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Abstract

The World Health Organization (WHO) reports that cancer is the second leading cause of death
globally and there have been several research attempts focused on finding more efficient
treatments to deal with this disease, including the area of metal-based drugs for cancer
chemotherapy. New transition metal complexes are being continuously designed and tested as
anticancer agents, namely complexes obtained with the so called scorpionate ligands, which have
provided significant contributions in the fields of catalysis and bioinorganic chemistry, and have
also shown interesting antitumoral properties.

This project was focused on the evaluation of the antiproliferative and antimigration effects of
two scorpionate metal complexes as a preliminary approach to assess their anti-tumoral
properties. An iron scorpionate, FeCl,Tpm (designated as S6), and a cobalt scorpionate,
CoTpmz(OH). (termed S7) with tris(pyrazolyl)methane-derived ligands (Tpm), were tested in
various representative cell lines, HCT116 (colorectal carcinoma), B16 (murine melanoma) and
HaCaT (a non-tumoral line of spontaneously transformed skin keratinocytes), to evaluate their
cytotoxic potential towards these cells and their capacity to inhibit cell migration, two features
that would provide some insights regarding their anti-tumoral effects.

The assessment of the cytotoxicity profile of the compounds S6 and S7 was conducted by MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
reduction assays, after confirmation of the purity of the complexes by HPLC (high-performance
liquid chromatography). The evaluation of the effects of these scorpionates on cell migration was
performed through scratch assays. Samples of cells exposed to S6 and S7 were also prepared and
later submitted to metabolomic analyses, that could possibly identify alterations concerning
metabolite levels and their respective metabolic pathways.

Results revealed that S6 did not exhibit a significant toxicity towards the HCT116 and HaCaT
cell lines under the tested conditions, but displayed the capacity to delay cell migration. S6 also
led to an increase of the proliferation and migration of the B16 cell line. By contrast, S7 revealed
a higher cytotoxic potential in the cell lines used, as well as the capacity to inhibit cell migration.
The results obtained with the tested cell lines suggest that S7 could potentially be used as an anti-
tumoral agent, since this scorpionate complex revealed visible effects in two cellular processes
that are particularly enhanced in tumoral cells (proliferation and migration). Further studies are
needed to confirm these findings, which could involve testing their role in cell invasion in order
to allow a better understanding of the anti-tumoral effects of these scorpionate complexes.

Keywords: Scorpionates; antitumoral potential; antiproliferative and antimigration effects
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Resumo

As doencas cancerigenas constituem, segundo a Organizacdo Mundial de Saide (OMS), a
segunda causa de mortalidade global. A elevada complexidade destas doencas pode ser
evidenciada através dos varios hallmarks que descrevem os diversos aspetos e caracteristicas
biolégicas associados ao desenvolvimento destas patologias. Alguns destes hallmarks abordam
as capacidades proliferativas mais acentuadas das células cancerosas, aliadas a capacidade destas
de evitarem varios mecanismos de controlo e regulacao celular, adquirindo assim um potencial
replicativo aumentado e resisténcia a processos de morte celular. Outros hallmarks reforcam a
importancia da vasculariza¢do no contexto tumoral, capaz de favorecer o progresso da doenca e
adicionalmente fendmenos de metastizagdo, nos quais as células tumorais malignas poderdo
integrar a circulagdo e invadir outros locais distantes do tumor primario, onde poderédo originar
tumores secundarios. O perfil metabdlico alterado observado nas células cancerosas e a
capacidade destas de evitarem determinadas respostas do sistema imunoldgico constituem outros
hallmarks relevantes para o desenvolvimento tumoral. Pode ainda ser destacada a existéncia de
diversas populagdes celulares (constituidas por células responsaveis pela vascularizacao, células
imunoldgicas e fibroblastos) que irdo proporcionar suporte as células cancerosas e assim

estabelecer um meio dinamico favoravel ao desenvolvimento tumoral.

Todos os aspetos descritos anteriormente contribuem para a complexidade e diversidade das
doencas neoplasicas, que tém dificultado a aquisi¢ao de estratégias preventivas eficazes para estas
patologias. Este facto reforga a importancia de refinar as estratégias terapéuticas atualmente
disponiveis e de procurar desenvolver outros tratamentos mais eficazes. As modalidades mais
utilizadas envolvem procedimentos cirdrgicos (que possibilitam a remocdo direta de estruturas
tumorais), radioterapia (onde se utilizam feixes de radiacGes ionizantes para obliterar certos
tumores) e quimioterapia (que envolve a utilizacdo de variados agentes organicos e metalicos para

eliminar ou atenuar o desenvolvimento tumoral).

Ao nivel da quimioterapia, podem ser realcados certos complexos constituidos por platina
(cisplatina, carboplatina e oxaliplatina), cuja elevada eficacia tem favorecido a extensa utilizagdo
dos mesmos no tratamento de diversas doencas tumorais, nas quais se incluem tumores
testiculares, ovaricos, pulmonares e de bexiga. Estes complexos tém manifestado, no entanto,
algumas desvantagens, que incluem a elevada toxicidade perante células ndo tumorais, a qual
poderd culminar em diversos efeitos adversos comprometedores da qualidade de vida dos
pacientes, destacando a perda de cabelo, nefrotoxicidade e neuropatias periféricas. A
possibilidade de se verificarem fenémenos de resisténcia multifatorial constitui outro aspeto
responsdvel por atenuar o sucesso das terapias de quimioterapia convencionais. Estas

consideragOes tém motivado a investigacdo e desenvolvimento de outros complexos metélicos



que possam dispor da mesma eficacia revelada pelos agentes de platina, mas que ndo manifestem

os efeitos secundarios referidos.

De entre todos os complexos metalicos explorados para este proposito, podem ser destacados o0s
complexos portadores de escorpionatos, que constituem estruturas moleculares geralmente
formadas por 3 ligandos que estabelecem ligacGes entre si e 0 elemento metalico central segundo
uma conformacdo que se assemelha ao formato de um escorpido, caracteristica que permitiu
atribuir a designacdo sugestiva a estas moléculas. Pode ser destacada a vasta diversidade e
variabilidade de complexos formados por diferentes ligandos e centros metalicos que
proporcionam diversos efeitos e propriedades relevantes para varias aplicagcbes biomédicas,

incluindo aquelas relacionadas a terapias antitumorais.

Certos complexos constituidos por escorpionatos tém sido explorados para a producdo de
moléculas transportadoras de monéxido de carbono (CO), capazes de libertar esse CO de modo
controlado nas imediages das lesdes tumorais, onde este podera ligar-se & hemoglobina e
inviabilizar o fornecimento de oxigénio as células cancerosas, exercendo desse modo efeitos
citotoxicos. Outros complexos portadores de escorpionatos tém sido estudados como agentes
foto-sensibilizadores, utilizados em terapias fotodindmicas, onde a ativacdo destes agentes por
radiacdo visivel ira promover a interacdo entre estes e 0 oxigénio sedeado nos tecidos, da qual
resulta a formac&o de espécies reativas de oxigénio capazes de instigar diversos danos nas células
cancerosas e na vasculatura tumoral. Outros complexos tém recebido destaque pela atividade
antiproliferativa que podera estar diretamente associada a capacidade destes de estabelecerem
diversos tipos de ligacdes ao DNA, provocando clivagens e danos estruturais nesta molécula, e
noutros casos, que podera resultar da producéo de espécies reativas de oxigénio que por sua vez
irdo despontar diferentes danos celulares que poderdo culminar em processos apoptoéticos,

manifestando desse modo efeitos antitumorais.

Este projecto de dissertacdo envolveu o estudo dos efeitos antitumorais de 2 complexos formados
por escorpionatos, um deles detentor de ferro (FeCl,Tpm, abreviadamente referido como S6) e
outro portador de cobalto (CoTpm;(OH)., designado S7). O potencial antitumoral dos complexos
S6 e S7 foi avaliado pela anélise dos efeitos antiproliferativos e antimigratorios ao nivel de 2
linhas celulares tumorais, HCT116 (correspondente a células humanas de carcinoma colo-rectal)
e B16 (que corresponde a células de melanoma de murganho). Utilizou-se adicionalmente uma
linha celular ndo tumoral, conhecida por HaCaT (correspondente a queratindcitos humanos
espontaneamente imortalizados) de modo a verificar os efeitos que estes complexos teriam ao

nivel de células normais.

Foram primeiramente realizados ensaios de pureza, recorrendo a técnica de HPLC (high-

performance liquid chromatography), em que o cromatograma obtido revelou um sinal
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caracteristico do ligando orgéanico destes complexos, indicando desse modo que estes se

encontravam puros e que ndo sofreram degradacdo em solucéo aquosa.

O perfil citotéxico dos complexos S6 e S7 foi analisado por ensaios colorimétricos de MTS (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium). Os
resultados destes ensaios revelaram a auséncia de efeitos citotdxicos por parte do S6 sobre as
linhas celulares HCT116 e HaCaT, que promoveu, no entanto, um aumento da proliferacdo das
células B16. O complexo S7 revelou, por contraste, um potencial citotéxico mais nitido, que
permitiu a obtencéo das curvas dose-resposta e 0s valores de 1Csp para as varias linhas celulares,
podendo destacar a este nivel as células HCT116 como as mais afetadas pelos efeitos
antiproliferativos deste complexo.

A avaliacéo dos efeitos dos complexos S6 e S7 ao nivel da migragdo celular foi realizada por
ensaios ferida. Nestes ensaios, o complexo S6 revelou capacidades antimigratérias nas linhas
celulares humanas HCT116 e HaCaT, tendo manifestado um efeito contraditorio nas células B16,
nas quais promoveu uma migracdo mais acelerada. O complexo S7 revelou, por sua vez,
capacidades antimigratorias perante todas as linhas celulares testadas, tendo exibido efeitos mais
nitidos nas células HaCaT.

Foi adicionalmente realizado um Gltimo estudo que envolveu a preparacéo e recolha de amostras
celulares expostas a S6 e S7, as quais foram posteriormente submetidas a analises de
metabolémica, de modo a identificar metabolitos e vias metabdlicas significativamente alterados,
em relacdo a amostras de controlo, que ndo tinham sido expostas a estes complexos, tendo o
intuito de tentar correlacionar essa informagdo metabdlica aos resultados experimentais obtidos
anteriormente. Estas analises permitiram a identificacdo de varios metabolitos significativamente
alterados nas amostras expostas a S6. Nao foi possivel, no entanto, estabelecer uma ligacéo direta
entre estes resultados preliminares e as observagdes efetuadas nos ensaios anteriores. Estas
andlises preliminares ndo permitiram ainda a identificacdo de alteragbes metabolicas

significativas nas amostras expostas a S7 em relacdo as amostras de controlo.

Os resultados obtidos nesta dissertacdo revelaram a auséncia de efeitos citotoxicos por parte do
complexo S6, que manifestou, no entanto, efeitos antimigratérios em duas das linhas celulares
testadas, o que motiva a realizacdo de outros estudos para melhor esclarecer as eventuais
propriedades antitumorais deste complexo. Os efeitos antimigratorios revelados pelo S7, aliados
aos efeitos antiproliferativos, essencialmente nitidos nas células HCT116, aparentam favorecer a
utilizacéo deste complexo para fins antitumorais, particularmente para o tratamento de tumores
colo-rectais. A confirmacdo destas observacdes requer a realizagdo de estudos adicionais, que

poderiam incluir a andlise dos efeitos deste complexo ao nivel da invasdo celular.
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Palavras chave: Escorpionatos, potencial antitumoral, efeitos antiproliferativos e antimigratorios
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General Introduction

The World Health Organization (WHO) reports that cancer is the second leading cause of death
globally [1]. The US National Cancer Institute (Rockville, Maryland, USA) recognizes the
existence of over 150 different types of human cancers, that can be classified according to the
location in the body and the tissue in which they arise [2]. Cancers formed in epithelial tissues,
that cover internal or external surfaces of organs, are called carcinomas, and include most of the
lung, skin, colon, and breast cancers. Sarcomas are cancers that develop in connective tissues like
bone, muscle, and cartilage. Leukemia is a type of cancer that occurs in blood-forming tissues
such as the bone-marrow, resulting in the release of large amounts of abnormal blood cells into
the bloodstream. Other types of cancer include lymphomas and myelomas, formed in the cells of
the immune system, and central nervous system cancers that develop in tissues of the brain and
spinal cord [3]. The most common types of cancer in men are lung, prostate, colorectal and liver

cancers, while breast, colorectal, lung and cervix cancers are the most common in women [4].

Cancer results from cellular changes that cause the uncontrolled growth and division of abnormal
cells. These cells may become cancerous with the subsequent accumulation of mutations in their
DNA. Normal cells are usually capable of detecting and repairing DNA damage and can also
receive instructions to undergo a programed cell death (apoptosis) when they are worn out or
suffer irreversible damage. In contrast, tumoral cells may lack the instructions that induce the
programmed cell death, which results in the ongoing and uncontrolled cell division that leads to
the formation of more abnormal, mutated cells, that crowd out normal cells and use the oxygen
and nutrient reserves meant to nourish those cells. The proliferation of tumoral cells will
ultimately prevent the normal physiological activity of the tissues or organ in which those cells

emerged [5].

Many factors capable of causing cell abnormalities have been identified and linked to cancer
development, which include environmental exposure to sunlight ultraviolet radiation and air
pollutants, contact with bacterial and viral pathogens, and risk factors associated to lifestyle
(smoking habits, heavy alcohol intake, excess body weight or physical inactivity). Generally, the
combination of some these factors, with association to the person’s genetics, may contribute to

cancer development [3].

Cancer can be perceived as a genetic disease, in the way it results from several changes in genes
that control certain aspects of cell physiology, including cell growth and division. Specific gene
changes can lead to the formation of cells capable of evading normal growth controls, that become

tumoral [6]. Some cancer-causing gene changes can increase the production of proteins that



promote higher cell growth, while others result in the production of misshapen and nonfunctional
forms of proteins that would otherwise repair cellular damage.

Genetic changes that promote cancer development can be inherited from the parents or acquired
during lifetime, resulting in this case from errors that occur during cell division or from exposure
to carcinogenic substances and some forms of radiation capable of damaging the DNA [7]. Some
genetic changes can affect nucleotides, that can be replaced by another or may be missing entirely,
while other changes can include rearrangements, deletions or duplications of larger stretches of
DNA [8]. Other modifications, that do not occur in the actual sequence of DNA, include the
addition or removal of chemical marks, designated as epigenetic modifications, that influence
gene expression [9]. Cancer cells within the same tumor may also reveal different genetic changes
[10].

Table 1 - Examples of known tumor suppressor genes associated to cancer development

Gene Familial Cancer Syndrome
RB1 Familial Retinoblastoma
p16(INK4a) Familial melanoma
pl4(ARF) Familial melanoma
CHK 1/2 Li-Fraumeni Syndrome
NF1 Neurofibromatosis Type 1
APC Familial Adenomatous Polyposis
TSC1 Tuberous sclerosis 1
DCC Deleted in Colorectal Carcinoma
BRCAl Familial Breast Cancer
MSH2 Hereditary Nonpolyposis Colon Cancer type 1
MLH1 Hereditary Nonpolyposis Colon Cancer type 2
PTEN Cowden syndrome
CDH1 Familial diffuse-type gastric cancer
SMAD4 Familial juvenile polyposis syndrome
SMAD?2 Juvenile polyposis
P53 Li-Fraumeni Syndrome

Several mutated genes have been linked to cancer development (Table 1), namely BRCAL, which
is mostly associated with hereditary breast and ovarian cancers, PTEN, that is related to the
increased risk of prostate, breast, endometrial and thyroid cancer; and p53 which displays several
roles in cell cycle regulation and in the suppression of tumoral growth, being also the most

commonly mutated gene found in multiple types of cancer [11].



Hallmarks of cancer

The complexity of cancer biology can be better appreciated through the description of the so-
called cancer hallmarks, a set of acquired capabilities that allow the survival, proliferation and
dissemination of cancer cells, which include their ability of sustaining proliferative signaling,
evading growth suppressors, enabling replicative immortality, resisting cell death, inducing
angiogenesis, activating invasion and metastasis, deregulating cellular energetics, and avoiding
immune destruction. Genome instability and mutation and tumor-promoting inflammation were
also described as two enabling traits that facilitate the acquisition of the cancer hallmarks [5]. All
of these different hallmarks and enabling characteristics provide an organizational framework that

supports the description of the cellular properties acquired during tumor development [12].

Further developments in tumor biology were also achieved by the recognition of a more complex
tumoral content that, instead of solely including proliferating cancer cells, also possesses a wide
variety of cell types capable of maintaining dynamic signaling interactions that lead to the
establishment of the tumor microenvironment which contributes to the manifestation of certain
hallmark capabilities and ultimately to the cancer phenotypes [13]. A concise description of the

several cancer hallmarks and the tumor microenvironment will be provided in this section.

Sustaining proliferative signaling and evading growth suppressors

The growth and proliferative signaling responsible for regulating the progression of the cell cycle
and for the maintenance of the normal tissue homeostasis is disrupted in the case of cancer [14].
Several alterations within the growth ligands, their respective receptors and the signaling

molecules support the increased survival capabilities of cancer cells [15].

Tumor progression can be promoted in an autocrine fashion, where cancer cells directly produce
growth factor ligands and express the appropriate receptors to respond to such ligands. Cancer
cells may alternatively signal epithelial or stromal cells located in the tumor microenvironment,
that will insure the supply of the required growth signals [14]. Deregulation of the receptor
signaling may also occur through various processes that involve gene amplification leading to an
increased expression of the receptors, mutations resulting in constitutive receptor activation, and
inefficiencies in the receptor recycling and degradation machinery [16]. Cancer cells may also
achieve growth factor independence, through various alterations in the signaling pathways

downstream of receptors [17].



In addition to the deregulation of growth signaling, the disruption of various cell cycle controls
and checkpoints constitutes an equally relevant process for tumor development [18]. The tumor
suppressor gene retinoblastoma (RB) serves as an example of a crucial regulator, encoding a
protein capable of receiving signals from extracellular and intracellular sources, determining
whether the cell should proceed through the growth and division cycle, being often inactivated in
several tumor types [19]. It should also be mentioned that RB tasks are not exclusive to
proliferative control, but also involve processes related to other hallmarks, including maintenance
of genomic stability, regulation of apoptosis and suppression of metastasis [20]. The previously
mentioned p53 constitutes another critical regulator, capable of detecting and responding to a
wide variety of stresses caused by hypoxia, nutrient scarcity and genomic damage. P53 interrupts
the cell cycle progression and arrests further proliferation when facing such stresses, being
involved in instigating the proper repair mechanisms. When dealing with more extensive and
irreversible damage, p53 will instead trigger terminal differentiation states and even cell death
[21]. This tumor suppressor displays several other tasks linked to other hallmarks and corresponds
to the most commonly mutated gene implicated in cancer development, being mutated in over
50% of the sequenced tumors [22,23].

Resisting cell death and enabling replicative immortality

The third and fourth established hallmarks can be described in the context of various stresses
faced by cancer cells during the tumor development process, and overcoming such stresses

ensures their survival and proliferation [5].

The apoptotic cell death serves as a response to transformation-associated stress caused by
deregulated proliferation, irreversible DNA damage or matrix detachment [24]. This apoptotic
process involves an extrinsic pathway related to the interaction between the cell surface receptors
and the respective ligands, and an intrinsic pathway capable of sensing internal stress levels and
favoring, when necessary, the activity of pro-apoptotic-triggering proteins over the anti-apoptotic
counterparts. This process results in the disruption of the integrity of the outer mitochondrial
membrane, leading to the release of proapoptotic-signaling proteins that converge in the activation
of cleavage proteins known as caspases, capable of disintegrating the cell structure into various
fragments later collected by specialized phagocytic cells, efficiently undertaking the execution
phase of the apoptotic program [25]. Cancer cells are able to overcome this defensive cellular
response through several means, the most common of which resides in inactivating mutations that
disrupt the p53 tumor suppressor capacity, elevating cell insensitivity towards various apoptotic
signals. Tumors may also reveal increased levels of anti-apoptotic regulators and survival signals,

or downregulated pro-apoptotic proteins [24].



Senescence constitutes another defensive mechanism against cellular stress, that serves as a
barrier to deregulated and unlimited proliferation, being described as a process that leads to an
irreversible departure from the cell cycle into a viable but non-proliferative state [26]. This
process is linked to structures responsible for protecting the ends of chromosomes, known as
telomeres, which reveal a progressive shortening with the successive cell divisions, that will
eventually compromise their protecting capacity and ultimately lead to the exhaustion of the
replicative potential. Induction of senescence occurs in order to avoid subsequent cycles of
chromosomal fusion and damage, as well as the resulting genomic instability and accumulation
of mutations that would ensue the critical shortening of telomeres [27]. Tumor development
requires fully transformed cells capable of bypassing senescence-associated stress resulting from
short telomeric length, which is mainly achieved by telomerase, the enzyme specialized in
countering telomere erosion by restoring the telomeric ends, being upregulated in 85-90 % of
human tumors, where it maintains enough telomeric length to extend the replication potential of
tumoral cells [27,28]. Other reported stresses capable of triggering the cytoprotective effects of
senescence include a more intense and derailed mitogenic signaling, non-telomeric DNA damage

(instigated, for example, by anti-tumoral therapies) and activation of tumor-suppressors [26,29].
Vascularization

The formation of new vasculature, capable of ensuring the supply of oxygen and nutrients and of
collecting the metabolic wastes and carbon dioxide secreted by cancer cells, stands as an
important hallmark of cancer development [5]. Angiogenesis corresponds to the most discussed
process of neo-vasculature development, involving the sprouting of new vessels from pre-existing
ones through the proliferation and migration of endothelial cells (ECs). This process is controlled
by regulatory cell mechanisms formed by anti-angiogenic and pro-angiogenic factors, that will,
respectively, disable or activate the angiogenic switch, with specific triggers being required to
favor the activity of the pro-angiogenic factors [30]. The several triggers involved in the activation
of angiogenic pathways in cancer cells can alternate during tumor development [31], being
hypoxia one of the most relevant angiogenic triggers [32]. The hypoxia-inducible transcription
factor (HIF) family, linked to oxygen sensing mechanisms found in ECs, is capable of devising
adaptive transcriptional responses to hypoxia, resulting in factors involved in enabling the
angiogenic switch. HIF levels remain notably higher in various tumors, where hypoxia is a

common feature, which favors the chronic activation of the angiogenic process [33].

Several pro-angiogenic molecules have been identified as inducers of this vasculature process,
including the ones associated to the vascular endothelial growth factor (VEGF) signaling pathway
[34]. The activated VEGF signaling, mediated by HIF activity, increases the proliferation,

migration and differentiation of ECs, and regulates the vasculature permeability [35].



The tumor vasculature produced by the angiogenic process often displays several morphological
and physiological anomalies, that include dilated, convoluted and excessive vessel branching,
distorted vessels characterized by leakiness and an erratic blood flow, which contributes to the
establishment of sections of acidosis and hypoxia, resulting in a stressful environment that can

further potentiate angiogenesis [36].

Tumor vascularization can also be obtained by non-angiogenic process, that provide alternative
survival options to cancer cells and that could be invo