussin, we noted that
the decrease in cell viability was higher than the increase in apoptosis (mainly late apopto-
sis) and necrosis. The annexin V-Pl assay measures changes in the cell membrane, includ-
ing the loss in its polarity or integrity, distinguishing apoptotic and necrotic cells from alive
cells (Crowley et al., 2016; Vermes et al., 1995). In contrast, the MTT assay measures

mitochondrial metabolic activity (Meerloo et al., 2011; Prabst et al., 2017). These results
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may indicate that the preussin mechanisms of action in the MDA-MB-231 cells may also
occur through other processes besides cell death induction (confirmed by the annexin V-PI

assay) and may include impairment of cell metabolism and proliferation.

Notably, Dox-induced high levels of necrosis and late apoptosis, mainly in the MDA-MB-
231 MCAs, even though at these concentrations, the measured cell viability, through the
MTT assay, did not decrease below 50%. It is important to mention that previous studies
have shown MTT to be inconsistent and nonspecific (Jakstys et al., 2015; Stepanenko &
Dmitrenko, 2015; van Tonder et al., 2015; P. Wang et al., 2010).

With the decrease in cell viability induced by preussin in both 2D and 3D cell cultures, we
further investigated whether that fact would also translate into a reduction in long-term sur-
vival, using the clonogenic assay. In this assay, for monolayer and 3D cell cultures, Dox
consistently inhibited the formation of colonies. Nonetheless, for the preussin exposed
groups and the controls, we observed high variability in the number of obtained colonies
between assays. We tried various approaches to decrease the obtained variability but could
not overcome this inconsistency. We selected the cell seeding density based on the highest
number of cells that allowed obtaining isolated colonies without colony superposition, with
other authors describing higher concentrations of re-plating for this cell line. Jia et al. (2014)
described the usage of this assay similarly to what we described; nonetheless, the number
of seeded cells after exposure was 4 times higher but with lower incubation times. Other
authors also described the obtention of MDA-MB-231 colonies. Nonetheless, they used a
lower cell seeding density, with 300 cells/per well (Franco et al., 2019), while we used 500
cells per well. With the high variability observed, we could not conclude the clonogenic as-

say on the effects of preussin on long-term survival.

The decrease in cell viability that we observed in the MDA-MB-231 cells exposed to preussin,
cultured in a 3D and 2D cell culture model, was accompanied by a reduction in cell prolifer-
ation (for the two tested concentrations of 25 and 35 uM), below 50 %. Accordingly, to what
was described for cell viability, the decrease in cell proliferation was more accentuated in
the cells cultured in a 2D cell culture model. The antiproliferative effects of preussin have
been described by other authors. Achenbach et al. (2000) proposed that preussin inhibited
cell proliferation at low concentrations but induced cytotoxicity at higher concentrations.
Malhao et al. (2019) also described preussin to exhibit antiproliferative proprieties in differ-
ent BC cell lines cultured in 2D and 3D cell culture models. For MCF-7 and SKBR3, preussin
inhibited cell proliferation at concentrations above 25 pM, and only at 50 uM it affected
MDA-MB-231 cells cultured in a monolayer (Malhao et al., 2019). As for the 3D cell culture,

Malhdo et al. (2019) observed that preussin decreased cell proliferation in all cell lines at
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50 uM (the lowest tested concentration). Accordingly, the cells exposed to preussin showed
a reduced expression of the proliferation marker ki67 in BC cells cultured in a 3D culture
model, including the MDA-MB-231 cell line (Malhao et al., 2019).

Priorly, Kasahara et al. (1997) also described preussin to induce cell cycle arrest in the G1
phase in the rat fibroblast cell line 3Y1. Furthermore, Achenbach et al. (2000) explained
that preussin reduction of cell proliferation was not caused by inhibition of protein biosyn-
thesis but rather by inhibiting cell cycle progression into the S phase with consequent arrest
in the G1 phase through inhibition of cyclin E-CDK2 kinase activity and increase in the ex-
pression of the cell cyclin-dependent kinase inhibitors p27XP-!, and decreased cyclin A and
E2F-1 (transcription mediator of the CCNE genes) expression, in the HL-60 cells exposed
to preussin (Achenbach et al., 2000; Tadesse et al., 2019). In agreement, cyclin E is ex-
pressed in the late G1 phase of the cell cycle and activates CDK2, similar to cyclin A, being

overexpressed in TNBCs with high recurrence rates (Chen et al., 2018).

The ultrastructural damages observed in mitochondria of cells exposed to preussin, in a
concentration-dependent manner (either disorderly and fading of the cristae), may explain
not only the decrease in cell viability (since the MTT is in part metabolized by mitochondrial
enzymes (Prabst et al., 2017)) but also the decrease in cell proliferation (since mitochondria
are described to be involved in the regulation of the cell cycle and cell proliferation (Antico
Arciuch et al., 2012)). Nonetheless, further studies should be taken to identify the preussin
molecular targets and their specificity towards cyclin E-CDK2 complex, mainly in a TNBC
model, such as the MDA-MB-231 cell line.

We also tested the preussin effects on cell migration through the scratch assay. Cell star-
vation and culture in serum-reduced media were used to inhibit cell growth, which might be
a confounding factor in this test. The MDA-MB-231 cell line is described as a TNBC cell line
with an invasive phenotype, and it has been described that cell starvation increases the
MDA-MB-231 cell aggressiveness and invasion (Ahmadiankia et al., 2019; Ye et al., 2013).
Nonetheless, all the tested concentrations of preussin decreased the scratch closure, even
at non-lethal doses and at low times of exposure, suggesting a strong effect of preussin in
inhibiting cell migration. Further studies of cell invasion and the affected pathways, including

cells cultured in a 3D cell culture model, should be performed.

Since TNBC is a subtype of cancer with poor outcomes and is characterized by high rates
of invasion and metastasis (Badve et al., 2011; Bauer et al., 2007; Dent et al., 2007; Harris
et al., 2006), the development of compounds capable of inhibiting these mechanisms is of

great importance.
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Our study demonstrated some differences between the 2D and 3D cell culture models. In
MDA-MB-231 MCAs, we detected a higher resistance to the effects of preussin, with both
inducing a lower reduction in cell viability and proliferation, than in the cells cultured in mon-
olayer. Furthermore, in the unexposed cells, we observed a higher percentage of alive cells
in the 2D cell culture model than in cells in 3D cell culture. Consequently, in the 3D cell
culture model, we observed a slightly higher number of cells in early apoptosis and a notable
difference in cells in late apoptosis/necrosis, compared to the 2D cell culture model. These
results may correlate with the oftentimes spotted necrotic-apoptotic core observed in some
of the MCAs evaluated through TEM. Besides the necro-apoptotic core, we also observed
the presence of lumen-like structures with necrotic and apoptotic cells in the 3D cell cul-
tures. The presence of a necro-apoptotic core in 3D cell culture follows what is described in
the literature, mainly in the classically described spheroids (Costa et al., 2016; Habanjar et
al., 2021). Even in the less simplistic Malh&o et al. (2022) model of cell distribution within
the MCAs, it is still possible to observe a higher number of cells in the processes of apop-

tosis and necrosis, mainly in the center of the MCAs.

We also observed a greater accumulation of lipid droplets in the 3D cultured MDA-MB-231
cells compared to the 2D cultured cells, as described previously (Malhdo et al., 2022).
These lipidic droplets may also partially explain the higher resistance of the 3D cell cultures
to preussin than those cultured in 2D cell culture models. Lipid metabolism of the lipid drop-
lets has been associated with breast cancer malignancy and cell stemness exchanges
(Abramczyk et al., 2015). Lipid droplets function as cell organelles with specialized proteins
and lipids involved in diverse cell mechanisms, including cell signaling, regulation of inflam-
matory mediators, and lipid metabolism, and are also involved in membrane exchanges
(Abramczyk et al., 2015; Hershey et al., 2019). Lipid droplets have been described to be
related to the regulation of cell migration, metastasis, proliferation, and cell survival, linked
with multidrug resistance (Gouazé-Andersson et al., 2007; Shyu Jr et al., 2018; Wright et
al., 2017). It has been described in the literature that when cultured in different models of
culture (2D or 3D), various signaling pathways are activated, and distinct patterns of cell
metabolism, differentiation and proliferation rates, viability, cell invasion, transcriptional and
apoptosis, as well as the sensitivity to different compounds. In this way, 3D cell culture
better mimics the tumor behavior in vivo (Biatkowska et al., 2020; Duval et al., 2017; Ha-
banjar et al., 2021; Jensen & Teng, 2020; Kapalczynhska et al., 2016; Langhans, 2018).

Overall, the results of this study highlighted the preussin’s potential for usage as a scaffold
for developing anticancer drugs, including the treatment of TNBC. The maijor properties of

preussin against the TNBC cell line MDA-MB-231, as observed in this study, include anti-
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proliferative, cytotoxic (mainly late apoptosis/necrosis), and anti-migratory effects. Addition-
ally, we noticed that preussin had a similar tendency on the MDA-MB-231 cell line in both
2D and 3D cultures and that it did so in a dose-dependent way. Nonetheless, the 3D cell-

cultures showed higher resistance to the effects of the drug.

This study also highlighted the value of a refined morphological analysis. The ultrastructural
study revealed more numerous pleomorphic multivesicular bodies in MDA-MB-231 cells
after preussin treatment, suggesting an increase in autophagic processes. It also allowed
observation that preussin induced mitochondrial alterations. Overall, besides corroborating
cell death induction, transmission electron microscopy also qualified for unveiling cellular
mechanisms caused by the exposure to preussin, otherwise would have been missed.
Through ultrastructural analysis, it was possible to observe some morphological differences
between the cells cultured in 3D and 2D cell culture models, namely, the presence of high
lipid droplet content in cells cultured in 3D culture models. These differences between the
culture models may also translate into morphological and physiological differences when
comparing in vitro and in vivo models. These results further corroborate the importance of

using cell culture models that better represent the tumor behavior and morphology in vivo.

As to future perspectives, it seems relevant to explore the mechanism of action of preussin
further, to test its concomitant use with other drugs, or even to test the usage of delivery
systems. In this line of thought, additional in vitro proxies should be explored to identify
some of the molecular targets and signaling pathways affected by exposure to preussin.
These items and avenues should include cell cycle arrest, invasion, autophagy, caspases,
mitochondrial membrane potential, gene expression, and proteins related to late apopto-

sis/necrosis, proliferation, and migration, among others.

Wishfully, due to the cytotoxic, anti-proliferative, and anti-migratory properties of preussin,
its conjugation with already established TNBC treatment regimens could offer a possibility
to mitigate the drug resistance, toxicity, and poor prognosis associated with this aggressive
subtype of BC. Conjugating preussin with compounds that may potentiate its effect could
allow the reduction of required dosages and potential secondary effects. Depending on the
results of further studies, pharmacological combinations could include, for example, drugs
involved in autophagy. Furthermore, combining preussin with drug delivery systems such
as liposomes, polymeric and inorganic nanoparticles, or antibody-drug conjugates may be

a window to decrease the required preussin amount and possible secondary effects.

At last, further studies should also be taken using non-tumoral cell lines, such as human
fibroblast cell lines. The results could reveal and help prevent the side effects of preussin in
non-tumoral tissues, which is important to validate the use of this fungi-derived compound
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in cancer treatment. Whatever the proposals, we cannot forget that the chances of preussin

or any anticancer candidate translating into therapies are slim; likely the best reason to try!
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