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Abstract

Cancer is one of the deadliest diseases of our time, responsible for killing over 9
million people in 2018, and it is believed that this number will increase in the future. New
therapeutics are being studied in order to find more effective anticancer drugs, with different
modes of action. Natural products have been, for a long time now, a reliable source of
compounds with interesting properties for human health. Due to the ocean’s biodiversity,
marine organisms are seen more and more as a source of natural compounds with unique
and diverse structures, with potential applications in various fields. Drugs like Trabectedin
and Eribulin mesylate (commercially available as Yondelis and Halaven, respectively) are
originated from marine organisms and are currently being used as anticancer drugs, with
many more bioactive compounds yet to be found. Cyanobacteria are photosynthetic and
ubiquitous microorganisms, known to produce potentially bioactive secondary metabolites.

In the work here presented, different cyanobacteria strains from the LEGE Culture
Collection, of the BBE group at CIIMAR, were tested for anticancer bioactivity, either on 2D
cell culture of the MG-63 cell line, where MTT assays were performed, as well as on 3D cell
culture of HCT 116 spheroids, using both fluorescence microscopy and spectroscopy. In
order to isolate the compound responsible for the activity, a bioassay-guided fractionation
was followed. The crude extract from the cyanobacteria biomass was fractionated by
vacuum liquid chromatography, according to a gradient of polarity. Further sub-
fractionations of the active fractions were performed using different separation techniques,
depending on the sample’s characteristics, using column chromatography and HPLC,
combined with NMR, LC-MS or fragmentation by ESI techniques to further elucidate the
molecule responsible for the bioactivity.

Several fractions of the tested strains showed an interesting cytotoxic activity against
cancer cells. Fractions E14031 E5D2, E15074 B4l and E18184 H, originated from the genus
Synechocystis (Synechocystis sp. LEGE 07211, Synechocystis salina LEGE 06099 and
Synechocystis sp. LEGE 06005, respectively) reduced the cell viability of MG-63 cell line
after 48h of exposure. Fractions E17165 A702, E17165 A705, E17165 A708C, E17165
A708D, E17165 A708E and E17165 A708F, extracted from the biomass of Nodosilinea
nodulosa LEGE 06102 diminished the mitochondrial activity of cells from the same cell line
as before. These fractions have the potential to isolate new molecules with cytotoxic
properties against cancer cells.

However, the assays made on 3D spheroids of the HCT 116 cell line showed
bioactivity from different fractions in comparison to the results from the 2D culture model,
unveiling selectivity for cell lines and possible differences in chemical properties of the
bioactive compounds. As spheroids are a better model for solid tumours, these results are

very promising, but this methodology still needs some improvement in order to obtain more



definitive results. Fractions E15074 H, E18179 F, E17165 D and E18184 H were the most
bioactive in 3D assays.

In order to obtain chemical information about the components of the bioactive
fractions, techniques like proton NMR spectroscopy, HPLC, LC-MS and fragmentation by
ESI were decisive to help to create an idea of the molecule’s properties and, in the future,
to possibly elucidate the chemical structure of said compounds.

In summary, multiple fractions from cyanobacteria extracts displayed cytotoxic
bioactivity on cancer cells, which further highlights that these microorganisms are a very
interesting source of new anticancer compounds. More research is needed in order to fully
assess all their potential, as well as to develop more physiologically sensitive and relevant
methods for anticancer screening of cyanobacteria.

Keywords: Cyanobacteria metabolites, Bioassay-guided fractionation, Anticancer activity,
2D cell models, 3D cell models, MTT assay, fluorescence microscopy, NMR spectroscopy,
LC-MS



Resumo

O Cancro é uma das principais causas de morte mundiais estando estimado que
cause a morte de cerca de 9 milhdes de pessoas em 2018. Estes valores justificam a
necessidade de encontrar novos medicamentos, com diferentes modos de acdo e mais
eficazes. Produtos naturais tém sido ao longo de muitos anos fonte de varios compostos
com propriedades bioldgicas interessantes para a saude humana. O diverso e ainda
desconhecido ambiente marinho tem sido visto como fonte de obtencéo de novos produtos,
nomeadamente 0s microrganismos, uma vez que possuem a capacidade de produzir
metabolitos secundarios com estruturas quimicas unicas e diversas, e ainda com possiveis
aplicagbes em varias areas. A Trabectedin e Eribulin mesylate (de nome comercial
Yondelis e Halaven, respetivamente) sdo medicamentos inspirados em compostos obtidos
a partir de organismos marinhos e sao atualmente usados no tratamento de alguns tipos
de cancro. As cianobactérias sao microrganismos fotossintéticos que sdo encontrados nos
mais diversos ambientes e que séo atualmente reconhecidos por produzirem metabolitos
secundarios bioativos.

No trabalho aqui apresentado, diferentes estirpes de cianobactérias pertencentes a
colecdo de cianobactérias LEGE Culture Collection do grupo BBE do CIIMAR, foram
testadas para atividade anticancerigena, em modelos de cultura 2D da linha celular MG-
63, por ensaios MTT, mas também em culturas em 3D, usando esferoides da linha celular
HCT 116, analisados por microscopia e espectroscopia de fluorescéncia. Para isolar o
composto responsavel pela bioatividade, seguiu-se um fracionamento guiado pelos
ensaios de bioatividade. O crude obtido da biomassa das cianobactérias foi fracionado por
um gradiente de polaridade crescente, e os fracionamentos seguintes das fra¢cdes bioativas
realizaram-se por cromatografia em coluna e HPLC, combinados com técnicas como NMR,
LC-MS e fragmentacéo para elucidacao quimica dos compostos bioativos.

Das estirpes testadas, varias frac6es mostraram interferir com a viabilidade celular.
Fracdes E14031 E5D2, E15074 B4l e E18184 H, todas de origem no género Synechocystis
(Synechocystis sp. LEGE 07211, Synechocystis salina LEGE 06099 e Synechocystis sp.
LEGE 06005, respetivamente) reduziram a viabilidade celular da linha MG-63, apés 48h de
exposicdo. Fracbes E17165 A702, E17165 A705, E17165 A708C, E17165 A708D,
E17165 A708E e E17165 A708F, extraidas de biomassa de Nodosilinea nodulosa LEGE
06102, diminuiram a atividade mitocondrial da mesma linha celular. Todas estas fracdes
tém potencial para isolar novas moléculas com propriedades citotdxicas contra células
cancerigenas.

No entanto, os testes feitos em esferoides 3D da linha celular HCT 116, usando
microscopia e espectrofotometria de fluorescéncia, mostraram resultados diferentes dos

obtidos nos modelos 2D, apresentando uma possivel seletividade no que toca a linha
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celular e possiveis diferencas nas propriedades quimicas dos compostos bioativos. Este
ensaio € um modelo mais representativo para tumores sélidos, sendo os seus resultados
promissores. No entanto, esta metodologia precisa ainda de ser aprimorada para se avaliar
mais precisamente a bioatividade das fracdes as quais as células sdo expostas. As fracbes
E15074 H, E18179 F, E17165 D e E18184 H foram as mais bioativas nos ensaios em 3D.

De forma a obter alguma informacdo no que toca aos componentes das fracdes
bioativas, técnicas como ressonancia magnética nuclear, HPLC, LC-MS e fragmentagéo
por ESI, foram decisivas para se ter uma ideia das propriedades quimicas das fracdes, e
para que no futuro seja possivel elucidar a estrutura quimica dos compostos.

Varias fragbes de extratos de diferentes cianobactérias apresentaram bioatividade
anti cancro, provando que estes microrganismos sdo uma fonte interessante para isolar
novos compostos, sendo necessaria mais pesquisa de forma a avaliar todo o seu potencial,
e também para desenvolver novos testes fisiologicamente mais sensiveis e pertinentes

para rastreio de bioatividade de metabolitos secundarios de cianobactérias.
Palavras-chave: metabolitos de cianobactérias, metabolitos secundarios, atividade anti

cancro, modelos celulares 2D, modelos celulares 3D, MTT, microscopia de fluorescéncia,
RMN, LC-MS
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1. Introduction

1.1. Cancer

Cells, the building blocks of life, are the smallest unit of living organisms, each
ensuring a very simple task but together forming very complex life forms, from insects and
plants to humans. The human body is composed of trillions of cells, and during a human
life, there are several generations of cells. Human cells keep growing and dividing, helping
to balance the organism so in every moment there is the right number of cells. When a cell
is incapable of continuing performing as expected, due to being either damaged or too old,
they die and are replaced by new ones. These life cycles are regulated by chemical signals,
by ordering cells to multiply or to die according to biological and environmental factors, in
order to maintain the organisms’ health (Alberts et al., 2002)

Cancer can be described as a group of diseases on which the cells of the organism
divide without any control and without dying, forming masses of abnormal cells called
tumours. To the process of healthy cells becoming cancerous, it's given the name of
carcinogenesis. Carcinogenesis results of a deregulation between cell proliferation and cell
death. When the deregulation promotes an abnormal, autonomous and uncontrollable cell
proliferation, a tumour, also called a malign neoplasm, is created. They are invasive and
can spread all over the body, through the lymphatic system or the bloodstream, forming
secondary tumours called metastases. This way a group of cells can infect and create
tumours all over the organism if left unchecked and untreated. If a tumour doesn’t spread
to the adjacent areas or through the body, it is considered a benign tumour, and can easily
be removed as its borders are well defined - unlike malign cells, and generally, they do not
come back. A tumour is only considered cancer if the neoplastic cells invade the tissues
surrounding them and form metastases. The more it spreads the harder it is to treat i,
(Hanahan and Weinberg, 2011) as it becomes almost impossible to remove, like benign
tumours. For the metastasis to occur, tumour cells must invade other tissues and create a
new colony, away from its original place. This process is very complex and not always
achieved, because not all the cells manage to successfully enter and exit the circulatory
system and manage to proliferate away from their primary tumour. But when it happens and
in order to grow, tumour cells need space and a large amount of energy and nutrients, so
they produce angiogenesis signals in order to form new blood vessels that can provide them
with oxygen and nutrients directly, allowing the high growth rates of these cells and
preventing hypoxia (Harris, 2002). These blood vessels can also serve as an escape for

metastatic cells (Alberts et al., 2002).



Cancer cells are formed through a variety of genetic changes, triggering different
types of cancer. The specific name of the disease depends on the cell type it affects; for
example, if it develops on epithelial cells, cancer is called a carcinoma, which represents
the most common type of cancer. On conjunctive tissues, like bones or muscles, are called
sarcomas, if it develops on the bone marrow it's called leukemic and on the lymphatic
system is a lymphoma (Alberts et al., 2002).

Cell’s genes are responsible for cell growth, differentiation and behaviour, making
sure that all cells are healthy. But the constant duplication of cells and cleaning of old and
malfunctioning cells has a risk of a gene mutation to happen, either by damaging the gene,
copying it more than once, or even by losing the gene. Mutations are common in cell division
and happen randomly. Most of the times they are harmless or don’t affect the regular
functioning, but when mutations start to accumulate, or when sometimes a critical mutation
is so impacting that it can affect a cell in such a way that it ignores its primary function, it is
possible that a normal cell can become a cancerous cell (Hanahan and Weinberg, 2011).
Even though they are usual, mutations rarely create a cancer cell, because of the
mechanisms of repair of the human body. When genes get damaged cells can repair them
or, in case of a great damage, the cell may die or be killed by the immune system who can
recognize it as abnormal. These processes prevent that simple mutations evolve into
cancer. However, if an important gene is modified or when damage builds up and the
capacity of repair decreases, cells become more likely to develop additional mutations, as
it is not possible to restore the genes, leading to cancer. There are a group of genes involved
in the processes of cell division that are usually the ones whose damaged copies lead to
the formation of tumours. The first example is the oncogenes, that when damaged will
encourage the cell to multiply and divide permanently. The opposite of oncogenes, tumour
suppressor genes, are responsible for stopping cell growth and, if damaged, this regulator
is no longer understood by the cell, who will keep growing uncontrollably. Similar to the
latter, there are the self-destruction genes, also known as apoptosis or programmed cell
death. If this gene gets faulty, the cell will no longer die when damaged. Lastly, there are
the DNA repair genes, whose proteins repair damages to the DNA. If impaired, DNA won’t
be repaired, and errors will build up (Alberts et al., 2002).

Cancer is a multistep disease, and carcinogenesis has been described in three
steps: initiation, promotion and progression. Initiation consists on mutation of genes, either
naturally or by exposure to a carcinogen, resulting in changes on the cell pathway of
proliferation and differentiation. Then promotion, when the initial cell proliferates resulting in
the accumulation of neoplastic cells and finally progression when tumour size increases

and proliferates (Devi, 2004).



Even though there is a wide variety of cancer types, it is believed they do share
some common ground, as (Hanahan and Weinberg, 2000) described as six alterations on
cells that most if not all the types of cancer show, and that can be used as targets for cancer
treatment and drug discovery: self-sufficiency in growth signals and insensitivity to
antigrowth, evasion of apoptosis, potential of replication, sustained angiogenesis and
capacity of tissue invasion and metastasis. In order to fight these diseases, treatments aim
mostly for cell death, especially apoptosis rather than necrosis, as it is a physiological and
predictable coordinated pathway that does not involve inflammation like what happens with
necrosis (Han et al., 2008). Autophagy is also described as a potential target for anticancer
therapeutics (Kim et al., 2012).

1.1.1. Causes of cancer

Cancer incidence grows exponentially with age, but people of all ages are
susceptible to have cancer. Damage may build up and the capacity of repair decrease with
ageing.

As stated previously, cancer cells are triggered by errors in the genetic material
inside a cell that disrupt the normal cell cycle. Those errors can be due to intrinsic factors
but also due to external factors (Devi, 2004). Although some people have more tendency
to develop cancer, due to genetic factors, only a small part of cancers are from hereditary
causes. Environmental and behavioural factors are the main causes of cancer. There are
several risk factors that raise the chance of developing cancer, like obesity, alcohol and
tobacco usage, dietary choices, sedentarism. Altogether these factors are responsible for
one-third of all cancer deaths, with tobacco being responsible for around 20% of them
(Gakidou et al., 2017). A carcinogen is any substance that promotes carcinogenesis. They
can be direct or indirect if they need to be metabolised before, or genotoxic or not, if DNA
is not affected. Biological carcinogens consist of infections, like hepatitis and human
papillomavirus, for example, that can cause cancer, especially in less developed countries,
contributing to 25% of cases (World Health Organization, 2018). Environmental pollutants,
chemical carcinogens, and physical carcinogens like ionizing and ultraviolet radiation can
also be responsible for higher cancer risk, usually causing genetic changes in cells (Alberts
et al., 2002). Long exposure to such agents, by pollution or occupational hazards, are also

risk factors for developing cancer.



1.1.2. Cancer Statistics

Cancer is one of the biggest causes of death for several years now, being second
only to cardiovascular diseases. Even though we understand it better as the years go by, it
is very hard to treat it and stop its causes, as we have several different types of cancer, a
result from the wide range of genetic changes that create cancer cells.

According to this year’s estimative based on data from the International Agency for
Research on Cancer (IARC), there will be 18 million new cancer cases resulting in 9.6
million deaths (Bray et al., 2018). Approximately 1 in 6 deaths are due to any type of cancer.
Of these deaths, a majority (about 70% of cases) occur in low and middle-income countries
due to lack of accessible diagnosis and treatment (World Health Organization, 2018). The
forms of cancer with most incidence are lung, breast, colorectal and prostate, but the
deadliest types of cancer are lung, colorectal and stomach cancer, together killing an
estimated number of 2.5 million people in 2018 (Bray et al., 2018). These types of cancers,
mainly lung cancer, are usually more fatal because it occurs on organs that are harder to
have a surgery on and are silent until they reach an advanced state. Developing countries
are especially affected by cancer mortality due to the high cost of treatment and the ever-
increasing population not getting enough cancer centre facilities and equipment to match
the demand. Men are at more risk of developing cancer than women by about 20%. It is
estimated that one-third of the world population will suffer from at least one type of cancer
in their lifetime. This rise in incidence is due to the longevity of the population, as age is a
major risk factor for cancer incidence, as cells lose their capability of regenerating and
eliminating abnormal cells. Research is more and more developed and advanced, and even
if the incidence is increasing, the rate of survival is expected to increase as well (World
Health Organization, 2018).

1.1.3. Cancer treatment strategies and future perspectives

Treating cancer is indeed a challenging work. A tumour must be considered as a
heterogeneous cell population (Khoo et al., 2016) and as cancer consists of many different
diseases it is impossible to find just one universal cure. Cancer cells are also prone to
develop resistance to anticancer drugs and apoptotic stimuli, making it harder to find
effective treatments. Currently, many different therapies are used in fighting cancer.
Improved methods of chemotherapy, radiotherapy and surgery are being combined with
new treatments as hormone therapy and immunotherapy (Nicolini et al., 2016). Precision
medicine is also a new technique used for cancer therapeutics. It consists on a personalized

therapy on which a patient’s tumour is transplanted into zebrafish (Bentley et al., 2015) or

4



mice (Zhang et al., 2017), in order to study and test which drugs could work. In spite of all
the efforts, cancer still is one of the main causes of death worldwide, as previously
discussed. The treatments currently used to treat cancer cause many unwanted side
effects, especially chemotherapy, and so it is crucial that the search for anticancer
treatments focus on finding drug who can more efficiently destroy cancerous cells and not
affect the healthy ones, improving quality of life of patients and increasing survival rate
(Feinberg et al., 2006). In recent years, the trending on natural sources for developing new
drugs has been increasing, particularly in the biomedical area.

1.2. Natural products discovery

Natural products are molecules produced by a living organism, either as primary or
as secondary metabolites, who can present an interesting biological activity, making them
a source of potential new drugs. Although the isolation of natural compounds might be a
complex method of drug discovery, according to a study by (Bade et al., 2010), 10% of the
compounds that passed phase | of clinical trials were unchanged natural products, and 29%
were derived from natural products. From 2008 to 2011, 5 new natural products and 20
natural product-derived drugs were approved for medical usage, and between the years
2000 and 2013, 25% of drugs approved worldwide were from natural products (Butler et al.,
2014). These numbers show the promising capability of natural products to replace or to
reduce the number of synthetical drugs as treatments. For example, paclitaxel,
staurosporine and doxorubicin are all anticancer drugs from natural origin, used as
therapeutics for cancer treatment (Bhathagar and Kim, 2010; Butler et al., 2014)

The search for natural products came a long way since the first results of plants
(isolation of morphine by Sertiirner) and fungus (discovery of penicillin by Alexander
Fleming) (Beutler, 2009), as gradually other species started to be studied for the aim of
isolating compounds with pharmacological or biotechnological interest, with a lot more of
advances and discoveries yet to be made. An area with a big interest in what concerns
natural products is marine biotechnology. The ocean takes up 70% of the Earth and is
habitat for many biodiverse organisms (Ruiz-Torres et al., 2017). It is believed that the
physiological adaptations of marine organisms to such a competitive and diverse
environment lead to the production of unique compounds produced mainly as secondary
metabolites, making the ocean a reliable and interesting source of natural compounds
(Agrawal et al., 2017). Around 75% of the marine natural products described are from
marine invertebrates (Hu et al., 2011). Marine microbes and sponges are amongst the most
studied and the most proliferative in what concerns marine natural products (Gogineni and

Hamann, 2017). Currently, there are around twenty marine drugs on the different phases of
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the clinical trial, and practically all of them are being tested for anticancer purposes. There
are already eight drugs originated from marine organisms, approved by both the Food and
Drugs Administration (US FDA) and the European Medicines Agency (EMA). On the table
below, it is represented the drugs currently used for anticancer treatment, with origin in

marine.

Table 1: Marine natural drugs approved by FDA and EMA

Compound o o _
_ Origin Activity Year and entity
Commercial name
Cytarabine _
Sponge Anticancer 1969, FDA
Cytosar-U
Vidarabine -
_ Sponge Antiviral 1976, FDA
Vira-A
Ziconotide _ . .
_ Cone snall Chronic pain 2004, FDA
Prialt
Omega-3 acid ethyl _
_ Reduction of
esters Fish _ _ 2004, FDA
triglyceride levels
Lovaza
Trabectedin
) Tunicate Anticancer 2007, EMA
Yondelis
Eribulin mesylate _
Sponge Anticancer 2010, FDA
Halaven
Brentuximab vedotin Mollusk Antibody-drug
_ _ _ 2011, FDA
Adcetris Cyanobacteria conjugate
lota-Carrageenan o
Red seaweeds Antiviral 2013, FDA

Carragelose

Cytarabine and Vidarabine were both isolated from sponges, and while one is an
anticancer drug, an inhibitor of DNA polymerase, the other is an antiviral drug. Ziconotide
is used for the treatment of chronic pain in cancer patients and it is known for being very
potent (Mayer et al., 2010). Omega-3 acid ethyl esters are used for the treatment of
hypertriglyceridemia (Dayspring, 2011). Trabectedin and Eribulin mesylate are both
anticancer drugs, the first being used to treat soft tissue sarcoma and ovarian cancer, due
to its inhibition of cancer cell growth and the latter for breast cancer as it interferes with
microtubule formation (Bourguet-Kondracki and Kornprobst, 2014; D’incalci et al., 2014).

The iota-carrageenan was already in use for food until its approval as an antiviral



compound, in 2013 (Eccles et al., 2010). Brentuximab vedotin is an antibody-drug conjugate
used to treat lymphomas, being the first compound from cyanobacteria to be
commercialised (Mayer, 2017; Newland et al., 2013). This highlights the potential of

cyanobacteria as one of the promising groups for isolating natural products.

1.3. Cyanobacteria as a source of natural products

1.3.1. Cyanobacteria

Cyanobacteria are primordial microorganisms, previously known as blue-green
algae, whose photosynthetic activity is considered to have been responsible for the release
of oxygen for the atmosphere, allowing the spread of aerobic life on the planet. Fossils date
these microorganisms back to 3.5 billion years ago (Schopf, 1993), but still they continue to
be relevant today as they are part of the phytoplankton responsible for the primary
production of organic matter, by carbon fixing (Zanchett and Oliveira-Filho, 2013), amongst
possessing other interesting qualities, as it will be explored further below.

They have a worldwide geographical presence being found in the most diverse
ecosystems, from fresh and marine waters to terrestrial land, and even in extreme
environments like polar habitats or hot springs (Zanchett and Oliveira-Filho, 2013). It is
usual for cyanobacteria to establish symbiotic relationships with plants, fungi (lichens) and
marine organisms like sponges (Dvofak et al., 2017). A theory for the origin of chloroplasts
suggests that cyanobacteria are the ancestors of chloroplasts, as the formation of this
organelle is attributed to an endosymbiosis of cyanobacteria and a eukaryote (McFadden,
1999).

Taxonomically, cyanobacteria phylum is included in the bacteria domain. Five major
groups of cyanobacteria can be identified, as shown in table 2. Cyanobacteria can be
unicellular, colonial or filamentous. They do not possess flagella, but some can move by
forming gas vacuoles of atmospheric nitrogen that allow them to float in the water column
(Walsby, 1994). Most of them produce chlorophyll a and a phycobilin pigment, more
specifically phycocyanin, whose blue-green colour is responsible for the name
cyanobacteria (Whitton and Potts, 2012). Cyanobacteria reproduce by binary fission but
have developed specialized ways to reproduce, such as hormogonia. A hormogonium is a
cell filament, usually disperse until cell division (Castenholz et al., 2001). Is smaller than
other vegetative cells, like akinetes that also work as reproductive cells and are produced
by a group of cyanobacteria. They are resting cells, with a large number of stored nutrients
and can resist in case of adverse conditions, such as lack of nutrients or light. Another

specialized cell is heterocyte, a cell for nitrogen fixation when needed.
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Table 2: Five main groups of cyanobacteria

Characteristics

Unicellular coccoid cells
Chroccocales _ _ _
Reproduction by binary fusion

Pleurocapsales Unicellular coccoid cells or aggregates

_ , Filamentous
Oscillatoriales )
Do not produce heterocytes nor akinetes

Filamentous
Nostocales Divides in one plane
Produce heterocytes

_ Divides in multiple planes
Stigonematales
Produce heterocytes

These organisms are mostly known because of their negative effects, like blooms
and production of toxins. Microcystin is the most studied cyanotoxin, and it is known to be
prejudicial to health many species, humans included (Carmichael, 1992). However, to
survive the evolutionary pressure they had to endure, they developed mechanisms of

adaptation, known as secondary metabolites.

1.3.2. Cyanobacteria bioactive compounds

As mentioned, cyanobacteria are ubiquitous to various environments forcing them
to come up with strategies in order to survive and reproduce (Wang et al., 2017). So, they
produce an abundance of secondary metabolites who show potential as bioactive
compounds, being the source for 800 chemically diverse bioactive metabolites. This
diversity is due, mainly, from the biosynthesis pathway through both non-ribosomal peptide
synthetase (NRPS) and polyketide synthetase (PKS), and also because they possess a lot
of enzymes capable of alterations like oxidization or methylation (Costa et al., 2012).

These metabolites are studied for their bioactivities (Moosova et al., 2018) et al.,
2009), such as antifouling, antialgal, antibacterial like Lyngbyoic acid that disrupts gene
regulation of Pseudomonas aeruginosa (Kwan et al., 2009), anti-obesity such as yoshinone
A, which inhibits adipogenic cell differentiation, anti-inflammatory (Koyama et al., 2016),
antifungal such as hassallidin (Shishido et al., 2015) and of course, anticancer one of the

most studied bioactivities.



1.3.3. Cyanobacteria anticancer compounds

One of the most studied bioactivity potentials of cyanobacteria is cytotoxic activity
against cancer cells. Screening of anticancer bioactivity is frequently done using in vitro
techniques, by exposing human cancer cell lines to cyanobacteria-derived fractions and
performing anti-proliferative or cytotoxicity assays.

The screening with monolayer culture of cancer cells (2D cell culture) is commonly
used due to its simplicity and reproductivity. In lung cancer cell lines, compounds like
Veraguamide A, Apratoxin D, Aurilides B and C and Coibamide A showed cytotoxicity
(Gutiérrez et al., 2008; Han et al., 2006; Mevers et al., 2011), while in breast cancer cells
Pitipeptolides A, B and C, isolated from Lyngbya majuscula, exhibited anti cancerogenic
potential with ICso values of 13, 11 and 73 pM, respectively (Montaser et al., 2011).
Pitiprolamide isolated from the same species, also presented cytotoxicity for both
adenocarcinoma breast cancer cells and colorectal carcinoma cells, but at lower values
than compounds described before (Montaser et al., 2010). Apratoxin A and E, isolated from
Lyngbya majuscula and from Lyngbya bouilloni, respectively, showed cytotoxicity levels in
cervix carcinoma cells with ICsp values of 10 and 42 nM. The former compounds were also
tested in osteosarcomas cells and displayed ICsp levels of 10 and 59 nM, while in rectal
adenocarcinoma cells the ICsg levels were of 1.4 and 21 nM (Matthew et al., 2008). Against
the cervical carcinoma cells, Caylobolide B showed ICsq levels of 12.2 uM while when tested
on colorectal cells ICsp values dropped to 4.5 uM. The compound Aurilides B when tested
on renal, prostate and leukemic cancer cells had positive activity inhibiting cell growth (Han
et al., 2006).

In the Blue Biotechnology and Ecotoxicology group at CIIMAR, new compounds with
anticancer bioactivities were isolated and its chemical structures elucidated, such as
hierridin B (Le&o et al.,, 2013) and Portoamides (Le&o et al., 2010). Hierridin B altered
mitochondria’s functionality, interacting with the voltage-dependent anion channel 1
(VDAC1) (Freitas et al., 2016), while Portoamides seemed to interfere with energy
metabolism, decreasing ATP contents of the exposed cells (Ribeiro et al., 2017).



2. Objectives

This work was developed at CIIMAR, Interdisciplinary Centre for Marine and
Environmental Research, more specifically on the Blue Biotechnology and Ecotoxicology
(BBE) research group, who hosts a large collection of cyanobacteria strains, collected from
the most diverse environments, forming the LEGE Culture Collection (LEGE CC). These
cyanobacteria have been subject throughout the years to a lot of studies on their capability
of producing primary but also secondary metabolites, with bioactivities in diverse fields,
such as anti-fouling, anti-cancer and more recently, anti-obesity, etc.

The aim of this study was to screen different strains of cyanobacteria for their
potential bioactivity against cancer cell lines with the aim of isolating the bioactive
compounds. Traditional monolayer cultures and advanced 3D cell culture models were
applied for activity screening and to identify the compounds responsible for the cytotoxicity.
Bioactivity of cyanobacterial fractions was compared between both models in order to
understand if the same compounds act on the advanced model for tumour spheroids
compared to 2D cell culture. Monolayer cultures of MG-63 cell line were exposed to
cyanobacterial-derived fractions, and the cytotoxicity was evaluated by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, more commonly known as
MTT, to evaluate the activity of mitochondrial enzymes and, in that way define cell viability.
The HCT 116 cell line was used to create 3D spheroids, as a more sensitive model for solid
tumours. Spheroids were exposed to the fractions from cyanobacteria, and viability was
assessed through fluorescence spectroscopy and microscopy.

A bioassay-guided fractionation approach was used for isolating bioactive
compounds. Multiple techniques of fractionation and sub-fractionation were applied as
column chromatography and HPLC, and techniques like *H NMR, LC-MS and fragmentation

by ESI for the elucidation of the chemical properties of such molecules.
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3. Materials and Methods

3.1. Cyanobacteria cultures

The LEGE Culture Collection (LEGE-CC), from the Blue Biotechnology and
Ecotoxicology laboratory in CIIMAR, has more than 350 strains, collected from numerous
environments, along many years (Ramos et al., 2018). For this work, four different strains
of cyanobacteria belonging to LEGE-CC were selected. Cultures were grown at 25°C, with
a light/dark cycle of 14h:10h respectively, in Z8 culture medium as described in (Kotai,
1972), and a concentration of 25 g /L of TM salt and 10 pg/mL of vitamin B12, for marine
species.

Cultures were maintained in different size containers, from 1 L to 20 L, and in a 90
L sleeve bag until the amount of biomass was enough to proceed with the extraction work.
For that, cultures were harvested by centrifugation, for 10 minutes at 4700 rpm and 4°C, for
unicellular strains and by filtration with a 15 um mesh for filamentous strains. The collected

cells were frozen at -80°C to be then lyophilized for further extraction.

3.1.1. Biomass extraction and fractionation

Freeze dried biomass of strains LEGE 06102, 06099 and 06005 was then extracted
following the BBE protocol for cyanobacterial organic extraction and fractionation, based on
(Edwards et al., 2004). The biomass was immersed in a 2:1 mixture of methanol (MeOH)
and dichloromethane (DCM), sonicated and stirred, so the cyanobacteria cell components
could be extracted from the cells and dissolved in the solvents. The mixture was filtered
multiple times, in vacuum, through a Biichner funnel with cotton and a Whatman N°1 filter

paper, and collected in a round bottom flask, as shown in figure 1.
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Figure 1: Organic extraction of cyanobacterial biomass

The round bottom flask was dried in a rotary evaporator to obtain a crude extract
which was weighted to calculate the extraction’s yield. The crude extract was then prepared
for vacuum liquid chromatography (VLC), by dissolving it in DCM and adding silica gel (60
0.015-0.040 mm, Merck), and drying it, in order to obtain the crude sample preadsorbed in
silica. The VLC apparatus was then assembled as shown on the figure below.

» Solvent
Sand » Sample
Silica
Sand
Vacuum
pump

Figure 2: VLC apparatus for the fractionation of cyanobacteria crude extracts
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The VLC column was packed with sand or cotton at the bottom and then was stacked
with the same type of silica used as before. The quantity of silica added depends on the
amount of loaded sample as it needs to be enough to separate the crude components,
being 50 to 100 times the mass of the sample to be fractionated. The column was
compacted using a vacuum bomb and then the dry sample of the crude was loaded on top
of the silica, as levelled as possible. A paper filter was placed on the top to prevent
disturbing the sample and the silica when the eluent was added. A solvent gradient, ranging
from least to most polar, was used to separate the crude extract into different fractions,
starting with a 9:1 mixture of hexane (Hex): ethyl acetate (EtOAc) to 100% methanol
(MeOH), as shown in table 3.

Table 3: Gradients used in the VLC

Fraction Gradient
90% Hex
A 10% EtOAc
80% Hex
. 20% EtOAC
70% Hex
¢ 30% EtOAc
b 60% Hex
40% EtOAc
E 40% Hex
60% EtOAc
20% Hex
i 80% EtOAC
G 100% EtOAc
H 25% MeOH

75% EtOAC
I 100% MeOH

The fractions were collected on round bottom flasks and dried in a rotavapor and
resuspended to 40 mL vials, previously weighted. Before completely drying the vials, a thin
layer chromatography, TLC, (Silica gel 60 F2s4 Merck) was performed. After drying, the vials
were weighted, and the fractions were sent to proton nuclear magnetic resonance (*H NMR)
(400 MHz, Bruker Avance lll). In order to test the fractions for their biological activity, stock

solutions, at the concentration of 10 mg/mL, were prepared in Dimethyl Sulfoxide (DMSO).
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3.2. Bioassay-guided fractionation

After testing the initial fractions for bioactivity on the osteosarcoma cancer cell line,
MG-63, the ones who presented potential bioactivity were subjected to sub fractionations,
with the aim of isolating the active compound. All the fractions that resulted from these
processes were sent to *H NMR, (either 400 or 600 MHz, depending on the complexity of
the fraction), and, to further continue with the bioassay-guided fractionation, a test solution
was prepared for all the fractions, in DMSO, at the concentration of 4 or 10 mg/mL
(depending on the amount of mass left). Some fractions used on this work were already
previously fractionated and sub-fractionated (E14031 E5). In the case of E18179 DE and
its subsequent sub-fractionations were performed by laboratory colleagues simultaneously
to this work, with the help of the author.

3.2.1. Sub-fractioning of E14031 E5D

The sub-fraction E14031 E5D was the most active in its bioassay, so the sub-
fractionation was proceeded by reverse-phase semi-preparative HPLC with a 1525 Binary
HPLC pump and a 2487 dual absorbance (UV-Vis) detector (Waters). The sample
was dissolved in a small volume of acetonitrile (MeCN) and the separation was carried out
in a Synergi 4 um Fusion-RP column (250 x 4.6 mm, Phenomenex), using an eluent
gradient of acetonitrile and water (H.O) (table 4), with a constant flow of 0,8 mL/min. The
different fractions were collected according to the chromatogram peaks, resulting in eight
new sub-fractions (E14031 E5D1-7 + @) who were dried in the rotavapor and weighted.
Sub-fraction E14031 E5D2 was sent to *H NMR (600 MHz, Bruker Avance IIl) and to LC-
MS (Thermo Scientific), and test solutions of all fractions were prepared at a concentration

of 4 mg/mL.

Table 4: Separation conditions for the reverse phase semi-preparative HPLC of active fraction
E14031 E5D

Time (min) Gradient
0 75% MeCN
25% H->0
20 100% MeCN
50 100% MeCN
75% MeCN
52
25% H->0
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3.2.2. Sub fractioning of E15074 B

To sub-fraction one of the active fractions of the bioassay, a solid phase extraction
(SPE) was performed on a Strata SI-1 Silica SPE cartridge (55 pm, 70 A, 1 g / 6 mL,
Phenomenex). A TLC (Silica gel 60 Fzs4, Merck) of the original sample was performed to
better select the eluent mixture to use. Table 3 shows the conditions in which the separation
was performed, and the number of tubes used to collect the products of the fractionation.
After recovering 48 tubes, a TLC (Silica gel 60 F2s4, Merck) was performed for each tube,
in order to sort them into fractions, as shown in table 5. The fractions were then sent to *H
NMR (400 MHz, Bruker Avance lll) and test solutions were prepared at 10 mg/mL. After the
bioassay, fractions E15074 B2, E15074 B3 and E15074 B4 were sent to LC-MS (Thermo

Scientific).

Table 5: Conditions for the SPE of the fraction E15074 B

Solvent Volume

Tubes Gradient
(mL)
1-3 100% Hex 15
95% Hex
4-9 30
5% EtoAc
90% Hex
10-15 30
10% EtoAc
85% Hex
16-21 30
15% EtoAc
80% Hex
22-27 30
20% EtoAc
28-35 100% EtoAc 45
70% EtoAc
36-44 45
30% MeOH
45-48 100% MeOH 25

3.2.3. Sub fractioning of E15074 B4
After analysis of the NMR spectra, bioassay results and LC-MS data, sub-fraction

E15074 B4 was chosen to be sub fractionated. The sample was dissolved in a mixture of

ethyl acetate and hexane and separated using the same semi-preparative HPLC, as
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previously used. To optimize the compound’s separation, the optimal separation conditions
were established with injections of small sample amounts, on a Luna 5 pm Silica normal-
phase column (100A, 250 x 4.6 mm, Phenomenex) with a flow of 1 mL/min. An isocratic
condition with a mobile phase of 98% hexane and 2% ethyl acetate was chosen. Eight
fractions were collected in round bottom flasks and then a last fraction was collected during
elution with 100% ethyl acetate. After the separation was concluded, all sub-fractions were
sent to *H NMR (400 MHz, Bruker Avance 1lI) and test solutions for all the nine fractions
were prepared at 10 mg/mL.

3.2.4. Sub fractioning of E17165 A

Fraction E17165 A demonstrated a strong activity against the MG-63 cell line and
so was chosen to be further fractionated. An initial TLC (Silica gel 60 Fzss, Merck) of the
fraction was performed before to determine the conditions of the separation. Due to the
amount of mass and the characteristics of the sample, a column chromatography was the
method used for this separation. A 2.5 x 40 cm column was used and packed with silica gel
60 (0.015 — 0.040 mm, Merck) to work as the stationary phase. Mobile phase started with
100% hexane, and then a mixture of hexane and ethyl acetate (9:1) was used until the end
of the chromatography. The eluted solutions were collected into test tubes and then, to sort
the tubes into fractions, TLC (Silica gel 60 F.s4, Merck) of the tubes was made, and the
retention factor was calculated to identify the tubes with similar composition and pool them
into different fractions, in round bottom flasks which were dried and then transferred to
preweighted vials. All the obtained fractions were sent to *H NMR (600MHz, Bruker Avance
[II) and test solutions were prepared, at the concentration of 10 mg/mL.
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Figure 3: Sub-fractionation of E17165 A
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Figure 4: TLC procedure and retention factor calculation

3.2.5. Sub fractioning of E17165 A7

After a positive result on the bioassay, sub-fraction E17165 A7 was sub fractioned
by flash chromatography, in a 2.5 x 30 cm column packed with silica gel 60 (0.015-0.040
mm, Merck). As in the previous sub-fractionation, the initial eluent is hexane, followed by
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mixtures of hexane and ethyl acetate, according to the gradient seen on table 6. The
separation resulted in 125 tubes and their contents were assessed by TLC (Silica gel 60
F2s4, Merck) and sorted into 15 fractions (table 7), who were then prepared for *H NMR (400

MHz, Bruker Avance lll). The test solutions were prepared at a concentration of 10 mg/mL.

Table 6: Conditions for the sub-fractionation of E17165 A7

Eluent Gradient (%) Volume (ml)

Hexane 100 200
Hex:EtOAc 99:1 200
Hex:EtOAc 98:2 100
Hex:EtOAc 97:3 100
Hex:EtOAc 96:4 100
Hex:EtOAc 95:5 100
Hex:EtOAc 94:6 100
Hex:EtOAc 92:8 100
Hex:EtOAc 90:10 100

EtOAc 100 60

Table 7: Sub-fractions obtained after sub-fractioning of E17165 A7

Tubes Fraction
1-23 E17165 A7A
24-26 E17165 A7B
27 E17165 A7C
28-29 E17165 A7D
30-60 E17165 ATE
61-68 E17165 A7F
69-85 E17165 A7G
86-95 E17165 A7H
96-101 E17165 A7I
102-111 E17165 A7J
112 E17165 A7K
113 E17165 A7L
114 E17165 A7TM
115-120 E17165 A7N
121-125 E17165 A70
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3.2.6. Sub fractioning of E17165 A70

As the process of fractionation continued and the samples were simplified, active
sub-fraction E17165 A70 was further sub-fractionated by normal-phase HPLC, on a Luna
5 um Silica (250 x 4.6 mm, Phenomenex) column, and as eluent, a solvent gradient as
shown in table 8, with a flow of 1 mL/min. Nine sub-fractions were obtained by collecting
the chromatography products in round bottom flasks and then transferred to weighted vials.
Samples were sent to *H NMR (400 MHz, Bruker Avance Ill) and test solutions were
prepared, at the concentration of 10 mg/mL. From this sub-fractionation, samples E17165
A702 and E17165 A705 were sent to MS/MS (Thermo Scientific), subsequent of the results
of the bioassay.

Table 8: Conditions for the HPLC separation of E17165 A70

Time (min) Gradient
0 85% Hex
15% EtOAcC
40 100% EtOAc
£3 85% Hex

15% EtOAc

3.2.7. Sub fractioning of E17165 A708

After the final bioassay, E17165 A708 was sub-fractioned by HPLC again, with the
same equipment as before, flow of 1 mL/min and the mobile phase as shown in table 9.
Seven new sub-fractions were separated and sent to *H NMR (400 MHz, Bruker Avance llI)
and test solutions were prepared, at the concentration of 4 mg/mL. Sub-fractions E17165
A708C, E17165 A708E and E17165 A708F were also sent to MS and fragmentation by

MS/MS (Thermo scientific) after the biological assay.
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Table 9: Optimized conditions for the HPLC separation of E17165 A708

Time (min) Gradient
0 30% EtOAc 70% Hex
20 55% EtOAc 45% Hex
25 55% EtOAc 45% Hex
30 100% EtOAc
40 100% EtOAc
42 30% EtOAc 70% Hex
50 30% EtOAc 70% Hex

3.3. Cell culture and bioassays

For the bioactivity screening of the cyanobacteria fractions, two cell lines were
cultured throughout the period of work. Osteosarcoma cell line, MG-63 was cultured with
Dulbecco’s Modified Eagle Medium (DMEM, Gibco) complemented with 10% fetal bovine
serum (FBS, Biochrom), 1% of penicillin-streptomycin (Pen-Strep, Biochrom, at
concentrations of 100 IU/mL and 10 mg/mL, respectively) and 0.1% of amphotericin B (GE
Healthcare). Colon colorectal carcinoma cell line, HCT 116, was cultured with McCoy’s
medium modified with the same complements as DMEM. Cell cultures were maintained
with 5% CO; and at 37°C in an 8000 DH incubator (Thermo Scientific).

To maintain the cultures, every 2 to 3 days cell medium was renewed and every
week, depending on cell growth, cells were split. The cell medium was removed, and cells
washed with a phosphate-buffered saline solution (PBS), before incubating with Tryplex
(Life Technologies) for 5 minutes for cell detachment. After centrifugation and dilution, cells
were seeded in fresh medium. Cell density was calculated in a Countess Automated Cell

Counter (Thermo Scientific), using trypan blue as cell dye.

3.3.1. MTT assays

To access the cytotoxicity of the previously obtained fractions, the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT assay) was performed
on the MG-63 cell line. For this assay, cells were seeded in 96-well plates at a concentration
of 3.3 x 10* cells per mL and allowed to adhere overnight. After 24 hours, the cells were
exposed to triplicates of each fraction, at concentrations ranging from 20 to 50 pg/mL.
DMSO was used as a solvent control (0.5%) and positive control (20% of DMSO). After 24
and 48 hours, 20 pL of MTT solution, at 1 mg/mL, was added to the wells and the plates
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were left to incubate for 2 to 3 hours. Medium was removed and 100 uL of DMSO was
added to dissolve the purple formazan crystals. To measure the absorbance, a Biotek
Synergy HT spectrophotometer, at 550 nm. The results were averaged, the standard

deviation was calculated, and to get the percentage of cell viability, equation 1 was used.

X (Absorbance
( sample) x 100

% cell viability (to solvent control) =
’ Y ( ) X (Absorbancesolvent control)

Equation 1: Calculation of % cell viability after MTT Assay

3.3.2. Spheroids assays

For the assays using 3D cell models, the HCT 116 cell line was chosen because of
its relative ease in forming spheroids, as it was previously tested on other studies within the
laboratory. In order to form these structures, cells were seeded in Corning Colstar Ultra Low
Attachment 96 well plates, at a concentration of 1 x 10* cells per well, to obtain one spheroid
per well. The culture medium used for the seeding was previously filtrated, to prevent any
particle from interfering with the spheroid formation. The plate was left at room temperature
for 30 minutes, before incubation, so the cells could agglomerate easier. After 5 days, when
the spheroid was fully formed, cells were exposed to triplicates of the fractions, at a
concentration of 30 pg/mL, and to solvent (DMSO) and positive (Doxorubicin, Paclitaxel,
Mitomycin C) controls according to (Sirenko et al., 2015). After 48 hours of exposure, 3
fluorescent stainings were added to the culture medium, Hoechst 33342 (5 pg/mL),
Propidium lodide (5 pg/mL) (Sigma- Aldrich) and Calcein AM (3 uM) (Life Technologies).
After 1 hour of incubation, spheroids were washed twice with PBS and fixed with 4%
formaldehyde for 1 hour, before washing with PBS twice again. The fluorescence was
measured by fluorescence spectroscopy using a Fluoroskan Ascent (Labsystems)
fluorescence plate reader, and by fluorescence microscopy, using an Olympus BX41
fluorescent microscope and cell*b software to obtain the spheroids images, who were then

analysed using Cell Profiler software (Carpenter et al., 2006).
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4. Results

4.1. Biomass collection and fractionation

The cyanobacteria strains used on this work were cultured by scaling up the original
cultures, first in round bottom flasks of 4 L, until they were transferred to a larger scale. For
this, either multiple Nalgene flasks of 20 L were used, or for one of the strains, a sleeve bag
with 90 L. This last method of culture is semi-continuous and more effective as it permits
the renewing of culture medium every time a volume of culture was collected for harvesting.
After the extraction process of the cyanobacterial biomass, the crude extract was
fractionated using vacuum liquid chromatography, an easy and commonly used method
because of its efficiency on separating a large amount of a complex crude extract. In table

10, the biomass collection and the extraction data are represented.

Table 10: Extraction and fractionation data for the strains used on this work

Dry , Mass after _
_ _ Crude Yield _ _ Yield
Strain ID biomass Extract ID fractionation
(9) (%) (%)
(9) (9)
Nodosilinea
nodulosa 37.796 E17165 10.8 28.5 6.89 63.8
LEGE 06102
Synechocystis 31.46 E18179  6.965 22.1 4.86 69.8
salina
LEGE 06099 28.3 E15074 3.9679 14 3.05 77
Synechocystis sp.
77.9153 E18184 13.8 17.7 8.50 61.6
LEGE 06005
Synechocystis sp.
24.634 E14031 4.4792 18 3.64 85

LEGE 07211

Extracts and fractions of E15074 and E14031 were prepared previously to this work,

from colleagues of the laboratory.
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4.2. Bioassay-guided fractionations

The fractionations previously mentioned followed the results of the MTT assays,
performed on the MG-63 cancer cell line grown as monolayer culture. This in vitro model
for testing cell viability of fractions is widely used, mainly because it's a simple and quick
process to access toxicity, working as an early process of screening potential bioactive
complex fractions.

The results of this work are organized by the extraction ID of the cyanobacteria
products. Data for the graphs were calculated as previously mentioned, using equation 1 to
calculate the percentage of cell viability, according to solvent control results.

4.2.1. Screening and sub-fractionation of E14031 E5

E14031 E5

E=324h
EZZI24h
——Max Cell Viability

% cell viability (to SC)

E14031 E5D
140

120
100

E==124h
EZZ348h
——Max Cell Viability

% cell viability (to SC)

Figure 5: Cell viability after 24 and 48 hours of exposure to sub-fractions of E14031 E5 (top) and
E14031 E5D (bottom), at a concentration of 20 ug/mL. Cells on Solvent Control were exposed to
0.5% DMSO, on Positive Control to 20% DMSO and on Control to culture medium only. All sub-
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fractions were exposed to at least 3 replicates and controls in 6 replicates, data are shown as mean
+/- standard deviations.

Previous screening done by colleagues of the laboratory identified the E14031 E
fraction as bioactive with cytotoxic activity towards MG63 cells, and sub-fractions of E14031
E were prepared. Here, cells exposed to sub-fraction E14031 E5D had the least viability,
(48.7% at 24 h and 47.7% at 48 h) so this sub-fraction was selected for sub-fractionation,
by reverse-phase HPLC. The chromatogram is represented in the figure below.

* ﬂ% _)\)\ *’“\wA%AL

ooy 1 2 3 |45 & 6 ? 7

0 20 400 oM 8 1000 {200 1400 1600 1800 2000 200 200 2600 B0 WM 3200 MM W0 3200 L0 L0 4400 460 W N0 2N MN BN 5800 8000
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Figure 6: HPLC chromatogram of E14031 E5D

Eight different fractions were obtained, and fraction E14031 E5D@ was a collection of the

chromatogram areas where no significant peak appeared.

Table 11: Sub-fractions obtained after the separation of E14031 E5

Sub-fraction Mass (mQ)
E14031 E5D1 1,75
E14031 E5D2 0,29
E14031 E5D3 0,29
E14031 E5D4 ~0
E14031 E5D5 0,2
E14031 E5D6 ~0
E14031 E5D7 ~0
E14031 E5DY 0,76
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As seen in figure 6, sub-fraction E14031 E5D2 corresponded to an isolated peak,
with minor impurities, with a mass of only 0.29 mg (table 2). After the bioassay, this sub-
fraction proved to be the most bioactive against the cells (33.2% viability at 24 h, 23.2% at
48 h) and was sent to *H NMR and to LC-MS. The LC-MS data showed a peak at retention
time 13.024 minutes, who corresponded to a peak of [M + H]* = 623.289 m/z.
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Figure 7: LC-MS data of sub-fraction E14031 E5D2. Sample was solubilized in MeOH. Peak at Rt =
13.02 minutes and the corresponding MS peak of [M + H] * = 623.289 m/z.
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Figure 8: *H NMR spectrum of E14031 E5D2 at 600 MHz. Sample diluted in deuterated DMSO

This fraction, E14031 E5D2, results from the continuation of previous work within
the laboratory, where bioactivity of Synechocystis sp. LEGE 07211, was discovered.
E14031 E5D2 was obtained by reverse-phase HPLC, at 21.5 minutes of retention time. The
chromatogram represented on Figure 6 shows that this fraction corresponds to an isolated
peak that absorbs at both wavelengths of the UV detector. After reducing the viability of
MG-63 cells to 23% after 48h of exposure, the remaining mass of this sample was sent to
LC-MS. Figure 7 shows both the LC chromatogram, with a major peak at 13.02 minutes of
retention time, and its respectively mass spectrum with a peak considered to be [M + H]* =
623.289 m/z. No more major MS peaks were found for this retention time, as we had a small
amount of sample left (around 0.2 mg) and because the fraction is almost pure, so only one
peak is expected to be found. Regarding the same retention time at negative ionization, no
peaks were encountered. Using the software available for the LC-MS data analysis,
molecular formulas of CzsH3909N10 and C2sHas014Ns were suggested. When searching for
a possible molecular formula on ChemCalc (Institute of chemical sciences and engineering
ISIC, 2014), multiple formulas were proposed; we decided to exclude any that contained
chlorine or bromine as we did not find the characteristic isotopic signature for the presence
of these elements, due to their usual isotopic abundance. The second more accurate
formula from ChemCalc suggested Cs2Hs6010S, followed by CaiiHs0OsN7S. All these
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suggestions were searched on online databases for compounds, such as Spectral
Database for Organic Compounds (National Institute of Advanced Industrial Science and
Technology, 2018), ChemSpider (Royal Society of Chemistry, 2015), IBScreening
(Interbioscreen, 2017) and Dictionary of Natural Products (CRC Press, 2018), but no hits
were found. When searching for the mass values obtained from the LC-MS on ChemSpider,
multiple hits were found, making it harder to compare them all with our sample, meaning
that more information it is needed in order to easily dereplicate this fraction. This mass value
was also searched on the MarinLit database, but non-significant and accurate results were
found. From the NMR spectra (Figure 8), besides the usual peaks, like the deuterated
DMSO peak around 2.50 ppm, water at 3.30 ppm, and some other minor solvent impurities,
some characteristics peaks, at 9.92, 9.90, 9.60, 9.59, 9.01 and 9.00 ppm were identified as
belonging to a chlorophyll, as their profile matches the one described by (Abraham and
Rowan, 1991). However, the molecular mass of chlorophylls is usually greater than the one
from this compound. Future perspectives to possible identify this compound is to try to send
the remaining mass to fragmentation and search those results on databases for MS and
MS-MS data in order to obtain a match or more information about the sample, and to start
the process of growing the biomass all over again, and follow a more objective fractionation,

and sending to more conclusive tests, like carbon NMR, for example.
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4.2.2. Screening and sub-fractionation of E15074

E15074
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Figure 9: Cell viability and standard deviation after 24 and 48 hours of exposure to VLC fractions of
E15074 (top), sub-fractions of E15074 B (middle) and sub-fractions of E15074 B4 (bottom) at a
concentration of 50 pg/mL. Cells on Solvent Control were exposed to 0.5% DMSO, on Positive
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Control to 20% DMSO and on Control to culture medium only. All sub-fractions were exposed to at
least 3 replicates and controls in 6 replicates.

Many VLC fractions from this extraction were bioactive against the MG-63 cell line.
Fraction E15074 B was then further fractionated by SPE as described in the previous
section. Tubes with similar bands in TLC were combined to yield a particular sub-fraction
(Figure 10). The results of the sub-fractionation are shown below.

Table 12: Sub-fractions obtained after SPE of E15074 B

Tubes Fraction Mass (mg)
1-4 E15074 B1 0.67
5 E15074 B2 1.61
6 E15074 B3 6.15
7-8 E15074 B4 6.11
9-13 E15074 B5 3.06
14-17 E15074 B6 1.52
18-27 E15074 B7 1.82
28 E15074 B8 2.21
29-35 E15074 B9 1.14
38-44 E15074 B10 1.77
45-48 E15074 B11 0.67

Figure 10: Example of TLC of the collection tubes, to separate the sub-fractions

As seen on the second graph of Figure 9, sub-fractions E15074 B2, E14074 B3,
E15074 B4, E15074 B6, E15074 B7 and E15074 B8 caused a decrease in cell viability,
particularly after 48 hours of exposure (26 to 36% viability). Fraction E15074 B4 was sent
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to LC-MS, and after analysing the data (Figure 12), the sub-fractionation was proceeded
by normal-phase HPLC (Figure 13). The chemical data from both the *H NMR and LC-MS

of sample E15074B4 are represented below.
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Figure 11: NMR spectrum of E15074 B4 at 400 MHz. Sample diluted in deuterated chloroform.
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Figure 12: LC-MS data from sample E15074 B4. Sample diluted in a mixture of CHCl3: MeOH
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Figure 13: Chromatogram of the sub-fractionation of E15074 B4

Besides the fractions represented in Figure 11, a last sub-fraction (E15074 B4l), was
collected while eluting the chromatographic column with 100% EtOAc (Table 13).

Table 13: Sub-fractions obtained after HPLC of E15074 B4

Sub-fraction Mass (mg)
E15074 B4A 0.89
E15074 B4B 0.65
E15074 B4AC 0.26
E15074 B4D 0.16
E15074 B4E 0.86
E15074 B4F 0.13
E15074 B4G 0.54
E15074 B4H 1.8
E15074 B4l 5.67

The last sub-fraction, E18074 B4l, was the most bioactive (17.3% cell viability after
48 h). Due to lack of time, it was impossible to continue with the fractionation for isolating
the compound responsible for such activity.

Fractions E15074 B4 and E15074 B4l were two of the fractions from this strain with
biological activity against the MG-63 cell line, causing a decrease in cell viability of 74 and
83%, respectively (Figure 9). E15074 was sent to LC-MS and later was fractionated,
originating fraction E15074 B4l. From the MS of E15074 B4, numerous peaks were found,
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as shown in Figure 12, and some of them look to be mass isomers. Some peaks, their

respective mass and some suggested formulas are shown below.

Table 14: Data from the MS of fraction E15074 B4 and suggested hits for identification

Retention m/z Suggested Database hits
Time Formula
[M + H]" = 195.088 10 hits on IBScreen
10.01 CsH10N4O2
[M+ Na]*=217.180 7 hits on DNP
[M + H]+ =340.261 C20H3504 2 hits on ChemSplder
10.52 [2M + H]* = 679.516

Ci1sH33N303 >1000 hits on ChemSpider
[2M + Na]* = 701.497

[M + H]+ = 453.346 17 hits on ChemSpider
11.24 C26H47NOs
[M + Na]+ = 475.326 2 on DNP

[M + H]+ =427.380
30.54 [M + Na]+ = 449.362 Co7HasN4 4 hits on ChemSpider

[2M + NaJ+ = 875.736

More ways of dereplication need to be employed in order to identify the compounds
and describe their bioactivity, if they are already known, or to confirm that it is, in reality, a
new compound. As this fraction, E15074 B4 was already sub fractionated, and fraction
E15074 B4l is still complex, this data could be useful for further identify the peak

corresponding to the bioactive compound.
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4.2.3. Screening and sub-fractionation of E18179

This extraction was performed on additional biomass from another growth period of
the same cyanobacterial strain (LEGE 06099) as used in 3.2.2, in order to obtain more mass

for an active compound isolation. The results of the bioassays are represented in Figure 14.
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Figure 14: Cell viability after 24 and 48 hours of exposure to VLC fractions of E18179 (top), sub-
fractions of E18179 DE (middle) and sub-fractions of E18179 DE3 (bottom) at a concentration of 50
pa/mL. Cells on Solvent Control were exposed to 0.5% DMSO, on Positive Control to 20% DMSO
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and on Control to culture medium only. All sub-fractions were exposed to at least 3 replicates and
controls to 6 replicates, and data are shown as mean +/- standard deviations.

In the fractions of the repeated biomass extraction, the compound responsible for
the activity was contained in fraction E18179 D (10.6 % after 24 h and 20.1% after 48 h),
instead of observing the bioactivity in fractions B and C as for the extract E15074, even
though the cyanobacteria strain was the same. This can happen due to different variables
of the VLC process, and some variability is normal, which enables that some compounds
get distributed in adjacent fractions.

After analysis of the *H NMR of all fractions, it was decided that to obtain more mass,
fractions E18179 D and E18179 E should be joined and then sub-fractioned by flash
chromatography. After another bioassay, sub-fraction E18179 DES (cell viability of 38.4%
after 48 h) was further sub-fractionated by HPLC. These sub-fractions were performed by
lab colleagues. As seen on the two last graphs on Figure 14, the fractions did not induce a
considerable decrease in cell viability, as the previous fraction had caused in the beginning.
The discrepancies in our results could be due to using a different solvent to the formazan
crystals, isopropanol, instead of the usual DMSO. Isopropanol does not dissolve the crystals
with the same efficiency as DMSO (Twentyman and Luscombe, 1987) which can explain
the higher error bars obtained on that assay. However, these sub-fractions were also tested
for another work, on zebrafish embryos for the screening of anti-obesogenic compounds.
The loss of activity was also observed on the zebrafish assays, and this may be due to loss
of the active compound during the HPLC sub-fractionation.
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Figure 15: Cell viability after 24 and 48 hours of exposure to VLC fractions of E17165 (top, left), sub-
fractions of E17165 A (top, right), sub-fractions of E17165 A7 (middle, left), E17165 A70 (middle,
right) and E17165 A708 (bottom) at a concentration of 50 pg/mL. Cells on Solvent Control were
exposed to 0.5% DMSO, on Positive Control to 20% DMSO and on Control to culture medium only.
All sub-fractions were exposed to at least 3 replicates and controls to 6 replicates, and data are

shown as mean +/- standard deviations.

Regarding this extract obtained from Nodosilinea nodulosa LEGE 06102 biomass,

the first VLC fraction was the most bioactive on its bioassay (22.3% after 48 h). Following

sub-fractionation of E17165 A by column chromatography, the obtained fractions, shown in

Table 14, were subjected to another bioassay. Here, the last sub-fraction was the most

active one (48 h exposure to E17165 A7 resulted in a cell viability of 39.3%).
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Table 15: Column chromatography results of the fractionation of E17165 A

_ Mass
Tubes Rf Fractions
(mg)
3-4 0.86 E17165 Al 4.14
5-6 0.74 E17165 A2 1.99
7-8 0.57 E17165 A3 1.65
9-11 0.47 E17165 A4 1.3

12 -17 0.39 E17165 A5 1.81
18 - 27 0.21 E17165 A6 1.82
28 - 30 - E17165 A7 56.6

Sub-fraction E17165 A7 was further sub-fractioned by flash chromatography (Table
15), and once again, the last sub-fraction showed higher activity, diminishing the activity of

mitochondrial enzymes (16.8% after 48h).

Table 16: Sub-fractionation of E17165 A7

Tubes Fraction Mass (mg)
1-23 E17165 A7A 1.15
24-26 E17165 A7B 20.27
27 E17165 A7C 2.01
28-29 E17165 A7D 0.88
30-60 E17165 A7TE 11.6
61-68 E17165 A7TF 0.93
69-85 E17165 A7G 2.33
86-95 E17165 A7H 0.79
96-101 E17165 A7I 0.85
102-111 E17165 A7J 1.84
112 E17165 A7K 0.51
113 E17165 A7L 0.84
114 E17165 A7TM 1.04
115-120 E17165 A7N 1.13
121-125 E17165 A70 11.89

E17165 A70 was fractionated by normal-phase HPLC (Figure 16), and the resulting

fractions submitted to activity tests.
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Figure 16: HPLC chromatogram of E17165 A70

Table 17: Sub-fractions after sub-fractionation of E17165 A70

Sub-fraction Mass (mg)
E17165 A701 1.78
E17165 A702 1.17
E17165 A703 0.46
E17165 A704 0.52
E17165 A705 0.38
E17165 A706 0.58
E17165 A707 0.81
E17165 A708 9.92
E17165 A709 1.45

Sub-fractions E17165 A702, E17165 A705 and E17165 A708 showed a decrease in cell
viability (21.5%, 17% and 18.7%, 48 h of exposure), and the first two were sent to MS/MS due to
the low amount of mass, while sub-fraction E17165 A708 was fractionated using HPLC (Figure
19). The *H NMR and MS/MS of fraction E17165 A702 are represented below.
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Figure 18: MS and MS/MS of E17165 A702.Sample was diluted in DCM. Peaks observed [M + H]*
= 441.405 m/z on the positive ionisation and [M + Cl]- = 475.369 m/z on the negative ionization.

The results from the mass spectrometry of E17165 A705 did not show any major

worth elaborating on, so that data was not included.
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After four fractionations of the extract of Nodosilinea nodulosa LEGE 06102, fraction
E17165 A702 was isolated. When exposed to the MG-63 cell line, it drastically decreased
cell viability to 21% after 48 hours of exposure (Figure 15). The last fractionation was
performed by normal-phase HPLC, and this sample was eluted at 85% hexane and 15%
ethyl acetate. Fraction E17165 A702 did not absorb at the two wavelengths supported by
the UV detector, 254 and 280 nm, as verified in the chromatogram in Figure 16. After
biological tests, we were left with approximately 1 mg of fraction that was sent for MS and
fragmentation analysis. From these spectra, as visible in Figure 18, peaks of the MS data
were identified as [M + H]" = 441.405 m/z and as [M + Na]" = 463.387 m/z, corresponding
to a suggested chemical formula of C26Hs203N2, by both the program used to analyse the
data, Thermo Xcalibur Qual Browser and the online database ChemCalc (Institute of
chemical sciences and engineering ISIC, 2014). This formula suggestion was further
corroborated by a peak at negative fragmentation, [M + CI] = 475.369 m/z (Figure 18). The
!H NMR data of this fraction, performed at 400 MHz, sample dissolved using deuterated
chloroform, was inconclusive due to the small amount of sample that was left. In the NMR
spectra, Figure 17, peaks at 7.26 ppm, 5.30 ppm, 3.49 ppm, 2.17 ppm and 2.04 ppm
corresponded to solvents and contaminations, and corresponded, respectively, to
deuterated chloroform, used to dissolve the sample and to dichloromethane, methanol,
acetone and water, solvent contamination from the NMR tubes. The sample was very
diluted, so the peaks that correspond to our sample weren’t very visible. However, besides
the intense signals ate the upfield of the spectra (2.5 — 0.5 ppm) that correspond to primary
and secondary carbons, we can only assume that peaks around 7.5 — 7 ppm, compatible
with the aromatic hydrogen atoms, may belong to the active compound.

With this information, we searched numerous online databases to see if any could
indicate us if this chemical formula corresponded to any known molecule. No matches were
found on AIST (National Institute of Advanced Industrial Science and Technology, 2018),
Dictionary of Natural Products (CRC Press, 2018), ChemNetBase (Informa UK Limited,
2018) or IBScreen (Interbioscreen, 2017). When searching for the molecular formula on
ChemSpider, eighteen molecules corresponded to our search. Comparing the information
of those eighteen compounds to our data, mainly by predicting the NMR of the eighteen
matches, none seemed to correspond to our fraction. However, it needs to be noted that
this method may not be the most precise, because as much as we try to predict the NMR
spectra as close to the same conditions to ours as possible, it isn’t the most accurate way
to compare and make conclusions, as the predicted spectra may be divergent from the
actual spectrum. Also, as our proton spectrum was not very detailed due to the sample’s

dilution, some peaks may have been hidden by the impurities presented in the sample.
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Table 18: Sub-fractions after sub-fractionation of E17165 A708

200 W00 1800 1800 2080 2200 2400 2600 2600 3000 3200 3400 3800 3800 4080 4200 400 4600 4800 5000 K00 5400 5400 oo
Uruges

B0

Sample Mass (mg)
E17164 A70O8A 1.84
E17164 A708B ~0
E17164 A708C 0.77
E17164 A708D 0.06
E17164 A7TO8E 0.24
E17164 A70O8F 1.98
E17164 A708G 5.52

The sub-fractions were tested on the bioassay on MG-63 cells, and E17165 A708C
to E17165 A708F had strong cytotoxic activities after 48 hours of exposure (25.9%, 25.3%,
20.6% and 21.9%, respectively). From those active sub-fractions, only E17164 A708D
wasn’t sent to MS/MS, due to lack of mass, since all the remaining was used on the
bioassay. The mass spectrometry results showed some peaks that were transversal to all

the fractions but no significative peaks that could lead to an identification were found, so

the data is not shown.
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4.2.5. Screening and sub-fractionation of E18184
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Figure 20: Cell viability after 24 and 48 hours of exposure to VLC fractions of E18184 at a
concentration of 50 pg/mL. Cells on Solvent Control were exposed to 0.5% DMSO, on Positive
Control to 20% DMSO and on Control to culture medium only. All fractions were exposed to at least
3 replicates and controls to 6 replicates, and data are shown as mean +/- standard deviations.

The last extraction was from biomass of the Synechocystis sp. LEGE 06005 strain,
in which only the VLC fractions were tested on the MG-63 cell line. Multiple fractions showed
an interesting decrease in cell viability (cells exposed to E18184 D displayed a viability of
18.6% and the ones exposed to E18184 H of 21.8%). This is an interesting strain to continue
working on, since the total mass obtained after VLC is far superior to the mass obtained in
extraction and fractionation before, due to the growth in a sleeve bag of 90 L. The *H NMR
data is represented in Figure 21.
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Figure 21: 'H NMR of E18184 H at 400 MHz. Sample was diluted in deuterated MeOH

These fractions were the last ones to be tested and fraction E18184 D was the most
bioactive on 2D, presenting a cell viability of 18% after 48h of exposure, followed by fraction
E18184 H with 21%. As this last fraction was considered the most bioactive on the 3D
bioassay, future work is going to be more focused on this fraction. So far, there isn’t a lot of
information regarding the chemical characterisation of this sample as the work is very
preliminary, but we have a *H NMR spectra (Figure 21) who shows that it’s still very
complex, as there are a lot of signals around the high field (2.5 — 0 ppm) as well as some

signals on the low field (around 7ppm), compatible with aromatic compounds.

4.3. Spheroids of HCT-116 Cell Line — 3D cell model assays

2D monolayer cultures are often criticised to be a simplistic model for anti-cancer
drug discovery. To compare the results obtained on the 2D cell model and to apply an
advanced, physiologically relevant method of bioactivity screening, a 3D cell culture model
was developed to test the same cyanobacteria-derived fractions. For that, spheroids of the
HCT 116 cell line were exposed to fractions used in the 2D assays and the results were

analysed by both fluorescence spectroscopy and microscopy. The blue dye, Hoechst 33342
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was used for nucleus staining of living cells and monitored the nuclear condensation, a
process common to apoptosis. A red staining, Propidium lodide, was used as an indicator
for dead cells, as the dye cannot penetrate the membrane of viable cells. The green Calcein
AM dye was not used for all assays, but it was added as it is as a good indicator of cell

viability, which is based on the activity of cellular esterases in the cytoplasm.

4.3.1. Screening of E15074

Fractions E15074 A to E15074 H were tested on the spheroids for 48 h until
fluorescent stains were added to the wells. The readings from the fluorescence plate reader

and from the imaging approach with CellProfiler quantifications are shown in Figure 22.

Hoechst Hoechst
5- 800000.0-
4
a & a 600000.0-
w “ N H —
+H 34 §\\§ : + =
g § i & 400000.0- i
£ ) \E g N
g \ i g %% % 7
> NE > 7. 7 V
s, § : S 200000.04 % i /
\: / 4525
m pLs
- § =“' 0.0- % : é 2 égég z
T £ € m O O W W O I T £ € M U O W W ¢ T
NN N NN S S N s 8 3 IR
g L2 o 0o o o © © o o g L o o 0o o 9 © g o
G 22 g e 2 P2 28w O 22 o 2 2 2 2 080
= S w w w w w W ow w = S w w w w wwwuw
g 4 g &
© ©
w w
Propidium lodide
o ) 800000.0-
Propidium lodide
0.20A o 600000.0
w
0.15- A
a 2, 400000.0
@ o
H 0.10 5
> & 200000.0
S 0.051 - N
; =SSR
g P I =R 7 N0 AN
s tcsogoucos EEEREFEEE:
[o] — =] -
2 + v ¥ ¥  F 3 F c N E K BB &K
0052 2 55555555 S 2888288388
S E R L2 9 w2 2 8O 0 - S I W Wb Wy W
« S W wwwwwyw H 3
S 9 S 0
@ —
> 0 °
© [77]
w

Fluorescence Spectroscopy Fluorescence Microscopy

Figure 22: Data analysis of the spheroids assay after 48 h exposure of E15074 fractions (30 pg/mL)
to HCT 116 spheroids. For the fluorescence readings (left), a bottom read of the plate with an
integration time of 500 ms at 340Ex/280Em for Hoechst 33342 and 535Ex/586Em for Propidium
lodide was used. For the microscopy imaging (right), filters for DAPI (for Hoechst 33342) and TRITC
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(for propidium iodide) were chosen at an integration time of 2 and 30 ms respectively. Solvent Control
was 0.5% of DMSO and Doxorubicin (4uM) served as positive control. All tests were performed, at
least, with triplicates.

On Figure 23, images of the spheroids from the fluorescence microscopy are shown
for the solvent control, positive control (Doxorubicin), and fraction E15074 H. The fraction
E15074 H decreased slightly the nucleus staining and increased the staining for dead cells,
however, replicates were not consistently resulting in a high standard deviation.

Solvent Control Solvent Control

HO Pl

Doxorubicin Doxorubicin

HO Pl

E15074H E15074H

Figure 23: Microscopy imaging of HCT 116 spheroids after exposure to fraction E15074 H, Solvent
Control (0.5% of DMSO) and Doxorubicin (4uM), as positive control. Filters for DAPI (for Hoechst
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Fluorescence Spectroscopy
Figure 24 Data analysis of the spheroids assay after 48 h exposure of E18179 fractions (30 pg/mL)

to HCT 116 spheroids. For the fluorescence readings (left), a bottom read of the plate with an
integration time of 500 ms at 340Ex/280Em for Hoechst 33342, 485 Ex/538 Em for Calcein, and

535Ex/586Em for Propidium lodide was used. For the microscopy imaging (right), filters for DAPI (for

Hoechst 33342), FITC (for Calcein) and TRITC (for propidium iodide) were chosen, at an integration



time of 1, 1 and 15 ms respectively. Solvent Control was 0.5% of DMSO and Paclitaxel (400 nM)
served as positive control. All tests were performed, at least, with triplicates.

The fractions A-Ix from the extracts E18179 were screened on cancer spheroids
using HO, PI and calcein dyes (Figure 24). No effects on the number of viable cells were
observed, but some fractions seemed to increase the PI staining, however, with a high
variation between the replicates. In Figure 25, the comparison is demonstrated between the
solvent control, positive control, and the most bioactive fraction E18179 F.

Calcein

Solvent Control

HO

Paclitaxel

HO

Solvent Control

Calcein

Paclitaxel

Calcein

Solvent Control

Pl

Paclitaxel

PI

E18179F E18179F E18179F

Figure 25: Microscopy imaging of HCT 116 spheroids after exposure to fraction E18179 F, Solvent
Control (0.5% of DMSO) and Paclitaxel (400 nM) as positive control. Filters for DAPI (for Hoechst
33342), FITC (for Calcein) and TRITC (for propidium iodide) were chosen, at an integration time of
1, 1 and 15 ms respectively and 10x objective. All tests were performed, at least, with triplicates.
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4.3.3. Screening of E17165
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Figure 26: Data analysis of the spheroids assay after 48 h exposure of E17165 fractions (30 pg/mL)
to HCT 116 spheroids. For the fluorescence spectroscopy readings (left), a bottom read of the plate
with an integration time of 500 ms at 340Ex/280Em for Hoechst 33342, and 535Ex/586Em for
Propidium lodide was used. For the microscopy imaging (right), filters for DAPI (for Hoechst 33342)
and TRITC (for propidium iodide) were chosen, at an integration time of 2 and 30 ms respectively.
Solvent Control was 0.5% of DMSO and Doxorubicin (4uM) served as positive control. All tests were
performed, at least, with triplicates.

The results of the bioactivity screening of E17165 A to Hy sub-fractions on cancer
spheroids is shown in Figure 26. Fractions E17165 F, G decreased the HO staining, while
E17165 D increased the PI staining indicative of a higher number of dead cells. In this
assay, the replicates were consistent. On figure 27 microscopic images of the spheroids
are shown for the solvent control and positive control, and the bioactive sub-fraction E17165
D.
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Figure 27: Microscopy imaging of HCT 116 spheroids after exposure to fraction E17165 D, Solvent
Control (0.5% of DMSO) and Doxorubicin (4uM) as positive control. Filters for DAPI (for Hoechst
33342) and TRITC (for propidium iodide) were chosen, at an integration time of 2 and 30 ms
respectively and 10x objective. All tests were performed, at least, with triplicates.
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4.3.4. Screening of E18184
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Figure 28 Data analysis of the spheroids assay after 48 h exposure of E18184 fractions (30 pug/mL)

to HCT 116 spheroids. For the fluorescence readings (left), a bottom read of the plate, with an
integration time of 500 ms, at 340Ex/280Em for Hoechst 33342, 485 Ex/538 Em for Calcein, and

535Ex/586Em for Propidium lodide were used. For the microscopy imaging (right), filters for DAPI

(for Hoechst 33342), FITC (for Calcein) and TRITC (for propidium iodide) were chosen, at an
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integration time of 0.5, 2 and 5 ms respectively. Solvent Control was 0.5% of DMSO and Paclitaxel
(400 nM) and Mitomycin C (4 uM) worked as positive control. All tests were performed, at least, with
triplicates.

The screening of fractions E18184 A — ly is shown in Figure 28 and revealed sub-
fraction E18184 H as an interesting one since it decreased the calcein signals (less viable
cells) and increased the PI signal on the same time (more dead cells). The spheroids
exposed to solvent control and the two positive controls are represented in Figure 29, as
well as the bioactive sub-fraction E18184 H. Generally, this assay would need a repetition
in order to confirm the results, since the solvent control had higher Pl values as usual, as
well as Paclitaxel exposure, did not result in a strong increase of PI.

Calcein

Solvent Control Solvent Control = Solvent Control

HO Calcein Pl

Mitomycin C Mitomycin C — Mitomycin C
HO Calcein Pl

Paclitaxel Paclitaxel Paclitaxel

HO Calcein Pl

E18184H E18184H E18184H

Figure 29: Microscopy imaging of HCT 116 spheroids after exposure to fraction E18184 H and to
Solvent Control (0.5% of DMSQ), and as positive controls, Paclitaxel (400 nM) and Mitomycin C (4
pUM). Filters for DAPI (for Hoechst 33342), FITC (for Calcein) and TRITC (for propidium iodide) were
chosen, at an integration time of 0.5, 2 and 5 ms respectively and 10x objective. All tests were
performed, at least, with triplicates.
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5. Discussion

5.1. Bioactivity screening of cyanobacteria fractions

Earlier studies revealed promising bioactivities of the cyanobacteria belonging to the
LEGE CC, using tests with crude extracts and some initial fractions of biomass for different
applications and activities (Costa et al., 2013).

Synechocystis salina LEGE 06099 had already shown its potential as a producer of
bioactive compounds, as (Brito et al., 2015) confirmed that this strain had encoding genes
for two pathways thought to be responsible for the production of diverse secondary
metabolites, NRPS and PKS. Its interest in anticancer was further proved by Costa et al.,
2014, as LEGE 06099 was among one the most interesting strains regarding the isolation
of bioactive compounds, proving to be bioactive against four different cancer cell lines,
including the MG-63, where it displayed moderate toxicity, by both MTT and LDH (lactic
dehydrogenase release) assays. Using *H NMR spectra of VLC fractions of LEGE 06099,
(Costa et al., 2016) detected that this strain is a producer of dehydroabietic acid, compounds
used as biomarkers for conifers in palaeobotany and organic geochemistry.

Nodosilinea nodulosa LEGE 06102 had already shown to have potential as a
producer of bioactive compounds. Bartoloside A, an aromatic glycolipid, was isolated from
crude extracts of LEGE 06102 (Ledo et al., 2015) and fractions of this strain showed
bioactivity against five cancer cell lines, MG-63 included (Costa et al., 2013). This strain
produces its secondary metabolites mainly by the PKS biosynthesis pathway, as it has
encoding genes for this pathway (Brito et al., 2015).

Synechocystis sp. LEGE 06005 also showed to be bioactive against the MG-63 cell
line, the same used on this work, and on experiments on 3D cell spheroids (Sousa, 2017).

These strains were selected for this work, based on their promising results during
these screenings. The cyanobacteria VLC fractions were all initially tested on 2D models
and their potential for interfering with mitochondrial viability was measured. As this method
is faster, easier and a cheaper process than 3D culture, as well as having a more defined
protocol, the guided fractionation was made using the results from these assays.

Nevertheless, all the initial VLC fractions were also tested on cell spheroids.

5.1.1. Bioactivity in 2D

The screening tests were carried out using two models to evaluate cell viability after
exposure to cyanobacteria fractions, 2D and 3D cell culture models. For the monolayer cell

culture model, cell viability was measured using an MTT assay, a very popular method
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being widely used for this type of testing, as it is an easy and rather inexpensive method for
analysing cell viability. MTT is short for 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, that when in contact with cells is reduced to formazan in the mitochondria of viable
cells. Therefore, it is possible to access cell viability as it is directly proportional to the
amount of formazan, meaning that the higher number of viable cells, more purple crystals
will be present. MTT is broadly used for accessing bioactive fractions and as a guide for the
fractionation of natural extracts not necessarily only from cyanobacteria, like from fungi
(Alves et al., 2015), for example.

In earlier studies from the BBE group, two compounds with anticancer properties
were isolated from the cyanobacteria from LEGE CC, and their mechanism of action
studied. Portoamides are cyclic peptides with antiproliferative properties on cancer cells. In
a work developed by (Ribeiro et al., 2017), it was shown that this compound affects energy
metabolism, reducing ATP cellular content, and also affects the mitochondria’s structure
and function. Portoamides showed toxicity towards different cell lines, including MG-63 and
HCT 116. Another isolated compound was Hierridin B, for being cytotoxic to cancer cells.
Proteomics showed an increase in VDAC-1, a protein often used as a target for cancer
treatment, as it is important for the regulation of mitochondrial functions (Freitas et al.,
2016).

Monolayer cultures, although offering an easy and swift information towards
cytotoxic compounds, are not the most representative model of cancer, thus extrapolation
to in vivo models are often failing (Fayad et al., 2011). New models are developed to

overcome these limitations and deliver more sensitive and accurate information.

5.1.2. Bioactivity in 3D

The other model chosen for this work was a 3D culture where cells were seeded into
forming spheroid structures. This type of structure is more physically relevant than
monolayer cultures, as it simulates both the real solid tumour as well as its
microenvironment (Zhang et al., 2014). This microenvironment is very important to the
tumour cells as it impacts drug sensitivity. Tumour morphology gives the cells a particular
environment, such as pH content, access to O2 or nutrients, cell-cell contact and
signalization. Spheroids cells differ from monolayer cells, as they include cells in different
stages, depending on their position on the spheroid. As oxygen, nutrients, and growth
factors are limited in the spheroid’s core, cells tend to be in a quiescent, hypoxic or even
necrotic state, while the cells on the outer layer are usually proliferating cells. This diversity
is analogous to what happens to tumours in vivo, reinforcing once more the relevance of

this method (Edmondson et al., 2014). The spheroid model has been used with positive
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results in what concerns the isolation and identification of bioactive compounds. Whether it
is by searching for compounds that induce tumour cell apoptosis (Herrmann et al., 2008) or
by studying the mitochondrial function (Zhang et al., 2014), this type of test is increasingly
more and more used. (Zhang et al., 2014), was able to identify a compound, VLX600, after
screening using HCT 116 spheroids, and even describe its mode of action — reduction of
mitochondrial oxidative phosphorylation. On this work, we used a typical approach for
evaluating the results of the exposure of fractions to cell spheroids, of staining and
fluorescence reading and imaging. However, there are multiple ways to access the effect
of drugs on spheroids. (Sirenko et al., 2015), for example, using the same type of staining
as used on this work, but instead used an automatic imaging system, simplifying data
acquisition. Other works preferred already available kits, like ELISA for example, in order to
analyse not only the effects but the molecular action as well, as those kits targeted apoptosis
(Herrmann et al., 2008; Zhang et al., 2014). Data analysis can also vary from work to work,
depending on the preferred software. (Karlsson et al., 2012), for example, also used
CellProfiler for their results.

The results from the 3D spheroids assay were assessed by microscopy and
spectroscopy of fluorescence. After exposure, stains were added according to the
parameters chosen to be analysed. Hoechst and Propidium lodide were the two dyes
primarily chosen, as they are widely used for identifying apoptosis. They both bind to DNA
but while Hoechst is a live cell-permeable dye that stains the nuclei, propidium iodide is not
permeant to live cells, so it's used as an indicator for dead cells. Calcein is a stain useful
for the identification of cell viability because live cells have active esterases, who convert
the nonfluorescent calcein into a green fluorescent calcein by hydrolysis. After staining, cells
were fixed, and data obtained from both the spectroscopy and microscopy methods.
Overall, the latter seemed more accurate for analysing the results, as we could define better
the needed integration time, and control the quality of the images. One problem we kept
encountering when we were reading the plate by spectroscopy was the necessity of having
the spheroids always centred in the well or else the reading for that specific well wouldn’t
work.

When observing the graphs on Figures 22, 24, 26 and 28 it is possible to note that,
on this assay, high variability was observed between replicates, especially on propidium
iodide. However, a similar variability of replicates was observed by microscopy. Between
the staining and fixation step, if the wells are not properly washed, some residue of staining
can be left and interfere with the cell fixation. Diminishing the washing and improve the
staining process are essential steps to diminish the variability (Sirenko et al., 2015). This

protocol should be altered in order to obtain a more accurate reading, to shift from the 2D

53



cell assays to the 3D. To achieve this, it is needed to assure the reproducibility and increase
the efficiency of the assay and standardize the protocol.

Overall, the results of the 3D assays were different from the results on the 2D
assays, with an exception for one of the strains. This difference may be due to cell line
selectivity — for 2D, osteosarcoma cells were used, while on 3D the cells were from colon
carcinoma. However, some compounds will have differences in their chemical properties,
as some drugs may have some difficulty to penetrate the tumour masses (Kobayashi et al.,
1993). Their easiness or not into to interfere in such different cell models and their
surrounding environment is due to mechanisms of resistance developed by the spheroids.
Penetration of compounds along the spheroid is different being often less available on
necrotic areas of the spheroid, and penetrations efficiency is also affected by the
hydrophobicity of compounds, which can happen to be effective in monolayer but not in
spheroids. This highlights the need to use advanced, physiologically relevant models for the
discovery of novel cancer drugs from marine resources. The results from our comparative
screening from 2D and 3D cancer models are in line with the previously mentioned results

and confirm that the isolation of compounds should be guided by relevant screening tools.

5.1.3. Bioactive fractions in 2D vs 3D

The results obtained from both methods are summarized in the table below:

Table 19: Summary of the bioactive fractions after all the assays on both models. 2D refers to the
assays on cultures of MG-63, PI refers to propidium iodide and Cal to calcein, stains used on 3D
cultures of HCT 116. Bioactivity is characterized as decrease in cell viability, assessed by three
levels: +++ strong bioactivity, ++ medium bioactivity, + low bioactivity or — no bioactivity.

Strain LEGE 06099

Extract E15074

Fraction A B C D E F G H

2D + +++ +++ ++ - +++ ++ ++

3D PI + + - - - - + ++
Cal Not tested with calcein staining
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Strain LEGE 06099

Extract E18179

Fraction A B C D E F G H I IX

2D - - - +++ - ++ +++ - - -

3D PI - - - - - ++ - + + -
Cal - - - - - - - - - -

Strain LEGE 06102

Extract E17165

Fraction A B C D E F G Hx Hy

2D ++ - - ++ + ++ ++ - -

3D PI + - ++ +++ ++ ++ + ++ +
Cal Not tested with calcein staining

Strain LEGE 06005

Extract E18184

Fracton A B C D E Ex F G H | Ixi i Iy

2D + - ++ - + + + +++ - - - -

3aD PI - - + - - - + - + + + - -
Cal - - - - - - - - ++ - - - -

Overall, the fractions we considered the most bioactive in 2D also presented some
bioactivity against 3D, but the most active of each did not coincide with each other, as
expected.

From the same cyanobacterial strain, LEGE 06099, the results between different
extractions and different models were diverse. Fraction E15074 B showed a strong 2D
activity and was further fractionated, but it didn’t work so strong on the 3D, where fraction
E15074 H was the most interesting. This fraction also showed some bioactivity on 2D, so it
could be a more interesting fraction to follow. Regarding the second extraction from different
biomass of the same strain, fraction E18179 D was chosen as the most bioactive on 2D,
while on the 3D, fraction E18179 F was the only one to increase more significantly the signal
of PI.
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For the strain LEGE 06102, fractions E17165 A and E17165 D were considered the
most bioactive on 2D and 3D, respectively. Even if not very strong, E17165 A also showed
some increase in Pl and E17165 D displayed a moderate bioactivity on the MG-63 cell line,
so although they are not directly coincident, they do share some characteristic bioactivity.

On the fractions from E18184, many showed some degree of toxicity on monolayer
culture of MG-63, and in the 3D culture fractions E18184 C, E18184 F and E18184 H were
all coincident with the results on 2D. Sitill, only fraction E18184 H showed a decrease in cell
viability, as demonstrated by the calcein decrease, associated with the increase on the
propidium iodide signal, so it was considered the most bioactive from this assay. As these
results are coincident with the 2D results, where this fraction decreased cell viability around
80%, work will be progressed on sub-fractionating fraction H. Therefore, this fraction is the
most promising to isolate a compound who is bioactive against a model of a solid tumour
and a much more sensitive and relevant result.

Other works have also presented a difference for 2D and 3D screening results.
(Barbone et al., 2008) observed that mesothelioma cells, when grown in monolayer,
displayed various stimuli that were related to apoptosis that were not observed when the
cells were grown as spheroids, as these structures developed resistance to those apoptosis
signals. Sensitivity to the anti-cancer drug paclitaxel was also different when tested on
spheroids, as they showed a higher percentage of survival than 2D cells (Loessner et al.,
2010). Cytotoxic drugs used as a treatment for colorectal cancer, like 5-FU, oxaliplatin and
irinotecan, were tested on monolayer and 3D cultures of HCT116 cell lines. The results of
the monolayer exposure showed a high cytotoxicity to all the drugs, while the testing on cell
spheroids showed resistance to those drugs (Karlsson et al., 2012). Cisplatin, 5-azacytidine,
mitoxantrone and 5-FU again, all drugs used on chemotherapy, also induced a much
stronger apoptosis response on monolayer culture than on HCT 116 spheroids. On the
other hand, drugs like pimozide and tamoxifen, induced strong apoptosis on both models
(Herrmann et al., 2008). In a study that compared a library of 10,000 compounds on 2D and
3D cell culture models for cancer, it was demonstrated that bioactive compounds on 2D did
not correspond to bioactive compounds on 3D and that the chemical properties of bioactive
compounds were different between both models (Fayad et al., 2011).

These results further confirm that in order to obtain compounds more suitable to
work as therapeutics for cancer, new and more relevant models for screening should be
used. The 3D cell culture of spheroids is a promising model to replace the ones currently
used as a standard for isolation of bioactive compounds. To achieve that, however, the

methodology still needs some improvement, to minimize errors and to speed up the work.
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5.2. Difficulties in using the bioassay-guided fractionation of cyanobacteria

fractions

Following a bioassay-guided fractionation for screening and isolating natural
compounds is a process that is widely used, including in our lab, because is a helpful and
consistent method that allows the isolation of compounds whose bioactivity is already
identified (Freitas et al., 2016). In this work, this method was applied successfully as we
were able to separate and simplify many fractions and to obtain some information on their
chemical nature. However, this method takes a long time and a risk exists that the isolated
molecule could have been previously discovered and structurally elucidated. But, in this
work, the biggest disadvantage was that this methodology is sample-consuming; in each
step part of the original mass is lost, whether during the sub-fractionation processes or by
preparing test solutions. In the end, fractions were almost isolated, but in such a small
guantity that it was impossible to continue the isolation process, or to perform more tests.
Therefore, it was not possible to chemically elucidate the structure of molecules responsible
for the anticancer activities that were observed in this work.

One way to surpass these obstacles is to start with a greater amount of biomass, by
growing the cyanobacteria cultures on a larger scale. As mentioned, one of the strains used
on this work was cultured in a sleeve bag with a capacity up to 90 L. It occupies less space
than multiple flasks of cultures and requires less replication. As soon as the cyanobacteria
growth reached its peak, 20 to 40 L of culture were recollected, and the same volume was
replaced by new culture medium, allowing to have, in a shorter time, a greater amount of
biomass. It has, of course, its disadvantages, because it requires material and place to do
the setup, cultures are more susceptible to contamination, leaks or holes can cause some
loss of culture, and the biomass will take longer to dry as there is more quantity. As seen
on table 10 on the results, the cyanobacteria strain Synechocystis sp. LEGE 06005 had
approximately 80 g of dry biomass at the start of the extraction, and both the extraction and
fractionation yields were lower than the yields of the extraction and fractioning of smaller
amounts of biomass. As the amount to work with is much larger, the method used may not
be as efficient as it is with smaller amounts, so it is necessary to use a lot more of solvents,
more sonication time, or even more stirring, to extract the maximum of crude. The extraction
protocol needs a few adaptations when working with larger amounts of biomass,
nevertheless, even though there was a slight decrease in yield, in the end, we still obtained
a larger amount of crude extract and a large quantity of mass after VLC fractionation, as it
was expected. Even though there was not enough time to proceed with sub-fractioning
these fractions, future work will include isolation of compounds, hopefully in a quantity that

could be possible to chemically elucidate completely.
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6. Conclusion and future work

The aim of this work was to identify new molecules, produced by cyanobacteria as
secondary metabolites, with potential bioactivity towards anticancer cells. Four different
strains were screened for activity using two different in vitro models for testing cell viability.

The 2D bioactivity assays on MG-63 cell line successfully lead to identifying ten
bioactive fractions, from which E17165 A702 and E14031 E5D2 are practically isolated. No
hits were found during dereplication what could mean that we have potential new
compounds. In order to identify the molecule, whether already known or not, future data
analysis of the MS and the fragmentation data, using new and advanced dereplication
techniques, like chemical networking, for example, will be necessary so we can process the
information about our fractions, and achieve a chemical structure with a well-defined
bioactivity. Other chemical techniques could be employed in order to obtain more
information about the compounds, but more quantity of sample would be needed, to, for
example, sent the fraction for carbon NMR. This new information, together with the MS data
we already have, could lead to the identification of the molecule.

For the fractions who still need more purifications, the bioassay-guided fractionation
will be continued. E15074 B4l is promising for isolating new compounds due to its strong
bioactivity. Fraction E18184 H showed potential bioactivity on both methodologies tested,
2D and 3D cell culture models. This sub-fraction is very promising as its purification could
lead to the isolation of a compound active against cell spheroids, which are a more accurate
representation of a solid tumour.

Different fractions showed different activities on the 2D and 3D cellular models, due
to selectivity towards the cell line or to the different chemical efficacies either on monolayer
or a 3D culture. Although the methodology to evaluate cell viability on 3D assays still needs
improvement, to decrease the variability observed in the results, this model is a promising
replacement for other assays that are not so physiologically relevant, provided the protocols
are standardized.

Finally, testing these compounds on other cell lines, cancerous and not, would be
interesting, as well as deciphering the mechanisms of actions behind the bioactivity.

Cyanobacteria are indeed a very interesting source of compounds, as seen from all
the work that has been developed with them so far, and the more that it is yet to come, as
they are just simple primordial microorganisms but an endless source of new possibilities

for scientific progress.
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[Introduction

Cyanobacteria

> prokary
» Ubiquitous in diverse types of ecosystems.
» Production of biologically active secondary metabolites
» Antibacterial
» Antifouling
» Anticancer
> Major interest for marine biotechnology
» Source of new drugs

» Second biggest cause of mortality in the world
> Number of new cases expected 10 rise by 70%

Cell model:

3D Cell Culture

# More sensitive and accurate
representation of tumour tissue

» Physiologically more relevant

» Techniques are still being
improved

» Cell line used: HCT 116 human
colon carcinoma

2D Cell Culture

» Easier and less expensive
work

> Previously established
protocols

» Cell line used: MG-63

human osteosarcoma
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