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Abstract

ABSTRACT

Cancer is the leading cause of death due to non-communicable diseases worldwide.
Despite the large number of chemotherapeutics that have been developed so far,
the cure of these diseases has been limited by their recurrence, the
pharmacokinetic properties of the compounds used and the high toxicity that they
often generate.

In this thesis we have evaluated and characterized the antitumor activity of
NLSPES5, a nuclear directed ribonuclease (ND-RNase), as well as two panels of
manganese- and iron-based metal compounds. The results obtained in this study
show that NLSPES increases the expression of the epigenetic mark H3K27me3 in
the MDA-MB-231 tumor cell line, it also significantly reduces the migration and
invasion capacity of this cell line and, accordingly, it reduces the expression of the
N-cadherin protein.

The evaluation of the panel of metallic compounds based on manganese indicates
that, Mn8 has a remarkable and selective antitumor activity against lung (NCI-
H460) and ovarian (OVCAR-8) tumor cell lines. Its ICso is of the same order of
magnitude as Cis-platin. This compound Kkills cancer cells by generating ROS
species that allow it to cleave DNA. We have also demonstrated that cells of both
tested lines die by a mechanism different from necrosis and apoptosis and that its
antitumor activity is not linked to any cell-cycle phase.

Finally, the evaluation and characterization of the iron-based metal compounds
shows that all the variants tested have an ICso value lower than that of Cis-platin
and carboplatin in the tumor cell lines tested. Moreover, all the compounds
interact with DNA promoting double strand breaks through the production of ROS
as with the Mn8 compound. Among them, the compound 10 shows the highest
selectivity for tumor cells, alters the proportion of the phases of the cell cycle in a
cell type-dependent manner, induces cell death by apoptosis and significantly

decreases the migration capacity of the MDA-MB-231 tumor cell line.
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Resumen

RESUMEN

El cancer es la principal causa de muerte debido a enfermedades no transmisibles
a nivel mundial. A pesar del gran nimero de quimioterapéuticos que se han
desarrollado hasta el momento, la curacién de estas enfermedades se ha visto
limitada por su recurrencia, por las propiedades farmacocinéticas de los

compuestos utilizados y por la elevada toxicidad que suelen generar.

En esta tesis se ha evaluado y caracterizado la actividad antitumoral de NLSPES5,
una ribonucleasa dirigida al nucleo, asi como de dos paneles de compuestos
metalicos basados en manganeso y hierro. Los resultados obtenidos en este
estudio muestran que NLSPE5 aumenta la expresion de la marca epigenética
H3K27me3 en la linea celular tumoral MDA-MB-231, también es capaz de reducir
significativamente la capacidad de migracién e invasion de esta linea celular y, por

ultimo, reduce la expresién de la proteina N-cadherina.

La evaluacion del panel de compuestos metdlicos a base de manganeso indica que
el Mn8 tiene una notable y selectiva actividad antitumoral contra las lineas
celulares tumorales de pulmén (NCI-H460) y de ovario (OVCAR-8). Su ICso es del
mismo orden de magnitud que el Cis-platino. Este compuesto genera especies
reactivas de oxigeno y gracias a ellas provoca la ruptura del ADN induciendo la
muerte celular. También se ha demostrado que las células de ambas lineas
ensayadas mueren por un mecanismo diferente al de necrosis y al de apoptosis, y

que su actividad antitumoral no esta vinculada a ninguna fase del ciclo celular.

Por ultimo, la evaluacion y caracterizacion de los compuestos metalicos basados en
hierro muestra que todas las variantes tienen un valor de ICso inferior al del Cis-
platino y el carboplatino en las lineas celulares tumorales ensayadas. Ademas,
todos los compuestos interaccionan con el ADN promoviendo su ruptura a través
de la produccion de ROS, como ocurre con el compuesto Mn8. Entre todos ellos, el
compuesto 10 es el que muestra la mayor selectividad para las células tumorales,
altera la proporcion de las fases del ciclo celular de forma dependiente del tipo
celular, induce la muerte celular por apoptosis y disminuye significativamente la

capacidad de migracion de la linea celular tumoral MDA-MB-231.
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Resum

RESUM

El cancer és la principal causa de mort a nivell mundial degut a malalties no
transmissibles. Malgrat el gran nombre de farmacs que s'han desenvolupat fins
ara, la curacié d'aquestes malalties s'ha vist limitada per la seva recurrencia, per
les propietats farmacocinetiques dels compostos utilitzats i per I'elevada toxicitat

que sovint generen.

En aquesta tesi s'ha avaluat i caracteritzat l'activitat antitumoral de NLSPES5, una
ribonucleasa dirigida al nucli, aixi com la de dos panells de compostos metal-lics
basats en manganes i ferro. Els resultats obtinguts en aquest estudi mostren que
NLSPES5 és capag de reduir significativament la capacitat de migraci6 i invasié de la
linia cel-lular tumoral de cancer de mama MDA-MB-231. Aquesta reduccié ve
acompanyada per una disminucié de l'expressi6 de la proteina N-cadherina.
També es mostra que els canvis d’expressio globals observats pel tractament de les
cél-lules tumorals amb NLSPES5 sén deguts en part a canvis en el patr6 epigenetic
de les cel-lules ja que el tractament amb aquesta proteina augmenta la preséncia

de la marca epigenética H3K27me3 a la linia MDA-MB-231.

L'avaluacié del panell de compostos metal:-lics a base de manganeés indica que el
Mn8 té una activitat antitumoral notable i selectiva contra les linies cel-lulars
tumorals de pulmé (NCI-H460) i d'ovari (OVCAR-8). La seva ICso és del mateix
ordre de magnitud que la del Cis-plati. Aquest compost genera especies reactives
d’oxigen dins de la cel-lula i gracies a elles provoca el trencament del ADN induint
la mort cel-lular. També s'ha demostrat que les cel-lules tumorals tractades amb
Mn8 moren per un mecanisme diferent a la necrosi i I'apoptosi, i que la seva

activitat antitumoral no esta vinculada a cap fase del cicle cel-lular.

Finalment, 1'avaluaci6 i la caracteritzacié dels compostos metal-lics basats en ferro
mostra que tots ells tenen un valor d'ICso inferior al del Cis-plati i el carboplati per
les linies cel-lulars tumorals assajades. A més, tots els compostos interaccionen

amb 1'ADN promovent la seva ruptura a través de la produccié de ROS, com passa
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Resum

amb el compost Mn8. De tots els compostos assajats, el 10 és el que mostra la
major selectivitat per a les cél-lules tumorals. Aquest compost altera la proporcié
de les fases del cicle cel-lular de forma depenent del tipus cel-lular, indueix la mort
cel-lular per apoptosi i disminueix significativament la capacitat de migracié de la

linia cel-lular tumoral MDA-MB-231.
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Introduction

1. INTRODUCTION

1.1 Cancer

According to the World Health Organization (WHO), cancer refers to a large
group of diseases that can affect any part of the body characterized by molecular
changes and mutations that allow the cell to have an abnormal and uncontrolled
growth 1.2, allowing them to migrate and invade other areas of the body. This later
process is called metastasis and is the main cause of cancer death 3. Since cancer is
not a single disease, but many disorders with a natural evolution, it displays a high

diverse therapeutic response 4.

1.1.1 Current global perspective

The number of deaths caused by cancer have been growing rapidly in recent
years worldwide. The reasons are both diverse and complex, reflecting the growth
and aging of the population as well as changes in the prevalence and distribution of

the main risk factors for developing this pathology 5-7.

The data of incidence and mortality of cancer in Europe according to the
European Cancer Information System (ECIS) for the year 2020 are shown in
Figure 1. As it can be seen during that year an estimated 2.68 million new cases

and 1.26 million deaths were recorded 8.
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Figure 1. Cancer incidence and mortality in Europe. Distribution of cases and deaths for the
top ten most common cancers (excluding non-melanoma skin cancer) in Europe in 2020 for
both sexes. Figure extracted and modified from: ECIS from https://ecis.jrc.ec.europa.eu ©
European Union, 2022

In Spain ECIS data show that during 2020 a total of 260,455 new cases of
cancer were detected, 110,946 in women and 149,509 in men, while the number of
deaths were 112,335, corresponding to 44,990 deaths in women and 67,345
deaths in men. Breast cancer was the most commonly diagnosed cancer in women
(incidence of 30.72%) and prostate cancer in men (incidence of 23.15%). However
the most common cancer causing death is colorectal cancer in women with a

mortality rate of 15.18% and lung cancer in men with a mortality rate of 25.76% 8.

1.1.2 Molecular basis

Carcinogenesis, the process by which a normal cell becomes cancerous, is
mediated by mutations in the genetic material of the cell 29. It is estimated that
about 20,000 DNA damage events and 10,000 replication errors occur in a normal
cell daily, 19 but in normal conditions the immune system has mechanisms such as

tumor immunosurveillance that allow it to eliminate tumor cells. However, some of
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them can develop new characteristics that allow them to evade these mechanisms

and develop cancer 11,

Due to the great diversity of types of cancer it is very difficult to clearly
establish which are the pathways that are altered in the cell to become tumorous
and whether these are shared in all types of cancers. Hanahan and Weinberg 212
proposed that all manifestations in the phenotype of cancer cells are mainly due to
the presence of eight essential characteristics that are common to all cancer cells
and are responsible for the cancer development and their evasion of the tumor
immunosurveillance system. These characteristics are: 1. self-sufficiency in growth
signals, 2. insensitivity to growth-inhibitory signals, 3. evasion of programed cell
death (apoptosis), 4. limitless replicative potential, 5. sustained angiogenesis, 6.
tissue invasion and metastasis, 7. reprogramming of energy metabolism and, 8.

evasion from immune destruction.

The following is a brief description of each of the eight features of the tumor
cells mentioned above. First, the most paradigmatic characteristic of tumor cells is
their high rate of multiplication corresponding to "Self-sufficiency in growth
signals". Unlike the cells that form normal tissues, in cancer cells the mechanisms
that regulate cell cycle entry and subsequent cell division are out of control. This
loss of homeostasis is mainly due to the occurrence of mutations or increased
expression of tyrosine kinase cell surface receptors. These changes allow the

tumor cell to maintain its cell cycle always active 12-14,

There are several ways by which tumor cells can become “Insensitive to signals
that inhibit cell growth” but the two most studied are mutations in the
retinoblastoma protein (pRB) and p53 protein. The pRB protein is responsible for
regulating the passage from G1 to S phase of the cell cycle. It has been observed
that this protein is mutated in 100% of retinoblastoma cases, while in lung,
bladder, osteosarcoma, liver, and esophagus cancers it is also mutated but to a
lesser extent 15. p53 is a transcription factor that like pRB regulates the cell cycle.

The functionality of this protein is critical since it has the ability to induce the
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repair of DNA when damage has occurred or can initiate the process of apoptosis if

the damage is irreparable. p53 is mutated in 50% of all human cancers 16:17,

The homeostasis of a tissue depends on the balance between cell proliferation
and cell death, a balance that is carried out by a mechanism of programed cell
death called apoptosis. “Evasion of apoptosis” is another hallmark of human
cancers that promotes tumor formation and progression, as well as resistance to
treatment. Tumor cells evade apoptosis by activating anti-apoptotic and cell

survival programs that ultimately block cell death 18.

Under normal conditions, most cells have a limited number of cell divisions, a
phenomenon called Hayflick limit 1920, Tumor cells have an “Unlimited replicative
potential” because they express telomerase that adds repetitive segments to the
ends of telomeric DNA, preventing it from shortening. This protein is not found in
most normal cells, while in tumor cells it is present in about 90% of them. The
expression of this protein is enhanced by the presence of mutations in the p53

protein and allows tumor cells to become immortal.

Throughout human development, the formation of new blood vessels, called
angiogenesis, is necessary to supply nutrients and oxygen and also to remove
waste products 21. Accordingly, tumor cells maintain a mechanism of “Sustained
angiogenesis”. This mechanism would be mediated through different growth
factors and cytokines such as vascular endothelial growth factors (VEGFs),
fibroblast growth factors (FGFs), tumor necrosis factor alpha (TNF-a) and
interleukin 8 (IL-8) 22-24,

Most of the cancer-related deaths are due to the capacity of the tumor cells for
“Tissue invasion and metastasis”. Invasion occurs when the tumor cell invades
nearby tissue, while the process by which tumors cells spread far from the primary
tumor is called metastasis. Two of the best characterized proteins linked to this
capacity are E-cadherin and N-cadherin. These proteins are essential for cell

adhesion to the extracellular matrix (ECM) and it has been shown that the
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increased expression of N-cadherin and the decreased expression of E-cadherin
play a central role in tumor cell migration and invasion 122526, Another
phenomenon linked to invasive cells is the phenotypic change towards
mesenchymal cells, a process called Epithelial-Mesenchymal Transition (EMT). In
this process tumor cells lose their adherent junctions, change their epithelial
morphology, increase their motility, and increase the expression of enzymes that
degrade the ECM 25, On the other hand, the fibroblasts surrounding the tumor cells
generate a pro-tumor microenvironment called reactive stroma that favors the
carcinogenic process and the EMT process 1227, The invasive process leading to the
development of a "successful" metastasis is an inefficient process. In breast cancer
only 0.01% of the cells released into circulation (circulating tumor cells, CTCs)
produce a bone metastasis 27. The presence of CTCs is necessary, but not sufficient,
for the development of metastases, as CTCs have been found in disease-free
patients up to 20 years after successful treatment 27. In recent years, the usefulness
of measuring CTCs and their functional characterization for prognostic and
predictive purposes in cancer patients has been proposed, although the detection

methods available for their mass introduction still need to be improved 28,

Cells under aerobic conditions normally degrade glucose to carbon dioxide, a
process that begins in the cytoplasm to end in the mitochondrial matrix. However,
in tumor cells a phenomenon called Warburg effect 29 is observed, in which cells
undergo a “Reprogramming of energy metabolism” towards glycolysis. Warburg
effect is defined as an increase in the rate of glucose uptake and preferential
production of lactate, even in the presence of oxygen in the medium 39-32, In the
tumor cell an overexpression of glucose transporters is observed, mainly GLUT1. It
is believed that the cell performs this reprogramming to meet the bioenergetic and
biosynthetic demands of its rapid growth. It is also proposed that under these
conditions the cell would be protected from hypoxia-normoxia fluctuations that

derive from the reorganization of the tumor vasculature during its growth 12,33,

The human body has an immune surveillance system that includes the innate
and adaptive immune system, which normally detects and removes, among others,

tumor cells. The presence of adaptive immune system cells within the tumor in
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some types of cancer is a prognostic indicator. In colon and ovarian tumors, the
presence of cytotoxic T lymphocytes and Natural Killer (NK) cells have a better
prognosis than those without the presence of cytotoxic lymphocytes 12.
Accordingly, failures in this surveillance system could explain why tumor cells
acquire an “Evasion of immune destruction” leading to a higher incidence of certain
types of tumors in immunocompromised individuals 3435, Normally, tumor cells
are recognized by immune system cells because they express on their surface a
protein pattern different from that expressed by normal cells. Despite the
mechanisms that detect and eliminate tumor cells, their recognition remains
difficult since there is a degree of immunotolerance by part of the immune system.
In addition, due to genomic mutations, their antigenic profile is constantly
changing and hand in hand with this change, there is an overexpression of
cytokines and chemokines. The cytokines and chemokines produced act as
immunomodulators, regulating their microenvironment and favoring the
recruitment of monocytes, macrophages and highly suppressive cells (e.g.
regulatory T lymphocytes) thus suppressing the activity of the immune system and

favoring angiogenesis 12,34,

Accumulating evidence from previous studies has suggested that malignant
tumors are highly heterogeneous and likely contain a small subset of tumor cells
with self-renewal capacity and differentiation potential called cancer stem cells
(CSCs). CSCs are proposed to be implicated in different tumor hallmarks such as
angiogenesis, tumor growth, metastasis, drug resistance and immune
dysregulation and as a consequence, the elimination of this cell subpopulation

represent a current challenge in cancer therapy 36-40,

1.1.3 Cancer treatment approaches

Over the past few years, significant progress has been made in
understanding the development of cancer, which has led to important advances in

its treatment. Common cancer treatment methods include surgery, radiation
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therapy, immunotherapy, hormonal therapy, targeted therapies and chemotherapy
41-43_ Surgery is the “first line” treatment for solid cancers such as breast and lung
44 and aims to remove all cancerous tissue. However, it is ineffective in patients
with advanced tumor pathology or when surgery failed to remove the entire tumor
mass 4546, Radiation therapy aims to Kkill cancer cells using high-energy radiation
(photons, protons or particle radiation). Although radiation damages both normal
and tumor cells, the main goal of this therapy is to maximize exposure to tumor

cells while minimizing the radiation dose to adjacent normal cells.

Cancer immunotherapy takes advantage of the immune system's ability to
recognize and eliminate cancer cells. The two main therapeutic approaches used in
cancer immunotherapy are based on the enhancement of the patient's own
antitumor immunity with cytokines or vaccines and on the administration of

tumor-reactive immune cells such as chimeric antigen receptor (CAR) T cells 47.

Hormonal therapy applies to cancers whose development is dependent or is
sensitive to hormones. There are three major types of hormonal therapies based

on the type of cancer:

1. Breast cancer hormone therapy that uses competitive inhibitors of estrogen
receptor that lowers the levels of estrogen and progesterone.

2. Prostate cancer hormonal therapy such as anti-androgens, luteinizing
hormone blockers, and gonadotrophic releasing hormone blockers, that are
used to reduce serum testosterone levels.

3. Ovarian and womb cancer hormonal therapy in which an estrogen receptor
blocker is used, mainly Tamoxifen 42.

This therapy it is commonly combined with other treatments, such as surgery,
radiation, or chemotherapy, and is considered a systemic treatment because it

affects tumor cells throughout the body.

On the other hand, the goal of targeted therapy is to deliver drugs to specific

genes or proteins to cancer cells or to the tissue environment that promotes cancer

47



Introduction

growth. The efficacy of the therapy lies in the selective release of drugs at the site
of disease, minimizing unwanted side effects in normal tissues. Targeted therapy
involves the development of drugs that block cancer cell proliferation or induce
apoptosis or autophagy. Targeted therapy involves the use of monoclonal

antibodies or small oral drugs 43.

Finally, chemotherapy is the use of chemicals to fight against cancer and is the
most common clinical choice of treatment 48. Chemotherapeutic agents are
administered intravenously or orally, and then travel through the bloodstream to
attack cancers cells that have spread from the primary tumor to distant parts of
the body. These compounds act by killing rapidly dividing cells and their efficacy
depends on the type and stage of cancer. Nevertheless, their use is often limited by
their toxicity to other tissues in the body 49. A brief list of the compounds most
commonly used as chemotherapeutics in various types of cancer is depicted in
Table 1.
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Table 1. Most common types of chemotherapeutics used for cancer treatment.

Introduction

Compound type Mechanism of action Examples Ref.
React with electron-rich atoms in biological molecules Nitrosourea compounds (e.g. carmustine), Alkyl
(such as amino acids, nucleic acids DNA/RNA) to form sulfates (e.g. busulfan, treosulfan), Ethyleneimine
covalent bonds. derivatives (e.g. thiotepa), Epoxides (e.g. etoglucide),
) Triazene compounds (e.g. dacarbazine, temozolomide)
Alkylating agents Substlltute. alkyl groups for hydrf)gen é.ltOTnS on DNA’ and Metal salts (e.g. Cis-platin, carboplatin, oxaliplatin) 50-52
resulting in the formation of cross links within the nucleic
acid and the misreading of the DNA code. This leads to
the inhibition of DNA, RNA, and protein synthesis, which
ultimately induces apoptosis.
Antimetabolite These agents act mainly during the S phase of the cell Folate analogs (e.g. aminopterin), Purine analogs (e.g.
agents cycle generally by mimicking natural purines and mercaptopurine) and Pyrimidine analogs (e.g. 53-58
pyrimidines and affecting DNA synthesis. fluorouracil, gemcitabine, capecitabin)
These agents act on the microtubules of the cell and they Destabilizers: Vinka alkaloids (e.g. vinblastine,
are generally classified into two groups, microtubule vincristine) and Colchicine and its derivatives (e.g.
stabilizing agents and microtubule destabilizing agents. combretastatins).
oL Stabll_lzmg agents. act by promoting th.e a}sse.mbly of Stabilizers: Taxanes such as paclitaxel, docetaxel and
Antimitotic natural tubulin into microtubules or by inhibiting the bazitaxel 59-66
agents disassembly of the mitotic spindle once it has formed. caba
Destabilizing agents inhibit the polymerization process of
microtubules  activating the chromatic spindle
checkpoint, thus, blocking the passage from metaphase to
anaphase.
Cytotoxic Form covalent bonds with nucleic acids interfering with Puromycin, anthracyclines such as daunorubicin, 53.67-71
antibiotics DNA synthesis. doxorubicin among others.
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1.2 Antitumor drugs based on ribonucleases

The flow of genetic information is channelized through DNA < RNA — Protein
and is controlled by enzymes of RNA metabolism such as RNA polymerases and
ribonucleases (RNases) 72, RNases are classified using different functional or
evolutive criteria. Depending on how they cleave RNA, these enzymes can be
classified as exoribonucleases if they cleave nucleotides from the 5’ or 3’ end of
RNA molecules, or as endoribonucleases, which cleave RNA at an internal
phosphodiester bond 73. Also, they are classified depending on their sequence
homology. Using this criteria, RNases are classified into three major families: the
RNase A superfamily (which includes RNases from mammals, birds, reptiles, and

amphibians), the T1 family and the T2 family.

The RNase A superfamily is extremely dynamic, with high rates of gene
duplication and gene loss, resulting in a variable number of genes in different
species 74. RNases of this superfamily usually consist of a signal peptide of about
25 amino acids, a mature peptide of about 130 residues containing three catalytic
residues (one lysine and two histidines) and six to eight cysteines forming three to
four disulfide bonds. The homology between the RNases that are part of the RNase
A superfamily can be between 20% to almost 100% 74. Within this family we can
find six classical members: pancreatic ribonuclease (RNase 1), eosinophil-derived
neurotoxin (EDN, or RNase 2), eosinophil-cationic protein (ECP, or RNase 3),
RNase 4, angiogenin (RNase 5), and RNase 6 (or k6) 74. More recently, different
studies have expanded the superfamily to include seven additional members,
RNases 7 to 13 74. In addition to RNA regulation, RNases have other biological
activities such as participation in angiogenesis, immunosuppression, and antiviral
and antibacterial processes 75. The interest in studying RNases as antitumor agents
began in the early 1950s, when it was reported that bovine pancreatic
ribonuclease (RNase A) was shown to have antitumor activity both in vitro and in

vivo 76,
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Human pancreatic ribonuclease (HP-RNase or RNase 1) is a glycoprotein
secreted mainly by the pancreas, although it has also been found in kidney, liver,
brain, spleen and endothelium. Additionally, it is found in seminal plasma and
urine 77. HP-RNase is considered the human counterpart of the RNase A with
which it shares a 70% of sequence identity and the ability to cleave RNA,
specifically on the 3’-side of pyrimidine bases. Both enzymes show an increased
activity over poly(C) than with poly(U) and also an optimal activity at pH near 8.0.
However, HP-RNase presents a higher activity both on double stranded RNA and
on destabilizing DNA 78-80,

From then on, it has been shown that different members of the RNase
superfamily have selective cytotoxic activity for tumor cells, constituting an
approach to anticancer therapy 8182, The mechanism of cytotoxicity of different
RNases has been partially characterized. These RNases interact with a specific or a
nonspecific component of the target cell and are endocytosed. Then, at some point
of the endocytic pathway they translocate to the cytosol avoiding lysosomal
degradation. Once there, the RNase has to evade the action of the ribonuclease
inhibitor (RI) to preserve its ribonucleolytic activity and therefore to be able to
degrade different kinds of RNAs and induce cell death by apoptosis 83. The Rl is a
protein present in the cytosol of mammalian cells that bind some RNases with high
affinity and is thought to act as safeguard against an eventual entry of foreign
RNases into the cells 8485, Therefore, to kill the cells, these RNases must evade by
some mechanism the action of RI. For instance, Onconase (ONC), a RNase
of amphibian origin, display antitumor activity because it binds with very low

affinity to RI and thus evading its inhibition.

The mechanism by which the tumor cells are more sensitive to the RNases is
not completely known, but it has been postulated that RNases may be selectively
recognized or internalized by malignant cells because their membrane is highly
anionic. This hypothesis is derived from the observation that the molar ratio
between ethanolamine phospholipids and choline phospholipids in the plasma
membrane increases following neoplastic transformation 8386, Very recently, both

RNase A and its human counterpart, the HP-RNase, have been described to interact
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with a neutral hexasaccharide glycosphingolipid, Globo H, a component of a
glycolipid or a glycoprotein located on the outer membrane of epithelial cells and
detected in high levels in the outer membrane of several tumor cells 7687, Other
hypotheses to explain the selectivity of RNases towards tumor cells would indicate
that RNases follow a different internalization pathway that is present only in
tumor cells, or that this specificity might depend on the fact that malignant cells

might be more sensitive than normal cells to the toxic effects of RNA hydrolysis. 83.

Based on this knowledge, different groups have envisaged different strategies
to endow RNases with antitumor activity. Some of them have designed RNases
capable of avoiding interaction with the RI by introducing steric hindrances and
preventing the formation of the RNase-RI complex 8488 Qther groups have
endowed the RNases with higher capacity to reach the cytosol and saturate all the

RI present into the cell 76.

HP-RNase is an interesting enzyme to endow with antitumor activity because it
shows low renal toxicity and immunogenicity, and displays higher ribonucleolytic
activity than ONC, cleaving more efficiently a wide range of cellular RNAs 89-91,
Although HP-RNase is not cytotoxic for tumor cells because it cannot evade the R],
different research groups have developed cytotoxic HP-RNase variants 8892 some
of which entered in Phase I clinical trials (Evade™ RNases from Quintessence

Biosciences Company).

1.2.1 Nuclear directed-RNases (ND-RNases)

In the last 15 years, our group has developed a new strategy to endow HP-
RNase with cytotoxic activity that consists in redirecting the protein to the nucleus,
which is an RI-free organelle, by introducing a nuclear localization signal (NLS)
into its sequence 76. These RNases are named nuclear directed-RNases (ND-
RNases). Apart of endowing the RNase with cytotoxic activity, another benefit of

bringing the molecule inside the nucleus is the increase of the specificity towards
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neoplastic cells whose nuclear transport is seven times more active than that of

non-transformed cells 923.

PE5, the first developed ND-RNase, is an HP-RNase variant which has five
substitutions at the N-terminal end (Arg4Ala, Lys6Ala, GIn9Glu, Asp16Gly and
Ser17Asn) and also incorporates two other mutations: Gly8B9Arg and Ser90Arg %4.
Despite being sensitive to the RI, PE5 is cytotoxic against many human tumor cell
lines 9596 because it carries a non-contiguous extended bipartite NLS constituted
by at least three basic regions of the protein, comprising Lys1 and the Arg clusters
31-33 and 89-91. Although these regions are separated by more than 90 residues
in the primary structure, they are close in the three-dimensional structure of the
protein and their topological disposition is equivalent to that of a classical bipartite
NLS 97. Once PE5 has been internalized and reaches the cytosol, this NLS is
recognized by a-importin, which drives the protein into the nucleus, specifically
into the nucleolus, where PE5 cleaves nuclear RNA, leaving cytosolic RNA
undamaged 97. PES is recognized by a-importin and by RI, and the regions of the
enzyme implicated in the binding to both proteins are overlapped. This means that
once PE5 has internalized and reaches the cytosol, it can interact with both
proteins but not at the same time ?8. Although the affinity of PE5S for RI would be
higher than that of a-importin, PE5 molecules captured by a-importin would be
released into the nucleus and exit the two competing equilibria. The lack of free
PE5 molecules would shift the PE5-RI equilibrium toward dissociation, making the
free PE5 molecules ready to be captured by a-importin. As a result, PE5 will
progressively accumulate in the nucleus ?8. The replacement of the critical residues
of the NLS significantly reduces the cytotoxicity of PE5, indicating that the NLS
endows this HP-RNase variant with cytotoxic activity 9. The cytotoxic properties
of PE5 have been studied using NCI/ADR-RES cells. Treatment of this cell line with
PES5 generates classical hallmarks of apoptosis such as plasma membrane blebbing,
apoptotic body formation, chromatin condensation, nuclear fragmentation,
phosphatidylserine translocation and caspase activation 26. This cell death is
mediated by the increase of the expression of p21WAF1/CIP1 together with the
underphosphorylation of JNK 2. Interestingly, PE5 reduces the expression level of

P-gp in the multidrug resistant (MDR) cell lines NCI/ADR-RES and NCI-H460/R. It
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has also been reported that the combination of PE5 and doxorubicin is synergistic
in NCI/ADR-RES 100, Studies using human cDNA microarrays to determine the gene
expression pattern of PE5-treated NCI/ADR-RES cells have shown that PE5
especially decreases the expression of genes involved in metabolic pathways that
are deregulated in tumor cells (glycolysis, lipid synthesis and degradation, and
amino acid synthesis pathways). This decrease is accompanied by the under
expression of oncogenes and overexpression of tumor suppressor genes. PE5 also
increases the expression of genes involved in the removal of reactive oxygen
species (ROS) and decreases the expression of genes associated with the

acquisition of MDR 101,

New ND-RNases have been lately constructed from PE5 to improve their
properties. Firstly, an additional NLS of the SV40 large T antigen, which was
known to bind efficiently to a-importin 102, was introduced in PE5 to increase its
cytotoxicity. The new variant, called NLSPES5, is ten times more cytotoxic than PE5.
Although in vitro it slightly evades R], in treated cultured cells it is unable to
degrade cytosolic RNA, which also demonstrates that its cytotoxicity depends on
the ability to degrade nuclear RNA 98103 The effects of NLSPE5 on tumor cells are
analogous to those of PE5 in the NCI/ADR-RES cell line: it induces a two-fold
increase in the levels of p21WAF1/CIP1 and cyclin E, leaving cyclin D1 unaltered, the
proportion of early and late apoptotic cells at different incubation times is of the
same order as PE5 and, finally, NLSPE5 also activates procaspases 3, 8 and 9,

following the same pattern as PE5 98.

Subsequent assays 104 showed that NLSPE5 has lower ICso values than ONC for
tumor cell lines while for non-tumor cell lines the ICso values of NLSPE5 are much
higher. The ratio between the ICso values of non-tumor and tumor cells ranges
from 5 to 18-fold when we compare the two least affected cell lines and the two
most affected by NLSPES. In contrast, these values for ONC only range between
0.25 and 1.8-fold. For the CCD-18Co non-tumor cells, it was shown that the
resistance to RNase-induced apoptosis coincides with the overexpression and

cytoplasmic subcellular localization of p27KiP1104, A more recent study shows that
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NLSPE5 shows high selectivity for 3D cultured tumor cells and significantly

decreases the viability and self-renewal capacity of CSCs 105,

1.3 Metal-based antitumor compounds

Metal ions are necessary for several organ functions, as well as for the
treatment of diseases. Among these metal ions we can include not only metals
essential for life such as iron, copper, or zinc, but also metals previously described

as dangerous such platinum 106,

Designing ligands that will interact with free or protein-bound metal ions is
also a recent focus of medicinal inorganic research. The development of new metal
compounds as potential antitumor agents is a complicated task, due to the possible
accumulation of these ions in the organism, their biodistribution, excretion and
pharmacological specificity. A mechanistic understanding of how metal complexes
achieve their activities is crucial to their clinical success, as well as to the rational
design of new compounds with improved potency 197. In the case of metal-based
drugs, the metal centers, being positively charged, are favored for binding to
negatively charged biomolecules such as proteins and nucleic acids 197, whereas
the ligands can play an important role in target site recognition. The presence of a
chelating ligand can control reactivity towards different biomolecules (DNA,
enzymes) and play a key role in the interaction with them through hydrogen bonds
or intercalation 198, [n addition, lipophilic ligands are useful for increasing cellular
uptake while the shape of the ligands can be tailored to improve DNA affinity,
facilitate binding with receptors on the surface of tumor cells, and inhibit enzymes
involved in cancer progression. The ligands also determine the type of DNA-adduct
that is formed, as well as the mode of cell-death that ensues 108109, [n conclusion
the ligands impart their own functionality and can tune properties of the overall

complex that are unique from those of the individual ligand or metal 110
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1.3.1 Platinum based compounds and its reversals

Platinum-based compounds, such as carboplatin, Cis-platin and oxaliplatin,
are being used in the treatment of approximately 10-20% cancers 111, Recently,
scientists have focused on studying the specific biochemical interactions
responsible for the pharmacological effects of platinum-based compounds, partly
elucidating the differences between the mechanism of action of each metal

compound 112,

In terms of structure, Cis-platin, carboplatin and oxaliplatin are complex Pt
(II) combinations. Cis-platin has a structure of two ammine groups and two chloro
ligands that are oriented in a cis planar configuration around the central platinum
ion. Carboplatin differs from Cis-platin in that it has a 1,1-cyclobutanedicarboxylate
bidentate ligand in place of the two chloride ligands. Oxaliplatin has a more
complex structure in which the ammine monodentate ligands are replaced by the
1,2-diaminocyclohexane (DACH) bidentate ligand and the Cl- ligands by the oxalate

bidentate ligand 113,

Cis-platin is an alkylated agent that acts by covalent binding to DNA. In
aqueous biological media the chloro- ligands are replaced by water and interact
with DNA to form inter- and intra-strand cross-links. These new connections are
formed between two adjacent purine bases (between two guanines or between
guanine and adenosine) located on the same strand or on different strands leading
to distortion of the DNA structure. Subsequently, replication and transcription are
disrupted, and although these DNA- Cis-platin products are recognized by many
DNA repair complexes the cell goes into apoptosis 114. Cells incorporate Cis-platin
using cupper transporter 1 (CTR1), a transmembrane protein implicated in cupper
homeostasis 115 and only 1% of intracellular Cis-platin can bind DNA. It is
hypothesized that Cis-platin's toxicity in slowly proliferating or terminally
differentiated cells may be primarily due to drug-protein interactions 116, Indeed,
Cis-platin can react with a lot of substrates in the cytoplasm such as glutathione,
methionine, metallothionein and other proteins, through their cysteine residues.

Cis-platin displays an important cytotoxic activity by tipping the redox scale in
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favor of oxidative stress, leading to mitochondrial membrane permeabilization and

DNA damage 114117,

Cis-platin has become the mainstay in combination therapy of advanced and
metastatic testicular germ-cell cancer, and it is also used against small cell and
non-small cell lung cancers as well as cervical, bladder and esophageal cancers. A
set of severe side-effects during Cis-platin therapy is known: nephrotoxicity,
neurotoxicity, nausea, ototoxicity and vomiting. Nephrotoxicity is even with
vigorous hydration and forced diuresis the most common dose-limiting factor,

occasionally leading to irreversible kidney damage 118,

The second-generation platinum drug carboplatin, whose
cyclobutanedicarboxylic acid has a slower kinetic for binding to biological
molecules, was developed to reduce the dose-limiting toxicity of Cis-platin. As a
result of reduced reactivity, the neurotoxicity and ototoxicity after carboplatin
treatment are much less pronounced but the dose is limited by myelosuppression,
with thrombocytopenia, being more severe than neutropenia and anemia 119,
Carboplatin is used to treat many types of solid cancers, such as ovarian cancer and
advanced non-small and small cell lung cancers 120121, However, carboplatin has
limited efficacy against testicular germ-cell cancers, squamous cell carcinoma of
head and neck and bladder cancer. As a consequence, Cis-platin still remains the

drug of choice for treating these diseases 119

Oxaliplatin, a third-generation platinum drug, was developed to overcome
the resistance that some types of cancer, such as metastatic colorectal cancer,
present to Cis-platin and carboplatin. The ligand oxalate significantly reduces
oxaliplatin reactivity and consequently limits its toxicity 112 whereas DACH
lipophilic characteristics increase passive absorption of oxaliplatin when
compared to Cis-platin and carboplatin 122. This higher lipophilicity could explain
why oxaliplatin uses other cellular incorporation pathways such as organic cation
transporters OCT1 and OCT2. Overexpression of these transporters significantly

increases oxaliplatin cellular accumulation (with no effect on Cis-platin and
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carboplatin). Colorectal cancer cells express high levels of OCT transporters, and

this may explain why oxaliplatin is efficient in these types of cancers.114.119,

Following the success of platinum-based compounds and considering their
disadvantages including activity against a limited number of tumors, severe side-
effects, and the problem of developing drug resistance during treatment, other
compounds containing different metals such as manganese, iron, ruthenium,
copper, and gold, among others, have been investigated with the aim of discovering

novel cytotoxic compounds with a higher therapeutic index 112,

1.3.2 Manganese compounds

Manganese is an essential metal that is necessary for normal functioning of
a variety of physiological processes including amino acid, lipid, protein and
carbohydrate metabolism 123.124, Mn ion is a widely distributed metal which is a

required cofactor for many ubiquitous enzymes 125,

It has been shown that Mn (II) ions are mainly taken up and transported by
the divalent metal transporter DMT-1 and by transferrin (Tf) receptor (TfR). The
fact that these proteins are highly expressed in some tumor tissues 126:127 endows
Mn (II)-based compounds with a molecular mechanism to target tumor cells. Mn
(II) salts have been reported to exert anti proliferative effects on several cancer
cell lines and Mn (II) complexes containing thiosemicarbazone or hydrazone
groups have been reported as antitumor agents generally by the induction of
apoptotic cell death at rather high concentrations 126,128-132_ Finally, it is possible
for special Mn (II) complexes to target cancer cells through an ATP-related Ca

transporter 126,

Currently, coordination sites occupied by good leaving groups are labile
sites for substitution reactions with target sites. It has been considered that

manganese complexes containing these N-chelating ligands, such as pyridines,
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bipyridines, and pyrazoles 133-136, and chloride, triflate or nitrate as labile ligands,
could be highly cytotoxic for tumor cell lines as it has been observed for the o-
[Ru(azpy)2Clz] compound, which contains the same type of ligands 137. It has
recently been demonstrated that the application of the aforementioned ligands to
Mn (II) endows this metal with antiproliferative characteristics in several tumor

cell lines 108,

1.3.3 Iron compounds

Iron is a naturally occurring element in the human body involved in many
biological processes. For instance, Fe promotes energy generation and oxygen
transport in living cells 138, and it also participates in metabolic processes
including DNA synthesis. However, Fe concentrations in body tissues must be
tightly regulated because excessive Fe leads to tissue damage as a result of
formation of free radicals, [-thalassemia, Friedreich’s Ataxia and cancer 139140,
Organic molecules as Fe chelators have been studied as effective treatments

against some cancer types, such as colorectal cancer 141,

Cancer cells require larger quantities of Fe than normal cells, which is
reflected by the marked overexpression of TfR necessary for the uptake of Fe into
these cells 142, The increased Fe uptake plays a pivotal role during the intensive
DNA synthesis in neoplastic cells 143. The increased Fe dependence of cancer cells
suggest that Fe depletion may be an effective strategy to inhibit the rapid
proliferation of cancer cells 144, Fe compounds with antitumor properties show
low toxicity to normal cells and multiple anticancer mechanisms which,
interestingly, are different from those of platinum complexes 145. The most studied
families of Fe compounds as anticancer agents are those of organometallic
complexes of ferrocene and the inorganic coordination complexes of Fe (II) and Fe

(1) 145,

Among the metal complexes with antitumor activity described in the

literature, multinuclear ones show great potential as anticancer agents 146
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Multinuclear complexes exhibit novel modes of DNA binding that are distinct from
Cis-platin, such as the ability for long-range DNA crosslinking within or between
strands, bisintercalation, binding to the major or minor groove, and electrostatic
binding 146. A number of bimetallic mixed complexes containing a ferrocene and
another transition metal have been synthesized showing improved cytotoxicity
compared with the corresponding ferrocenyl motifs 147. Other Fe compound 1D-
polymeric Fe (III) complexes containing N-donor heterocyclic ligands have been
tested over a panel of tumor cell lines, showing interesting cytotoxic values
although the compounds are not stable in the medium 148, Unlike polymeric and
mixed bimetallic Fe complexes, few binuclear Fe complexes have been tested as
antitumor agents and although they have nuclease activity, they are not highly

cytotoxic 149,
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2. OBJECTIVES

Cancer continues to be one of the most lethal illnesses worldwide. To improve
cancer survival, it is necessary to develop new antitumor agents that could affect
those cells responsible of metastasis and drug resistance and that could be more
selective towards tumor cells. In this line, our group is developing both, proteins
such as human RNase variants and metal-based compounds, as antitumor drugs.
ND-RNases such as NLSPES5, have a highly anticancer potential due to their non-
mutagenic activity, their selectivity for cancer cells, their low immunogenicity,
their action against multiple important tumor processes in addition to their lower
renal retention and much higher ribonucleolytic activity than other cytotoxic
RNases. As with RNases and due to the great success of antitumor compounds
based on metals such as platinum, the development of new metallic compounds
has been a great avenue of research that seeks to maximize the beneficial effect
and limit the side effects that these compounds commonly present. For this, our
research group has been interested in developing antitumor complexes based on

transition metals such as Mn (II) and Fe (II).

Considered these aspects, the main objectives of the present work can be

summarized as follows:

* To study the effect of NLSPE5 on the expression of different epigenetic

marks.

* To study the effects of NLSPE5 on the migration and invasiveness of a

highly invasive breast cancer cell line.
*» To determine the in vitro cytotoxicity and selectivity for tumor cells of a

panel of new Mn and Fe compounds in the human ovarian adenocarcinoma

OVCAR-8 and lung carcinoma NCI-H460 cell lines.
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To determine the effect of the most cytotoxic and selective for tumor cells
Mn and Fe compounds on the cell cycle phase distribution and the induction

of apoptosis.

To study the molecular mechanism of cytotoxicity of the selected Mn and Fe

based compounds.

To determine the effect on cell migration of cancer cells of the most

effective Fe compound.

64



65

METHODS



66



Methods

3. METHODS

3.1 RNase variant

Plasmid expressing the HP-RNase variant NLSPE5 (pNLSPE5) has been
previously described 101, NLSPES5 is a PE5 variant that incorporates the NLS of
SV40 large T-antigen (PKKKRKVE) at its N-terminus plus a two-residue linker (AS)
101, PE5S is a HP-RNase variant 95 that carries seven substitutions: Arg4Ala, Lys6Ala,
GIn9Glu, Asp16Gly, Ser17Asn, Gly89Arg and Ser90Arg 8095, As a result of these

modifications, PE5 has a conformational bipartite NLS 97,99,

3.1.1 RNase expression and purification

NLSPE5 was produced and purified from Escherichia coli BL21(DE3) cells 150
transformed with pNLSPES5 essentially as described previously 80151 Briefly,
transformed cells were grown in Luria-Bertani medium supplemented with 100
ug/ml ampicillin until an absorbance at 550 nm near 1.5 was reached. Protein
expression was induced by the addition of isopropyl thiogalactoside (Fermentas,
USA) to 1 mM. After 3-4 h, cells were harvested by centrifugation at 7,500 xg for 7
min. Pellet from 2 L of induced culture was resuspended in 30 ml of 10 mM
ethylenediaminetetraacetic acid (EDTA), 50 mM Tris-acetate (pH 8.0). Cells were
lysed using a French press and inclusion bodies were harvested by centrifugation
at 12,000 xg for 45 min at 49C. Pellets were then solubilized in 10 ml of 6 M
guanidinium chloride, 2 mM EDTA, 100 mM Tris-acetate (pH 8.5). Reduced
glutathione was added to a final concentration of 0.1 M, the pH was adjusted to 8.5
with solid Tris, and the samples were incubated at room temperature for 2 h under
a nitrogen atmosphere to assist protein solubilization. Insoluble material was
removed by centrifugation at 14,500 xg for 30 min at 42C and solubilized protein
was diluted dropwise into 0.5 M L-arginine, 1 mM oxidized glutathione, 2 mM
EDTA, 100 mM Tris-acetate (pH 8.5) and incubated at 4°C for at least 48 h. Then,
protein was concentrated by tangential ultrafiltration using a Prep/Scale TFF

cartridge (Millipore, USA) and dialyzed against 50 mM sodium acetate (pH 5.0).
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The sample was centrifuged at 15,000 xg for 30 min at 4°C to remove insoluble
material, loaded onto a Mono-S HR 5/5 FPLC column (Amersham Biosciences,
USA) equilibrated with 50 mM sodium acetate (pH 5.0), and eluted with a linear
gradient from 0 to 1 M NaCl. Fractions eluting at approximately 0.6 M NaCl
contained pure and properly folded NLSPE5. They were collected and dialyzed
against ultra-pure water, lyophilized, and stored at -20 °C until its use. A yield of
15-25 mg of protein per 1 L of culture was obtained. The molecular mass of each
variant was confirmed by Matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry in the Serveis Tecnics de Recerca (STR) of
the University of Girona (UdG) (Girona, Spain). The protein concentration was
determined by ultraviolet spectroscopy using an extinction coefficient at 280 nm of

7950 M-t cm? for this variant calculated as reported previously 152,

3.2 Manganese compounds

A panel of Mn complexes with ligands containing nitrogen as donor atoms
(Mn1-8) and their ligands (L-Mn1-8, respectively) were synthesized by members
of the Catalysis and Sustainability Research Group of the Department of Chemistry
of the UdG. Except Mn7[which is based on Mn (IlI)], the complexes were Mn (II)-
based compounds containing the pyrazolic ligands 2-(1-methyl-3-pyrazolyl)
pyridine (pypz-Me) and ethyl 2-(3-(pyridine-2-yl)-1H-pyrazol-1-yl) acetate (pypz-
CH2COOEY), together with chlorido or triflate as monodentate ligands (Figure 2).
Compounds Mn1 and Mn2 have the general formula [MnXz(pypz-Me):z], where X
corresponds to Cl- and CF3SOs3-, respectively. Compound Mn3 has the formula
[Mn(CF3S03)2(pypz-CH2CO0Et)2]. Compounds Mn4-7 contain the bidentate 2-(3-
pyrazolyl) pyridine (pypz-H) ligand whereas compound Mn8 the chiral bidentate
nitrogen ligand (-)-pinene[5,6]bipyridine ((-)-L) (Figure 2).
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Figure 2. Synthesis and structure of different metallic Mn compounds. Figure extracted and modified from Rich et al.134, Manrique et al.136 and Castro et
al. 108,
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3.2.1 Preparation of manganese compounds

Mn compounds and their ligands were first reconstituted in dimethylsulfoxide
(DMSO) at 25 mg/ml and then the samples were diluted dropwise onto sterile and
bidistilled water to reach a final concentration of 4% DMSO. Then, the
concentration of the compounds and ligands was determined using their extinction
coefficients. The extinction coefficient of each compound and ligand was calculated
experimentally by measuring their absorbance at the wavelength where each one
presents its maximum (Amax). A linear regression equation between absorbance at
Amax and different concentrations of each compound or ligand was calculated in
each case to obtain the different molar extinction coefficients from the slope (see
Table 2). Finally, stock solutions were then diluted to the desired final
concentrations with sterile complete medium immediately before each

experiment.

Table 2. Molar extinction coefficients of the different Mn compounds and their

ligands.

Mn Compound Extinction coefficient (M1 cm1)

Mn1 [MnClz(pypz-Me):] 17,526

Mn2 [Mn(CF3S03)2(pypz-Me):] 23,274

Mn3 [Mn(CF3503)2(pypz-CH2COOEt);] 21,380

Mn4 [MnCl;(pypz-H):] 19,082

Mn5 [Mn(CF3S03)2(pypz-H):] 16,291

Mn6 [Mn(NOs)2(pypz-H)2] 13,353

Mn7 [MnCl;(H:0)2(pypz-H)] 18,186

Mn8 [Mn(CF3S50s3)2((-)-L)2] 23,541

Mn ligand

pypz-Me 6,719

pypz-CH2COOEt 12,452

pypz-H 6,717

(-)-L 15,467
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3.3 Iron compounds

A series of imino- and amino-pyridine ligands based on
dihydrobenzofurobenzofuran (BFBF) and methano-dibenzodioxocine (DBDOC)
backbones were synthesized at the Institut Catala d’Investigacié Quimica (ICIQ) 153
(see Figure 3). These ligands form bimetallic and binuclear complexes with Fe (II)
and have been designated as compound 7-12. The compounds contain six different
ligands (L1-6) and present octahedral coordination due to the two nitrogens
present in each ligand. Thus, each Fe atom can coordinate with the labile ligands
(which in this case are acetonitrile). The counterions for the six compounds
studied are tetrafluoroborate [BF4]4+. Compound 10 and compound 11 differ in that
at position 6 the former has a methyl group and the latter a methoxy group.

Compound 12 has a phenyl group as radical.

A.

. L-1 (R?= H) for compound 7

1

— L-2 (R2= 6-Br) for compound 8
w i L-3 (R2= 5-Br) for compound 9
()] —N o] o] N— — "

= — _— L-4 (R?= 6-Me) for compound 10
<t W N

) |7 N L-5 (R%= 6-OMe) for compound 11
= 2 2

- R R L-6 (R2= Ph)for compound 12
B.

(BF4)4

Figure 3. Chemical structure of Fe compounds. A. Structure of the ligands used, where R2
represent the different substituents in each compound. B. Representative arrangement of two
ligand molecules within the iron compound. Image taken and modified from Martinez-Ferraté
etal. 153,
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3.3.1 Preparation of iron compounds

Compounds and their ligands were first reconstituted in DMSO at 4.4 mg/ml
and then left under magnetic stirring protected from light until the compound was
completely dissolved. Then the samples were diluted dropwise onto sterile and
bidistilled water and then each compound was filtered and its concentration
calculated by measuring the absorbance at 280 nm. For each compound, a stock
solution of 100 uM at 4% DMSO was prepared and then diluted to the desired final
concentrations with sterile complete medium immediately before each

experiment.

3.4 Cell lines and culture conditions

Human mammary gland adenocarcinoma cell line MDA-MB-231 154 and normal
human colon fibroblasts CCD-18Co 155 were obtained from Eucellbank (Universitat
de Barcelona, Spain). Human non-small cell lung cancer cell line NCI-H460 156, and
human ovarian cancer cell line OVCAR-8 157 were obtained from the National
Cancer Institute - Frederick DCTD tumor cell line repository. Tumor cell lines were
routinely grown on RPMI 1640 media (Gibco, USA) supplemented with 10% fetal
bovine serum (FBS) (Gibco, Germany), 50 U/mL penicillin, 50 pg/mL streptomycin
and 1% L-Glutamine (Gibco, Germany). CCD-18Co cells were cultured in DMEM
medium (Gibco, Germany) supplemented with 10% FBS, 50 U/mL penicillin, 50
pug/mL streptomycin and 1% L-Glutamine. Cells were maintained at 372C in a 5%
CO2 humidified atmosphere, remained free of Mycoplasma, and were propagated in

adherent culture according to established protocols.

3.5 Cell proliferation assays

3.5.1 Cytotoxicity assays in 2D

Cells were seeded into 96-well plates at the appropriate density: 2,500 cells
for MDA-MB-231, 2,800 cells for NCI-H460, 10,000 cells for CCD-18Co and 2,600
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cells for OVCAR-8. Cells were seeded and incubated for 24 h and then were treated
with various concentrations of the cytotoxic molecule for a further 72 h. Cis-platin
(Pfizer, Spain) and carboplatin (Teva, Spain) were included as controls in some
experiments. To determine the effect of the cytotoxic compounds on the viability of
the cell lines, an assay that monitors the reduction of Thiazolyl Blue Tetrazolium
Bromide (MTT) (Sigma, USA) to formazan was used. Data were collected by
reading at 570 nm in a multi-well plate reader (Synergy 4 hybrid, Biotek, USA). The
ICs, IC10, IC20, and ICso values represent the concentrations of the assayed
compounds required to inhibit cell proliferation by 5, 10, 20, and 50%,
respectively, and were calculated by interpolation from the obtained growth
curves. The mean standard error (SE) was calculated from at least three

independent experiments with three replicas in each one.

3.5.2 Cytotoxicity assay in 3D

MDA-MB-231 single cells resuspended in RPMI 1640 media containing 2.5% of
Growth Factor Reduced (GFR) Matrigel™ (Corning, USA) were seeded at a
concentration of 1,000 cells/well into 96-well plates coated with a thin solidified
layer of GFR Matrigel™. After 2 days of incubation for growing on GFR Matrigel™,
cells were treated with different concentrations of NLSPE5 in media containing
2.5% GFR Matrigel™ for 72 h. Cell viability was determined by the CellTiter-Glo
method, essentially following the manufacturer’s instructions (Promega, USA). All

data are described as the mean * SE of at least three independent experiments.

3.6 Transwell migration and invasion assays

The migration assay protocol depends on the compound tested. For NLSPES,
200,000 MDA-MB-231 cells were seeded into 6-well plates and after 24 h of
incubation, cells were pretreated with 0.05, 0.1, and 0.2 pM of NLSPE5
(corresponding to an ICs, IC10 and IC2o, respectively) for 24 h at 372C. Then cells
were trypsinized and 12,500 viable cells were suspended in 0.4 ml RPMI 1640
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medium with 0.5% FBS and the same concentration of NLSPE5 and seeded into the
upper chamber of a 24-well transwell insert (8 pum pore size; Sarstedt, Germany)
for 48 h at 372C. For the evaluation of compound 10, no pretreatment was
performed. Cells were seeded directly into the transwell chamber and treated with
0.1 pM (corresponding to an IC20 in 2D cultures) of compound 10 for 24, 48 and 72
h. The number of cells and volumes used are the same as described above. In both
cases the lower chamber contained 0.5 ml RPMI 1640 medium with 10% FBS as a
chemoattractant. Then, non-migrated cells were wiped from the upper surface of
the membrane with a cotton swab and migrated cells remaining on the bottom
surface were fixed with 4% paraformaldehyde (PFA) for 30 min. Cells were stained
with 0.2% crystal violet solution for 20 min at room temperature and ten
randomly selected fields at 200X magnification were counted using an Olympus
CKx41 inverted microscope. The invasion assays were performed using the same
procedure as the migration assay except that the number of cells seeded into the
upper chamber of the transwell was of 25,000 and the chamber filter was coated

with GFR Matrigel™.

3.7 Wound closure cell migration assay

MDA-MB-231 cells (600,000 on 2 ml) suspended in culture media were seeded
into a 6-well plate and allowed to grow to 80% confluence. Then, a straight scratch
was made using a 200 pl pipette tip, and cells were washed with cold PBS before
treating with different concentrations of NLSPE5 in media with 0.5% FBS. Images
were captured at 0, 16, 24, 40, and 48 h after wounding using an Olympus CKx41
inverted microscope. The wound area was quantified using the Image] software
(National Institute of Health, USA), with a wound healing tool macro (Montpellier
RIO Imaging, France). Treatment effects were described as the mean * SE of three

independent experiments.
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3.8 Protein sample preparation for Western Blots

The effect of NLSPE5 on the expression of different proteins implicated in
migration and evasiveness and on the epigenetic regulation was evaluated in 3D
cell cultures cultured in GFR Matrigel™. This methodology better reproduces the
multicellular architecture and cell relationships that occur in vivo and, therefore, is
a better predictor of in vivo responses to NLSPE5 158-161 MDA-MB-231 single cells
resuspended in media containing 2.5% of GFR Matrigel™ were seeded at a density
of 15,000 cells/well into 48-well plates coated with a thin solidified layer of GFR
Matrigel™. After 3 days of incubation, cells were treated with 0.5 pM NLSPE5
(corresponding to an IC3o in 3D cultures) in media containing 2.5% GFR Matrigel™
for 72 h. After treatment, wells were rinsed thoroughly with PBS supplemented
with a protease inhibitor cocktail (ab65621, Abcam, UK). Then, GFR Matrigel™ was
liquefied by incubating for 1 h on ice with Cell Recovery Solution (Corning, USA).
Cell spheroids were collected by centrifugation at 6,000 rpm and lysed using a lysis
buffer (9803, Cell Signaling Technology, USA). Cell lysates were stored at -80 °C.
Protein concentrations were quantified with a Pierce BCA protein assay Kkit

(Thermo Fisher Scientific, USA).

3.9 Western Blot analysis

50 pg protein extracts were submitted to SDS-PAGE and transferred to PVDF
membranes. Then membranes were blocked with BSA 5% for 2h and probed
overnight with primary antibodies directed against the following proteins: N-
cadherin (dilution 1/500; sc-393933, Santa Cruz Biotechnology), E-cadherin
(dilution 1/500; sc-8426, Santa Cruz Biotechnology), MMP2 (dilution 1/200; sc-
13595, Santa Cruz Biotechnology), MMP9 (dilution 1/200; sc-21733, Santa Cruz
Biotechnology), H3K27me3 (dilution 1/1,500; ab6002, Abcam), AcH4 (dilution
1/500; 06-866, Millipore) and Actin (dilution 1/300; sc-8432, Santa Cruz
Biotechnology). The secondary antibodies (mouse anti-rabbit peroxidase

conjugate (dilution 1/10,000; sc-2357, Santa Cruz Biotechnology) or goat anti-
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mouse IgG peroxidase conjugate (dilution 1/15,000; DCO2L, Calbiochem) were
incubated for 2 h at room temperature. Blots were developed with immobilon
chemiluminescent HRP substrate (Millipore, USA) and images were captured by a
FluorChem SP system (Alpha Innotech, USA). The intensity of each band was
quantified using the Image] software (National Institutes of Health (NIH), USA).

3.10 Detection of Reactive Oxygen Species

Reactive oxygen species (ROS) generation was determined by flow cytometry
using the carboxy-2’,7’-dichlorodihydrofluorescein diacetate probe (carboxy-
H2DCFDA) (Invitrogen, USA). Carboxy-H2DCFDA is oxidized to green fluorescent
dichlorofluorescein (DCF) by ROS. NCI-H460 and OVCAR-8 cell lines were seeded
in 6-well plates (70,000 cells/well) in phenol red-free RPMI (Gibco, USA) and
incubated for 24 h before treatments. Cells were treated with different
concentrations of Mn8 or its ligand (2, 5 and 9 uM for NCI-H460 and 5, 12 and 24
uM for OVCAR-8) or compound 10 (0.7, 1.5 and 3 uM for NCI-H460 cells and 2, 4.5
and 9 uM for OVCAR-8 cells) for 48 or 72 h at 37 °C. After treatments, cells were
washed with PBS and incubated with 1 uM carboxy-H2DCFDA for NCI-H460 cells or
0.5 uM for OVCAR-8 cells in PBS for 30 min at 37 °C in the dark. Then, cells were
trypsinized with phenol red-free trypsin, collected by centrifugation at 2,200 rpm
and analyzed on a NovoCyte flow cytometer (ACEA Biosciences, USA). The
geometric mean fluorescence intensity of 10,000 cells was established using

NovoExpress software (ACEA Biosciences, USA).

To further investigate the involvement of ROS in the cytotoxic mechanism of
the metallic compounds, the effect of the antioxidant agent N-Acetyl-L-Cysteine
(NAC) (Sigma, USA) on the cytotoxicity of those compounds was also investigated.
2,600 cells/well of NCI-H460 or 2,800 cells/well of OVCAR-8 were seeded in 96-
well plates 24 h prior to treatments. After 24 h cells were treated with Mn8, its
ligand and with compound 10 for 48 or 72 h at 37°C. When indicated, cells were
co-treated with the compounds plus 2.5 mM NAC. Finally, the viability of NAC-
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treated cells was compared to that of cells without NAC treatment by the MTT

method previously described.

3.11 Cell cycle phase analysis

Cell cycle phase analysis was performed by propidium iodide (PI) staining. NCI-
H460 (50,000 cells/well, 6-well plates) and OVCAR-8 cells (100,000 cells/well, 6-
well plates) were seeded and incubated for 24h. Then, cells were treated with Mn8
or its ligand (2 or 9 pM for NCI-H460 and 5 or 24 pM for OVCAR-8) or compound
10 (0.3 uM for NCI-H460 and 0.8 uM for OVCAR-8) for 72 h and then harvested and
fixed with 70% ethanol overnigth at -20°C. Fixed cells were harvested by
centrifugation and washed in cold PBS. The collected cells were resuspended in
PBS (1-2 x 106 cells/mL), treated with RNase A (100 pg/mL) and incubated with
PI (40 pg/mL) (Molecular Probes, USA) at 37 °C for 30 min before flow cytometric
analysis. A minimum of 10,000 cells within the gated region was analyzed on a
NovoCyte flow cytometer. Cell cycle phase distribution was analyzed using the

NovoExpress software.

3.12 Phosphatidylserine exposure assay

Quantitative analysis of apoptotic cell death caused by Mn8, its ligand or
compound 10 was performed by flow cytometry using the Alexa Fluor 488 annexin
V/Pl Vybrant Apoptosis Assay Kit (Molecular Probes, USA) following the
manufacturer's instructions. Briefly, NCI-H460 (70,000 cells/well) and OVCAR-8
(80,000 cells/well) cells were seeded into 6-well plates and then treated with
compound 10 (0.64 uM for NCI-H460 or 1.65 pM for OVCAR-8) or with Mn8 or its
ligand (9 uM for NCI-H460 and 24 uM for OVCAR-8) for 72 h in a serum-starved
medium. After treatment, attached and floating cells were harvested by
centrifugation, washed in cold PBS, and subjected to Annexin V-Alexa Fluor 488

and PI staining in binding buffer at room temperature for 15 min in the dark.
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Stained cells were analyzed on NovoCyte flow cytometer using NovoExpress

software. A minimum of 10,000 cells within the gated region were analyzed.

3.13 DNA interaction analysis

Interaction of metal based compounds with DNA was monitored by agarose gel
electrophoresis. Stock solutions of Mn8 and its ligand or compound 10 were
freshly prepared in 4% DMSO. To investigate whether the presence of ROS could
mediate the interaction of the compound with DNA, 1 pL of 30% H202 (w/v) was
added to the reaction. Samples were prepared by mixing 0.5 pL of 0.5 pg/uL
supercoiled pUC18 DNA (Thermo Scientific) with appropriate aliquots of Mn8, its
ligand or compound 10 (25, 50 75 or 100 uM) in a final volume of 20 pL. A sample
of untreated pUC18 DNA was used as negative control. The samples were then
incubated at 37 °C for 24 h and then 4 pL of 6x loading buffer (10 mM Tris-HCl, pH
7.6, 0.03% bromophenol blue, 0.03% xylene cyanol FF, 60% glycerol, 60 mM
EDTA) were added to each sample. The mixed solutions were loaded on a 0.8%
agarose gel in 0.5x TBE buffer (89 mM Tris-borate, pH 8.3, 2 mM EDTA) and
electrophoresis was carried out for 70 min at 100 V. Gels were stained with
ethidium bromide (1 pg/mL in TBE) for 15 min and the DNA bands were
visualized under UV light. For comparison purposes, the Cis-platin (0.1 pg/uL)

effect was evaluated under the same experimental conditions.

3.14  Statistical analysis

Statistical analysis was carried out using IBM SPSS 24 software for Windows
(USA). t-Test and one-way ANOVA test were performed, taking a significance level
of 0.05.
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4. RESULTS

4.1 ND-RNase NLSPE5

Previous works from the research group have shown that ND-RNases display
pleiotropic effects on different cancer cell lines. Here we have investigated about
how some of these pleiotropic effects are produced and how NLSPES5 affects cancer

cell migration and invasion.

4.1.1 NLSPES5 affects the epigenetic marks of MDA-MB-231 cell line

Our research group has previously described that ND-RNases affect the
expression of different genes involved in the maintenance of the malignant
phenotype such as overexpression of tumor suppressor genes, down-regulation of
oncogenes and enzymes involved in the regulation of metabolic pathways such as
glycolysis or nucleotide synthesis, etc. 101, ND-RNases are affecting gene
expression at different levels since we have previously observed that it affects the

rRNA level 29 or the miRNA pool 162

We wondered whether the described changes of gene expression could be
also due to an effect over the epigenetic regulation of gene expression. We firstly
investigated whether NLSPE5 was cytotoxic against the breast cancer cell line
MDA-MB-231 cultured in 3D by measuring the effect of increasing concentrations
of this ND-RNase on its growth after an incubation period of 72 h (Figure 4). On
this cell line NLSPES5 is highly cytotoxic being the ICso of 1.32 + 0.16 pM.
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Figure 4. Effect of NLSPE5 on the growth of the MDA-MB-231 cell line cultured in 3D after an
incubation period of 72 h using CellTiter-Glo method. Cell growth was calculated from
fluorescence values as a percentage of growth respective to control cells. The curve shown in
the figure comes from a single representative experiment. At least three independent
experiments yielded comparable results.

Subsequently, the effect of ND-RNase NLSPE5 on the expression level of two
epigenetic marks such as H3K27me3 and AcH4 was investigated by Western Blot.
Cell extracts of the MDA-MB-231 cell line cultured in 3D with GFR Matrigel™ and
treated with 0.5 uM NLSPES5 (a concentration equivalent to the IC30 in 3D cultures)
for 72 h were subjected to immunoblotting with antibodies against AcH4 (histone

H4 acetylation) and H3K27me3 (trimethylation of lysine 27 of histone H3).

Trimethylation of lysine 27 in histone H3 is known to be associated with
gene silencing 163 whereas in general, the acetylation of each of the four lysines of
histone H4 is associated to gene activation 164-166, As shown in the Figure 5, the
level of histone H4 acetylation was unchanged, whereas the methylation of K27 in
histone H3 was significantly increased by almost 50% when compared to the

control.
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Figure 5. Effect of the treatment of MDA-MB-231 cells with NLSPE5 on the expression of
H3K27me3 and AcH4. Cellular protein was collected and analyzed by western blot using the
antibodies described in the methodology section. A. Representative image of each protein
analyzed. B. Densitometric analysis of protein expression normalized with (3-actin from three
independent experiments. Values of untreated cells are considered as 100%. Differences
versus untreated control cells were considered significant at * p < 0.05.

4.1.2 NLSPES5 affects the migration and invasion capacity of the MDA-MB-231 cell

line

One of the characteristics of cancer cells is their ability to migrate from the
primary tumor to other parts of the body and invade other tissues. Since ND-
RNases affect multiple pathways of cancer cells, we wondered whether they could
inhibit these two processes. To investigate this, we chose the MDA-MB-231 cell line
that presents a triple negative phenotype (TNBC), one of the most aggressive
phenotypes of breast cancer and with the most unfavorable prognosis 167.168, First,
we determined the level of cytotoxicity of NLSPES in 2D cultures by measuring the
effect of increasing concentrations of NLSPE5 on their growth after a 72 h
incubation period (Figure 6). Under these conditions, NLSPE5S is highly cytotoxic
with an ICso 0of 0.39 + 0.07 uM.
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Figure 6. Effect of NLSPE5 on the growth of the MDA-MB-231 cell line cultured in 2D after an
incubation period of 72 h using the MTT assay. Cell growth was calculated from absorbance
values as a percentage of growth respective to control cells. The curve shown in the figure
comes from a single representative experiment. At least three independent experiments
yielded comparable results.

To measure the effect that NLSPE5 has on the migration and invasion
capacity of this cell line, transwell and wound closure assays were performed.
Migration analysis in transwell chambers showed that after 72 h of incubation,
NLSPES significantly decreased the migration of MDA-MB-231 cells (Figure 7-A)
even at concentrations of 0.1 uM and 0.2 pM (Figure 7-B).
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Figure 7. Effect of NLSPE5 on migration of MDA-MB-231 cells in a transwell chamber assay. A.
Representative images of migrating cells untreated and treated with NLSPE5 for 72 h and B.
quantitative analysis of cell density. Cells were stained with crystal violet. *P< 0.05. Data are
shown as mean # SE of at least three independent experiments.

This effect was confirmed with the wound closure assay (Figure 8-A).
Again, treatment with NLSPES significantly delayed healing at all time points

tested (16, 24, 40, and 48 h) in a dose dependent manner (Figure 8-B).
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Figure 8. Effect of NLSPE5 on cell migration in the wound closure assay. A. Representative
images from wound healing assay of MDA-MB-231 cells untreated or treated with NLSPE5 at
different incubation times. B. Percentage of wound area respective to 0 h at indicated time
points of MDA-MB-231 cell cultures untreated (4) and treated with NLSPE5 at 0.05 uM (@),
0.1 pM (A) and 0.2 pM (H). Data are shown as mean * SE of three independent experiments.
Differences versus untreated control cells were considered significant at * p < 0.05.

86



Results

Transwell assays with GFR Matrigel™ were used to examine the impact of
NLSPES5 on the invasiveness capacity of the MDA-MB-231 cell line. After 72 h of
incubation, less NLSPES treated cells were present on the other side of the well
when compared to control (Figure 9-A) demonstrating that a concentration of the
ND-RNase as low as 0.1 uM significantly reduced the invasion potential of the cell

line (Figure 9-B).
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Figure 9. Effect of NLSPES5 on invasiveness of MDA-MB-231 cells using transwell chambers. A.
Representative images of migration assays of cells untreated or treated with NLSPE5 for 72 h
and B. Quantitative analysis of cell density. Cells were stained with crystal violet. Differences
versus untreated control cells were considered significant at *P< 0.05. Data are shown as mean
+ SE of at least three independent experiments
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4.1.3 NLSPES5 reduces the expression of N-cadherin

Additionally, the effect of NLSPES on the expression level of proteins related
to migration and invasiveness were investigated by Western Blot. Cell extracts of
MDA-MB-231 cells cultured in 3D with GFR Matrigel™ and treated with 0.5 pM
NLSPES for 72 h were subjected to immunoblotting with antibodies against E-
Cadherin, N-Cadherin, MMP2 and MMP9 (Figure 10). As it can be seen, upon
treatment with NLSPE5 a significant decrease of 44% of the N-cadherin is
observed with respect to untreated cells. The rest of the proteins do not show
significant variations of their expression levels when compared with protein

extracts of control cells.
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Figure 10. Effect of the treatment of MDA-MB-231 cells with NLSPES5 on the expression of E-
Cadherin, N-Cadherin, MMP2 and MMPO9. Protein extracts from MDA-MB-231 cells treated and
untreated with NLSPE5 were analyzed by Western Blot using the antibodies indicated in the
figure. A. Representative Western Blots of each analyzed protein. B. Densitometric analysis of
protein expression normalized to that of 3-actin from three independent experiments. Values
of untreated cells are considered as 100%. Differences versus untreated control cells were
considered significant at * p < 0.05.
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4.2 Manganese Compounds

4.2.1 Mn compounds are cytotoxic and selective for tumor cells

Transition-metal complexes with ligands containing nitrogen as donor
atoms constitute an important class of coordination compounds that are able to
perform a wide range of transformations 169-171, The exponential development of
bioinorganic chemistry along the last three decades has manifested the unique
properties they present for the design of new pharmaceutical compounds being
Cis-platin and carboplatin two metal-based compounds that are widely used in
cancer therapy. Mn and Fe complexes have potentially fewer side effects compared
to Cis-platin. For these reasons we have investigated the cytotoxic properties of a

panel of Mn complexes.

Cytotoxicity assays of Mn compounds (Mn1-Mn8) were performed on two
tumor cell lines, NCI-H460 and OVCAR-8. Each ligand was also tested (Table 3).
The effect of increasing concentrations of these compounds on cell viability was
measured after an incubation period of 72 h. In addition to the manganese
compounds, platinum derivatives such as Cis-platin and carboplatin were used for

comparison.

Most of the compounds present a slight cytotoxic activity in a dose
dependent manner. However, as shown in Table 3, the compound Mn8 and, to a
lower extent its ligand, present a much higher cytotoxicity comparable in the case
of Mn8 to that observed for Cis-platin in both cell lines. Compared to carboplatin,
the cytotoxicity observed for Mn8 is about eight times higher for the NCI-H460 cell
line and 24 times higher for the OVCAR-8 cell line.
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Table 3. ICso values (uM) of the different manganese compounds and its ligands
tested in the indicated cell lines. Data presented are mean * SE of triplicate values
from at least three independent experiments.

1Cs0 (UM)

Mn compound NCI-H460 OVCAR-8
Mn1 [MnCl;(pypz-Me):] 160.8+20.2 >600
Mn2 [Mn(CF3S03)2(pypz-Me):] 94.3+10.9 318.3+53.0
Mn3 [Mn(CF5503)2(pypz-CH2COOEt);] 513+7.2 212.5+375
Mn4 [MnCl;(pypz-H):] 124.7 £ 2.6 373.1+62.7
Mn5 [Mn(CF3S03)2(pypz-H):] 189.2+29.2 4924+934
Mné6 [Mn(NOs)2(pypz-H):] 157.2+321  >600
Mn7 [MnCl;(Hz0):(pypz-H)] 132.2+235 413.1+458
Mn8 [Mn(CF3S03)2((-)-L)z] 1.7+0.4 4.7 +0.4
Cis-platin 1.0+0.1 69+1.2
Carboplatin 12.8+2.2 110.0 + 4.2

Manganese ligand

pypz-H (for Mn4, Mn5, Mn6 and Mn7) > 600 > 600
pypz-Me (for Mn1 and Mn2) > 600 > 600
pypz-CH:COOEt (for Mn3) 160.5+21.3 > 600
(-)-L (for Mn8) 33+0.1 159 +3.38

In all cases Mn compounds have much more cytotoxicity than free ligands,
confirming that the antitumor activities of the pyrazole and bipyridine ligands can
be enhanced by coordinating the corresponding ligand to Mn. It can be also
observed that the NCI-H460 cell line is much more sensitive to Mn compounds

than the OVCAR-8 cell line.

Considering the interesting results of Mn8, we decided to further
characterize this compound and its ligand (L-Mn8). We firstly investigated
whether the cytotoxic properties of Mn8 were specific for tumor cell lines. For this,
we analyzed the sensitivity of Mn8 as well as that of its ligand to the non-tumor

cells CCD-18Co.

As it can be seen (Table 4), the ICso of both Mn8 and its ligand for CCD-
18Co were higher than the highest concentration available of the compounds (30
uM). This indicates that Mn8 as well as its ligand are clearly selective for cancer
cells.

90



Results

Table 4. ICso value (uM) of Mn8 and its ligand on the non-tumor cells CCD-18Co.
Data presented are mean * SE of triplicate values from at least three independent
experiments.

ICs0 (UM)

Mn compound CCD-18Co
Mn8 [Mn(CF5S03)2((-)-L)2] >30
L-MnS8 [(-)-L] >30

4.2.2 Mn8 and its ligand triggers ROS generation

Mn constitutes a co-factor for several enzymes such as superoxide
dismutase (Mn-SOD), catalase, ribonucleotide reductase, and peroxidase 172. We
decided to investigate whether ROS plays a key role in the cytotoxicity activity of
Mn8. For this, we firstly studied whether this compound increased the ROS levels
in OVCAR-8 and NCI-H460 cells. Both cell lines were treated at different
concentrations of Mn8 and its ligand for 48 or 72 h and the amount of ROS
produced was measured with the carboxy-H2DCFDA probe through flow cytometry
(Figure 11).
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Figure 11. ROS production triggered by Mn8 and its ligand (L-Mn8) in NCI-H460 (A) and
OVCAR-8 (B) cell lines. Cells were treated for 48 and 72 h with Mn8 or its ligand and ROS
generation was measured by flow cytometry after labeling the cells with carboxy-H,DCFDA.
ROS levels are indicated as fold increase vs. control (untreated cells). Values were analyzed
from 10,000 total events. Data are presented as the mean * SE of at least three independent
experiments. Differences from untreated control cells were considered significant at *p < 0.05.

As shown in Figure 11, Mn8 increases ROS levels in both cell lines in a
dose- and time-dependent manner. Surprisingly, L-Mn8 also increases ROS levels
although to a lower extent. The levels of ROS produced in the NCI-H460 cells were
higher than those observed in the OVCAR-8 cell line.

Next, we investigated whether increased ROS production could explain the
cytotoxic effect observed for Mn8 and its ligand. Using the MTT assay we measured
the viability of the NCI-H460 cell line treated with different concentrations of Mn8
or its ligand, in the presence and absence of the reducing agent NAC. This reducing
agent counteracts the production of ROS in the cells. Figure 12 shows that the
presence of NAC reduces the cytotoxic effect of Mn8 and its ligand at all

concentrations tested.
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Figure 12. Cellular viability of NCI-H460 cells after treatment with Mn8 or its ligand in the
presence and absence of NAC. Cellular viability was measured by the MTT assay. Data are
presented as mean * SE of at least three independent experiments. Differences in the cell
viability values of cells with and without NAC treatment were considered significant at *p <
0.05.

4.2.3 Mn8 interacts with DNA in the presence of ROS

Since the effect of Mn8 over NCI-H460 cells is not completely suppressed
when the cells are incubated with NAC, this indicates that Mn8 could affect tumor
cells through other mechanisms, we checked the ability of Mn8 and its ligand to
interact with DNA. For this, four different concentrations of the compound and its
ligand were incubated with plasmid DNA (pUC18) at 37 °C for 24 h and the effects
were analyzed in an agarose gel electrophoresis. The results are shown in Figure
13. DNA interaction with the compound can be visualized as a decrease of the
degree of compaction of the supercoiled form (CCC) of DNA band that shifts to a
lower mobility position and an increase of the compaction of the relaxed form (OC)
DNA that increases its mobility. Both bands tend to converge in a coalescence
point. The analysis can also reveal whether the compound breaks the DNA since in
this case an increase of the OC band is observed (single strand breaks) or part of
the pUC18 DNA can appear as the linear form (double strand break) or as DNA
fragments (multiple double strand breaks) 173. As it can be seen in Figure 13-A,

neither Mn8 nor its ligand can interact with DNA at any of the concentrations
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tested since the bands that are observed are identical to the negative control. On
the other hand, on the positive control, which corresponds to DNA incubated with
Cis-platin, both DNA bands are near to reach the coalescence point. We wondered
about the possibility that DNA interaction required the presence of ROS so we
repeated the agarose gel assays but this time adding H202 to each sample. As it is
observed in Figure 13-B, in the presence of H202 even the lower concentration
used of Mn8 alters the ratio between the CCC and the OC forms. At the
concentration of 75 pM an intermediate band can be observed that corresponds to
the linear form of the tested plasmid and at the highest concentration of MnS§,
corresponding to 100 uM, we observe how the DNA has been completely degraded.
This indicates that Mn8 cleaves the DNA in the presence of H202. Regarding the
ligand, no changes were observed in the DNA at any of the concentrations tested in

the presence of H202 (Figure 13-C).
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Figure 13. Agarose gel electrophoresis of pUC18 plasmid DNA treated with different
concentrations of Mn8 and its ligand (L-Mn8) in the absence (A) and presence (B) of H202. No
changes in DNA mobility were observed at any of the L-Mn8 concentrations tested in the
presence of H202 (C). Cis-platin (0.1 pg/uL) was included as positive control. OC=open circular
form; CCC=covalently closed circular form; L=linear form.
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4.2.4 Effects of Mn8 and its ligand on the cell cycle phase distribution

We investigated by flow cytometry the effect of two concentrations of Mn8
and its ligand on the cell cycle progression of NCI-H460 and OVCAR-8 cell lines
(Figure 14). The cells were incubated for 72 h with Mn8 or its ligand and after this
time the proportion of each cell cycle phase was compared with that of the control.
No changes were observed in the phases of the cell cycle except for a slight
increase in the Go/G1 phase in both cell lines, accompanied with a decrease of the S

and G2/M cell cycle phases.
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Figure 14. Representative histograms of the effects of Mn8 and its ligand on cell cycle phase
distribution of NCI-H460 (A) and OVCAR-8 (B) Cells compared to control untreated cells after
treatment for 72 h. Cells were permeabilized and stained with PI and cell DNA content was
analyzed by flow cytometry. Inset data are the mean of three independent assays and are
expressed as percentages (%) of the total cell cycle. Values were analyzed from at least 10,000
total events.

4.2.5 Study of the apoptotic effect of Mn8 and its ligand

We studied the cell death induced by treatment with Mn8 and its ligand. To
determine whether cells treated with this compound showed characteristic
features of apoptosis, NCI-H460 and OVCAR-8 cell lines were treated with Mn8 or
its ligand for 72 h, subsequently stained with annexin V-Alexa Fluor 498 and PI and
analyzed by flow cytometry (Table 5). Cells undergoing early apoptosis are
positive for annexin V and negative for PI (annexin V+/PI-), late apoptotic cells are

annexin V+/PI+ and necrotic cells are annexin V-/PI+.
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Table 5. Analysis of the apoptosis of NCI-H460 and OVCAR-8 cells treated with
Mn8 and L-Mn8 measured by Annexin V-Alexa Fluor 488/PI staining.

NCI-H460 OVCAR-8

Control Mn8 L-Mn8 Control Mn8 L-Mn8

Early apoptotic cells (%) 5.35+4.05 3.34+2.32 3.71+2.36 3.00+0.92 3.95+0.77 6.91+0.54
Late apoptotic cells (%) 14.1042.20 25.15+3.65 18.65+1.85 19.15+0.35 16.60+6.60 17.50+0.40
Necrotic cells (%) 0.59+0.13  1.88+0.26  1.77+0.05  1.11+0.25 0.78£0.15  1.01+0.31
Viable cells (%) 80.00+1.70 69.65+6.25 75.85+0.55 76.70+1.50 78.65+7.55 74.55%1.25

All data were expressed as mean SE of three different experiments. Values were analyzed from 10,000
total events.

As it can be seen in the Table 5, Mn8 does not induce apoptosis in the
OVCAR-8 cell line, since the values obtained are very similar to those of the control.
On the other hand, in the NCI-H460 cell line, which is more sensitive to Mn8, there
is a slight increase in the percentage of cells in late apoptosis after 72 h of
treatment. Taking into account that we used a concentration five times the ICso, it
is very likely that cells are dying through a mechanism different to apoptosis. On
the other side, cells in necrotic state in both cell lines are less than 2%, therefore
the mechanism of cell death is neither necrosis, which is beneficial for its potential

use as antitumor agent.
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4.3 Iron Compounds

Binuclear Fe compounds that present imino- and amino-pyridine ligands based
on BFBF and DBDOC backbones have been studied in this thesis to check whether

these structures and coordination displayed antitumor activity.

4.3.1 Fe compounds display selective cytotoxicity for different tumor cell lines

We analyzed the cytotoxicity of these compounds (unfortunately, the
ligands were not available for evaluation) on two tumor cell lines, NCI-H460 and
OVCAR-8, after 72 h of treatment (Table 6). Again, as with the Mn compounds, Cis-

platin and carboplatin were used for comparison.

Table 6. ICso values (uUM) of the different Fe complexes assayed in the NCI-H460
and OVCAR-8 tumor cell lines

ICs0 (M)

Fe compounds NCI-H460 OVCAR-8
Compound 7 [Fe212(CH3CN)4](BF4)4 0.43 £0.03 1.39 +0.14
Compound 8 [Fe222(CH3CN)4](BF4)4 0.48 +0.13 1.27 £0.39
Compound 9 [Fe232(CH3CN)4](BF4)4 0.60 +£0.04 1.78 £0.16
Compound 10 [Fe242(CH3CN)4](BF4)4 0.64 £0.05 1.65 +0.26
Compound 11 [Fe252(CH3CN)4](BF4)4 0.50 +0.10 1.40 £0.30
Compound 12 [Fe262(CH3CN)4](BF4)s  0.49 £+0.08  1.24 +0.27
Cis-platin 1.10 £0.14 6.91 +1.21
Carboplatin 12.80 +2.23 110.0 £4.2

Data are presented as mean * SE of at least three independent experiments conducted in
triplicate.

As shown in Table 6, all the tested Fe complexes are cytotoxic for the two
tumor cell lines assayed. As we have previously shown for Mn8, the NCI-H460 cell
line presents lower ICso values, thus denoting more sensitivity to the different
metallic complexes. All the Fe compounds have a similar ICso, which is lower than

that of Cis-platin and carboplatin. As with the Mn8 compound, to check the
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selectivity for tumor cells, we proceeded to measure their cytotoxicity on the non-

tumor cells CCD-18Co (Table 7).

Table 7. ICso values (uM) and the selectivity index of the different Fe complexes

assayed in CCD-18Co non-tumor cells.

ICs0 (UM) SI*
Fe compounds CCD-18Co NCI-H460 OVCAR-8
Compound 7 [Fe212(CH3CN)4](BF4)4 7.78 £5.67 18.1 5.6
Compound 8 [Fe222(CH3CN)4](BF4)a 7.00 +3.43 14.6 5.5
Compound 9 [Fe232(CH3CN)4](BF4)4 7.20 +£3.40 12.0 4.1
Compound 10 [Fe242(CH3CN)4](BF4)4 21.55+3.18 33.7 13.1
Compound 11 [Fe252(CH3CN)4](BF4)4 12.04 +1.44 24.1 8.6
Compound 12 [Fe262(CH3CN)4](BF4)4 4.05 +0.62 8.1 3.2
Cis-platin 31.23 £5.76 28.4 4.5
Carboplatin 240.0 £25.2 18.8 2.1

The data presented are the mean ICso + SE of a minimum of three independent experiments.
**S1, selectivity index, is the ratio between ICso values for non-tumor cells and the
corresponding tumor cell line.

As shown in Table 7, the cytotoxicity of the Fe compounds against non-
tumor cells CCD-18Co is lower compared to Cis-platin and carboplatin although
variability is observed among the compounds. Of all the tested compounds,
compound 10 shows the highest cytotoxicity and selectivity, which are higher than

those presented by Cis-platin and carboplatin for both tumor cell lines.

4.3.2 Compound 10 triggers ROS generation

We investigated by flow cytometry whether treatment with the compound
10 caused an increase of ROS levels in NCI-H460 and OVCAR-8 cells. For this
purpose, cells were treated for 48 or 72 h with different concentrations of that
compound and then labeled with carboxy-H2DCFDA. Figure 15 shows that
compound 10 triggers a significant time and concentration-dependent increase of

ROS levels in both cell lines. Although the OVCAR-8 cell line is more resistant to
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compound 10, it induces the highest levels of ROS (two-fold induction compared to
the NCI-H460 cell line), which indicates that the cytotoxic effect induced by the

compound 10 is not solely mediated by the production of ROS inside the cells.
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Figure 15. ROS production triggered by compound 10 in NCI-H460 (A) and OVCAR-8 (B) cell
lines. Cells were treated for 48 and 72 h with different concentrations of compound 10 and
analyzed by flow cytometry after labeling with carboxy-H2DCFDA. ROS levels are indicated as
fold increase vs. control (untreated cells). Values were analyzed from 10,000 total events. Data
are presented as the mean + SE of at least three independent experiments. Differences from
untreated control cells were considered significant at *p < 0.05.

We therefore investigated whether the reducing agent NAC affected the

cytotoxicity induced by compound 10. For this, we performed an MTT assay to
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measure the viability of both cell lines after treating them with different
concentrations of compound 10 in the presence and absence of NAC (Figure 16).
The results in Figure 16 show that NAC does not counteract the effect produced by
compound 10. These results indicate that the cytotoxicity observed with
compound 10 is not mainly linked to the production of ROS in the cells and other

hypotheses had to be investigated.
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Figure 16. Cellular viability of NCI-H460 (A) and OVCAR-8 (B) cells after treatment with
different concentrations of compound 10 in the presence and absence of NAC. Cellular viability
was measured by the MTT assay. Data are presented as the mean * SE of at least three
independent experiments.
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4.3.3 Tested dinuclear Fe compounds have the ability to interact with DNA

We tested the ability of all dinuclear Fe compounds to interact with plasmid
DNA (pUC18). The interaction was detected in an agarose gel electrophoresis
assay. Figure 17-A shows that in the agarose gel all the compounds tested
produced two types of bands. The first bands correspond to the supercoiled form
(CCC) of plasmid DNA and the second ones corresponds to the relaxed form (0C),
as it is observed in the negative control (pUC18 alone). This indicates that any of
the dinuclear Fe compounds has the ability to interact with DNA. In the case of Cis-
platin, these two bands tend to reach the point of coalescence between the CCC
form and the OC form. Since the interaction of Mn8 required the presence of ROS
we checked whether this was also the case. Therefore, the assay was repeated but
including H202 as a ROS initiator (Figure 17-B). In this situation all the compounds
induce the appearance of an additional band corresponding to the linear form (L)
of pUC18, which is formed when the compound breaks both strands of DNA. In
addition, at the highest concentrations, compounds 8, 10 and 12 promote total
DNA degradation observed by the disappearance of all the bands. Considering the
level of cytotoxicity, the selectivity of the SI and the ability of the compounds to

interact with DNA, we followed the characterization with only compound 10.
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Figure 17. Agarose gel electrophoresis assay of the interaction of the different Fe compounds
with DNA. Plasmid pUC18 was treated with different concentrations of the different
compounds in the absence (A) and presence (B) of H;0>. Positive control (C+) corresponds to
Cis-platin (1 pg/pL) and negative control (C-) corresponds to pUC18 alone. OC = open circular
form; CCC = covalently closed circular form; L = linear form.

103



Results

4.3.4 Effect of compound 10 on the cell cycle phase distribution

The effect of the compound 10 on cell cycle phase distribution was
investigated by flow cytometry (Figure 18), on the NCI-H460 and OVCAR-8 cell
lines. As it can be observed, the exposure to this compound of NCI-H460 cells does
not change the distribution of the cell cycle phases compared to the untreated
control cells. In contrast, in the OVCAR-8 cell line, compound 10 causes a shift in
the cell population from the Go/G1 phase to the S and G2/M phases compared to
control, indicative of cell cycle arrest in these latter phases of cell cycle. These
results seem to indicate that the compound 10 has a cytotoxic effect and in the case

of the OVCAR-8 cell line it also produces an antiproliferative effect.
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Figure 18. Representative histograms of the effects of compound 10 on cell cycle phase
distribution of NCI-H460 (A) and OVCAR-8 (B) cells lines compared to control untreated cells
after treatment for 72 h. Cells were permeabilized and stained with PI and cell DNA content
was analyzed by flow cytometry. Inset data are the mean of three independent assays and are
expressed as percentages (%) of the total cell cycle. Values were analyzed from at least 10,000
total events.
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4.3.5 Study of the apoptotic effect of Compound 10

We investigated whether the compound 10 induces apoptosis in the tumor
cell lines NCI-H460 and OVCAR-8. For this, cells were incubated with a
concentration equivalent to their ICso and then stained with annexin V-Alexa Fluor

498 and PI and analyzed by flow cytometry (Table 8).

Table 8. Analysis of the apoptosis of NCI-H460 and OVCAR-8 cells treated with

compound 10 measured by Annexin V-Alexa Fluor 488/PI staining.

NCI-H460 OVCAR-8
Control Compound 10 Control Compound 10
Early apoptotic cells (%) 2.58 +0.27 13.72 +4.34 4.48 £ 0.46 36.12 +2.32
Late apoptotic cells (%)  15.83 +1.40 68.61 + 3.04 6.46 £ 0.36 30.82+2.60
Necrotic cells (%) 1.41+£0.74 1.29 £ 0.27 0.80 + 0.09 1.27 £ 0.08
Viable cells (%) 80.19+1.08 16.37 £ 2.32 88.26 + 0.78 31.79 +3.27

All data were expressed as mean *SE of three different experiments. Values were analyzed
from 10.000 total events.

As it can be seen in Table 8, compound 10 clearly increases early and late
apoptosis in both cell lines. In the case of the NCI-H460 cell line, which is much
more sensitive to compound 10, the number of cells in late apoptosis is clearly
higher than the number of cells in early apoptosis, while for the OVCAR-8 cell line
both values are very similar. Noteworthy as with the metallic Mn compound the

percentage of necrotic cells in both cell lines is less than 2%.

4.3.6 Effect of compound 10 on the migration capacity

We measured the effect of compound 10 on the migration capacity of the
MDA-MB-231 cell line using transwell chambers. We used this cell line since
former NCI-H460 and OVCAR-8 did not migrate in the used assays. For these
assays, cells were treated with 0.1 pM (corresponding to an ICz20) of compound 10.
As shown in Figure 19, after treatment for 24, 48 and 72 h, a significant decrease

in cell migration was observed at all time points assayed.

105



Results

400 *

350
<= 300 |
o
~
— 250 |
)
7]
&= 200 | *
& - m Control
‘W 150
Q * m Compound 10

100 -

Nl |

0

24 48 72

Incubation time (h)

Figure 19. Effect of compound 10 on migration of MDA-MB-231 cells using a transwell
chambers. A. Representative images of migration assays in cells untreated and treated with
compound 10 for 24, 48 and 72 h and B. quantitative analysis of cell density in each treatment.
Cells were stained with crystal violet. *P< 0.05. Data are shown as mean # SE of at least three
independent experiments.
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5. DISCUSSION

Cancer is the leading cause of death worldwide 174. According to data from the
Global Cancer Observatory (GLOBOCAN) 175 by the year 2020, around 19.3 million
new cases of cancer were diagnosed, and in the same year there were almost 10
million deaths due to this pathology. Despite enormous advances in anticancer
treatment, cancer mortality rates remain alarmingly high because, although most
patients initially respond well to chemotherapy, chemoresistance is acquired later,
resulting in recurrence 176. Moreover, most treatments produce peripheral toxicity

and a host of adverse effects.

Considering the above, there is a clear need of discovering new antitumor
compounds that may be efficient in vivo without displaying toxic side effects. The
present research work has focused on the analysis, evaluation, and
characterization of two types of antitumor drugs. Firstly, we have evaluated the
anti-metastatic effects of a cytotoxic ND-RNase and secondly, we have investigated
the antitumor properties of two panels of manganese- and iron-based metal

compounds and their possible application in antitumor therapies.

5.1 Anticancer effects of NLSPE5

RNases are highly promising biological agents for use in cancer therapy. Unlike
many chemotherapeutic compounds, which interfere with DNA synthesis and cell
division, antitumor RNases have the advantage of being non-mutagenic agents that
exert their effects by interfering with RNA functions such as protein synthesis or
gene regulation. Since these RNases affect multiple RNA molecule classes, another
interesting feature of antitumor RNases is that they cause pleiotropic effects in
cells. That is, that they target multiple biological pathways involved in the
maintenance of tumorigenesis 191, In addition, pleiotropy may difficult the
acquisition of tumor resistance to RNases and could explain the synergisms found

between them and other antitumor agents. In this work, we have deepened the
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study of how the ND-RNase NLSPES5S affects cancer cells by analyzing its effect on
epigenetic regulation. Also, we have analyzed how NLSPE5 affects both the

migration and invasion capacity of tumor cells.

Genetic and epigenetic alterations play a key role in cancer initiation and
progression. Within the histone alterations, H3K27me3 is a critical determinant of
chromatin accessibility and gene expression 177. The results of treatment of the
MDA-MB-231 cell line in 3D culture with the ND-RNase NLSPES5 resulted in an
increase in the expression of the repressive epigenetic mark H3K27me3 by

approximately 50% compared to the control.

Different authors have shown that antitumor RNases act through a decrease or
increase of expression of multiple key genes. Vert et al. 101, in their study on the
protein-engineered ribonuclease PE5, ancestor of NLSPE5, showed by microarray
transcriptional analysis that this RNase have pleiotropic effects on the ovarian
tumor cell line NCI/ADR-RES. One of these effects is the down-regulation of
multiple genes encoding enzymes involved in metabolic pathways that are
deregulated in cancer cells. Also by analyzing the complete transcriptome of
murine Lewis lung carcinoma (LLC) after RNase A treatment, Mironova et al.178
detected an increase in carbohydrate metabolism, the inositol phosphate cascade
and oxidative phosphorylation, as well as an up-regulation in the reorganization of
cell adhesion, cell cycle control, apoptosis and transcription. Otherwise, cancer-
related signaling pathways involved in the progression of non-small cell lung
cancer were reduced after treatment. Likewise, this treatment caused the down-
regulation of genes that inhibit the biogenesis of some miRNAs, in particular the

let-7 family of miRNAs.

Almost for ND-RNases, these multiple effects are very possibly a consequence
of the multiple targets of this drug. It has been previously described that ND-
RNases affect the expression of rRNA 101 and miRNA 162 altering gene expression.
Since HP-RNase has endonuclease activity towards dsRNA 79, it would be not

surprising that ND-RNases, as it occurs with ONC 179, cleave tRNAs. Interestingly, it
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has been recently proposed a new class of ncRNAs derived from tRNA fragments
(tRFs) 180 that may inhibit cancer proliferation 181, Here, we show that ND-RNases
can affect gene expression through modification of post-translational pattern of
histones. This is likely an indirect effect and possibly ND-RNases would be
affecting the expression of different transcription factors that would alter the
methylation of histone H3. Up-regulation of H3K27me3 has been related to
important pathways in cell metabolism, differentiation, and embryogenesis, and
therefore the increase of this epigenetic mark could partly explain the effects
produced by the ND-RNases. As has been previously observed, the decrease in
H3K27me3 is a characteristic marker of some types of breast and prostate cancer,
and constitutes a marker of aggressiveness of the disease 182, Hsieh et al. 183, found
that loss of H3K27me3 is highly specific for aggressive breast cancer subtypes such
as the TNBC, of whom MDA-MB-231 is a model cell line. They demonstrated that
treatment with a demethylase inhibitor (GSK-]J4) increased H3K27me3 expression
levels in this tumor cell line, leading to a potent decrease of expression of Cell
Migration Inducing Hyaluronidase protein (CEMIP) and consequently an inhibition
of the malignant cell phenotype. Interestingly, it is known that increased levels of
this protein are associated with a better prognosis and survival in patients with

breast, prostate or non-small cell lung 182-184,

Gene dysregulation as well as cell migration are innate characteristics of cancer
cells that can lead to cancer metastasis, which is the major cause of cancer
mortality. Current research has focused its efforts on the development of
compounds that target cellular processes that contribute to metastasis such as cell
migration and invasion. Here, we have analyzed how NLSPE5 affects these
properties using 3D tumor spheroids since they reflect more accurately the solid
tumor microenvironment and can better model the interaction between the
extracellular matrix and host cells 185. The ICso value obtained for the MDA-MB-
231 cell line cultured in 3D is somewhat higher than that obtained in 2D culture
but this observation has already been reported in different studies 189190,
Sometimes, this fact has been attributed primarily to signals from dynamic cellular
interactions between neighboring cells and ECM input into the cellular decision-

making process 191, but could also be due to a lower drug uptake through the
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spheroid structure and to hypoxia, which can lead to the activation of genes
involved in cell survival and drug sensitivity 192. We show that NLSPE5 reduces the
migration and invasion capacity of the MDA-MB-231 cell line, which, as mentioned
above, is highly invasive and presents a TNBC phenotype. In accordance with the
reduction of migratory and invasive capacities, NLSPE5 also reduces the
expression of a marker of cell migration/invasion 186 such as is the N-cadherin
protein. Derycke et al. 187 and Wu et al. 188 have demonstrated that N-cadherin
protein plays a key role in tumor metastasis by promoting cell to cell interaction
and thus providing a mechanism for transendothelial migration. Therefore, the
decrease in N-cadherin expression observed after treatment of the MDA-MB-231
cell line could partly explain the inhibitory effect on migration and invasion

capacity that NLSPES has on these breast cancer cells.

5.2 Evaluation and characterization of manganese-based

compounds

Cis-platin is a paradigmatic transition-metal based compound nowadays used
worldwide for the treatment of numerous cancers including bladder, head and
neck, lung, ovarian, and testicular cancers 193. However, its toxic side-effects have
pushed on the research of alternative compounds using less toxic metals. Among
them, Mn complexes have potentially fewer side effects compared to platinum or
ruthenium. Mn is a widely distributed metal and is a necessary cofactor for many
ubiquitous enzymes 125, Most Mn (II) ions are taken up and transported through
the transferrin receptor system, which is overexpressed in several types of tumor
cells 194195 making these receptors potential therapeutic targets. Based on these
data, compounds containing Mn (II) have been designed and synthesized with the
aim of developing new chemotherapeutic agents. Complexes containing
manganese may be valuable antitumor agents though they have been only scarcely
studied for such purpose 126:131,132,196-198_[p this research we have investigated the
antitumor activity of a panel of new manganese compounds containing pyridine-

pyrazole and (-)-pinene[5,6]bipyridine ligands together with different
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monodentate labile ligands. Our results show that most of the tested Mn-based
metal compounds exhibit mild cytotoxic activity. However, among them,
compound Mn8, and to a lesser extent its ligand, exhibit a much higher cytotoxicity
that is comparable to Cis-platin in both assayed cell lines. When comparing the
cytotoxicity of Mn8 with carboplatin the difference is much greater, being 8-fold
and 24-fold for the lung cancer line NCI-H460 and ovarian cancer line OVCAR-8,
respectively. It should also be mentioned that in all cases the biological activity is
much higher in the Mn compound than in its free ligand, indicating that the
antitumor activity of the ligand is enhanced in coordination with Mn. This has
already been reported previously 199-201 with other ligands coordinated to Mn ion
that resulted in cytotoxic activity against other tumor cell lines. Ligands may play
important roles in target site recognition; the presence of a chelating ligand may
control the reactivity toward different biomolecules such as DNA or enzymes and
play a key role in the interaction with them through hydrogen bonding or
intercalation. In addition, hydrophobicity may enhance cellular uptake, since
compounds Mn2 and Mn3 (bearing the apolar -Me and -CH2COOEt substituents at
the bidentate ligands) and Mn8 (which contains the pinene-bipyridine ligand) are
more cytotoxic than the rest of the complexes that contain more polar pypz-H

ligands.

At the same time, Mn8 compound has an ICso value for CCD-18Co non-tumor
cells higher than 30 pM, which indicates that it is selective for cancer cells. Other
Mn compounds have been previously described to be selective. Among them Liu et
al. 131 synthesized a bis(2-pyridylmethyl)amino-2-propionic acid) bound to Mn (II)
compound that is much more cytotoxic for several tumor cell lines (HeLa, HepG2,
A549, MCF-7, U251, LoVo, A875 and ECA-109) than for the immortalized non-
tumor liver line WRL-67.

Numerous studies have shown that ROS act as a double-edged blade since
whereas a modest amount of ROS leads to tumor promotion, an excessive level
assists to tumor suppression. Cancer cells have increased ROS levels, therefore, a
further increase of the ROS level in these cells could raise it above a cellular

tolerability threshold and induce cell death. The redox imbalance observed after
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treatment with Mn-based compounds has been reported in many cases

131,199,200,202,203

In agreement with these observations, Mn8, and to a lesser extent its ligand,
induce intracellular ROS formation in a dose- and time-dependent manner. NCI-
H460 cells produce higher oxidative activity than OVCAR-8 cells when incubated
with Mn8. This is in accordance with the cytotoxicity results obtained since the ICso
of the former cells is lower than that of OVCAR-8. The role of ROS in mediating the
cytotoxicity of Mn8 was checked by investigating the effect of the antioxidant agent
NAC on cell viability. It was found that the presence of this compound significantly,
but not completely, reduces the anti-proliferative/cytotoxic effect of Mn8 and its
ligand, indicating that the cytotoxicity observed when treating tumor cells is
mediated by the production of intracellular ROS. Therefore, the possibility that
other mechanisms could be involved in this process could not be ruled out and we

therefore investigated an alternative cytotoxic mechanism.

Different Mn cytotoxic compounds have been described to interact with DNA.
As example, Gao et al. 204 synthesized 1H-cyclopentadipyridine-2,5-dione bound to
Mn (II) and demonstrated that their complex had the ability to interact with
plasmid DNA decreasing its supercoiled state and increasing its relaxed state.
Because of that, we investigated whether Mn8 has the ability to interact with DNA.
We showed that this compound is able to interact with DNA only in the presence of
H202 and at the highest concentrations, Mn8 is able to completely degrade the
plasmid DNA used in the assay. How ROS are implicated in the mechanism of
cleaving the DNA cannot be inferred from our results. However, we envisage two
possibilities: H202 could be altering the structure of Mn8 allowing the resulting
compound to interact with the DNA or, alternatively, H202 could be acting as a

substrate of the cleavage reaction produced by Mn8.

Although several investigations have shown that Mn compounds are able to
influence the cell cycle of tumor cells, mainly by arresting cells in the Go/G1

phase201,.205206 we have not observed important changes in the cell cycle phase
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distribution in either of the two cell lines tested. Only a slight increase in the Go/G1
phase was observed followed by a slight decrease in S and G2/M phase after 72 h of
treatment at the highest concentration tested. These results indicate that the
cytotoxic/antiproliferative activity observed for Mn8 is not restricted to any cell

cycle phase and likely it is displaying a cytotoxic but not anti-proliferative activity.

The results of the assay to detect apoptosis after treatment with Mn8 and its
ligand show that in the most sensitive cell line, Mn8 slightly increases the
percentage of cells undergoing apoptosis respective to control cells. We could not
detect apoptosis in OVCAR-8- treated cells in accordance with the lack of a subG1
fraction in the cell cycle analysis. This seems to indicate that this compound, in
contrast to other Mn-based compounds129:199,201,204,206,207  possibly induce cell

death through other mechanisms that are also different from necrosis.

Thus, considering the different results discussed above, it could be considered
that we have identified a Mn compound that is a promising alternative to the

current metal-based antitumor agents.

5.3 Evaluation and characterization of iron-based compounds

Fe is an essential element for almost all living organisms as it is involved in a
wide variety of metabolic processes such as oxygen transport, DNA synthesis and
electron transport 208, Fe is usually present in the body in the +2 or +3 oxidation
states but higher oxidation states of +4 and +5 have been suggested in Fe -
containing enzymes in the course of biological oxidation reactions 209. Fe
compounds with antitumor properties have been found to cause low toxicity to
normal cells, in addition to exhibiting anticancer mechanisms that are different
from those observed in platinum complexes 145, The most studied families of Fe
compounds as anticancer agents are those of organometallic ferrocene complexes
and inorganic Fe (II) and Fe (III) coordination complexes 145. Although these
complexes have received a great deal of attention, the field of Fe metalloids is not

limited to them. Unlike polymeric and mixed bimetallic Fe complexes, few
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binuclear Fe complexes have been tested as antitumor agents until now. Here, we
have used a battery of binuclear Fe related compounds carrying pyridylic rings in
order to investigate their antitumor activity. Since they have similar structures, we
were interested in ascertaining how the different substituents on the pyridylic

rings could induce differences in the cytotoxic activity of the compounds.

We evaluated the panel of new Fe-based metallic compounds against NCI-H460
and OVCAR-8 cell lines. Our results show that all the compounds have a dose-
dependent cytotoxic activity against both tumor cell lines. It is noteworthy that the
compounds are more cytotoxic than Cis-platin and carboplatin for both cell lines.
As with the Mn compounds, the most sensitive cells to these compounds is the lung
cancer cell line NCI-H460. Unfortunately, the assayed complexes did not display
differences in their cytotoxicity for tumor cells and therefore we could not analyze
how the different substituents were affecting the biologic properties of the
binuclear Fe complexes. Previous studies 210-215 have shown that the addition of
coordination ligands to Fe molecules provide these new complexes with cytotoxic
characteristics. Wong et al. 214 constructed new pentadentate pyridyl ligands
bound to an Fe (II) atom that were cytotoxic against a panel of breast, cervical,
nasopharyngeal, and liver tumor cell lines. The cytotoxicity observed was higher

than that reported for Cis-platin in all cell lines and in all compounds assayed.

We decided to investigate the selectivity for tumor cells of the set of
organometallic compounds. The assays were carried out with CCD-18Co non-
tumor cells. Our results show that compounds 10 and 11 have the greatest
selectivity for tumor cell lines being that of compound 10 higher than that of Cis-
platin and carboplatin. The selectivities of pentadentate pyridyl ligands complexed

to Fe are well below to that reported for Cis-platin.
Other researchers 216-219 ysed Fe (III) ligands and after analyzing them

concluded that like Fe (II)-based complexes they also had cytotoxic characteristics

against tumor lines in a dose-dependent manner and to some degree a
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concentration-dependent selectivity. An important fact to note is that the ICso

values reported are mostly higher than those reported in this study.

The increase in ROS levels in a dose- and time-dependent manner is one of the
characteristics commonly found by researchers when working with this type of Fe
(I) 214,215 gnd Fe (III) based metallic compounds 217. Taking also into account the
results obtained with the Mn compounds, we decided to investigate the effects that
the new Fe-based compounds have on the redox balance of the cell. This analysis
was carried out only with the compound that has the lowest ICso value and the
highest selectivity for tumor cells, that is, compound 10. As it can be seen in Figure
14, this compound increases the levels of ROS in a dose- and time-dependent
manner. The fact that the most sensitive cell line induces lower ROS levels
indicates that the observed cytotoxic effect may not be solely mediated by
intracellular ROS production. To confirm the role of ROS compounds in the
cytotoxicity induced by compound 10, we investigated the effect on cytotoxicity of
co-incubating the cells with the antioxidant NAC. After treatment, it was observed
that NAC does not counteract the effect produced by compound 10 in any of the
two cell lines assayed. This seems to indicate that the cytotoxicity produced by
compound 10 is not primarily linked to ROS production. It is known that cancer
cells have higher basal ROS levels than normal cells 220221 possibly due to
oncogenic stimulation, increased metabolic activity and malfunctioning of the
mitochondria 220. However, it cannot be completely discarded that the increase of
ROS levels in cancer cells mediated by compound 10 was highly enough to mask
the effect of the antioxidant agent used not being visible at least at the

concentrations used.

Searching for other molecular effects of compound 10 on cancer cells we
investigated whether this compound was interacting with DNA. Again, the assay
was carried out with and without the addition of H202 as ROS initiator and we
observed that our compounds do not have the ability to interact with DNA in the
absence of H202. However, again, when this oxidizing agent is present all
compounds acquire this capacity even degrading DNA at the highest

concentrations. Other studies have shown that Fe (II) complexes coupled to

117



Discussion

pentadentate pyridyl ligands 214 and pentadentate N-donor ligands 215 have also
the ability to interact with DNA, to nick it and even some of them to cleave DNA, as
is in our study. In the latter study 215 the addition of a ROS initiator such as H202
was also required to observe the interaction with DNA. These results indicate that
the increase of the concentration of ROS in cancer cells induced by our Fe (II)
compounds may have an impact on DNA. A striking effect of compound 10 over
DNA was the early appearance of a band of linear DNA. If compound 10 was
breaking both strands randomly, the possibility of DNA linearization would be very
low. A possible explanation of this effect is that each of Fe atoms of the binuclear

compound was breaking one of the two strands of DNA.

Analysis of the effect of compound 10 on the cell cycle of tumor cell lines has
shown that our compound does not alter the percentage of cells at any cycle phase
in the NCI-H460 cell line, whereas a clear antiproliferative effect is observed on the
OVCAR-8 cell line due to the arrest of the S and G2/M phases of the cycle. It is
interesting to recall that this cell line is much less sensitive to compound 10 than
the NCI-H460 cell line, which would indicate that the cytotoxic effect attributed to
compound 10 has a cell cycle-independent character. The effect that other Fe
compounds have on the cell cycle is varied. Some compounds 215217 arrest cells at
the Go/G1 cell cycle phase with the respective decrease of the other phases while
other reports 214217 have shown that the arrest after treatment with their Fe
compounds occurs mainly in the S phase of the cell cycle . The arrest at this cell
cycle phase may suggest that there is DNA damage that activates DNA repair
mechanisms in the affected cells and, as a result, these cells stop DNA replication.
In summary, these results would indicate that the cytotoxic and antiproliferative

effect could be attributed to its ability to damage DNA.

Induction of apoptosis has been recognized as a possible outcome of DNA
damage in pluricellular organisms 222, We decided to study whether our
compound has the ability to induce apoptosis in the NCI-H460 and OVCAR-8 cell
lines. The induction of apoptosis due to treatment with iron-based compounds has

been reported by several authors 210-219, Qur results indicate that after treatment
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Discussion

with compound 10 both cell lines increase their levels of both, early and late
apoptosis. The late apoptosis values of the NCI-H460 cell line are much higher than
those of the OVCAR-8 cell line, which, accordingly, is the most sensitive to this Fe

compound.

Since cell migration is an important feature in the late period of cancer
progression and that its inhibition is essential for an effective treatment, we
decided to evaluate the effect of our compound on the migration capacity of tumor
cells. For this study we had to change the cell line model since neither NCI-H460,
nor OVCAR-8, had a significant migration capacity to investigate its inhibition. We
selected the MDA-MB-231 cell line used previously for NLSPE5. Our results
indicate that the migration capacity is significantly suppressed when this cell line
is treated with compound 10 although its effect is lower than that observed with
NLSPES. As far as we know, the production of Fe (II) compounds that inhibit cell
migration has been reported in only one other case. Xie et al. 210 produced different
Fe (II) complexes coupled to phenanthroline derivatives that also significantly

decrease the migration of the Human Umbilical Vein Endothelial cells.
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Conclusions

. CONCLUSIONS

The ND-RNase NLSPES increases the expression of the epigenetic mark
H3K27me3 in the MDA-MB-231 cell line, which would partly explain its
pleiotropic effects.

NLSPES significantly reduces the migration and invasion ability of the MDA-
MB-231 cells and downregulates N-cadherin protein expression.

A panel of new Mn compounds containing pyridine-pyrazole and (-)-
pinene|[5,6]bipyridine rings show cytotoxic activity against OVCAR-8 and
NCI-H460 cell lines.

Among the Mn compounds, Mn8 has a remarkable and selective antitumor
activity that is of the same order of magnitude as Cis-platin.

Mn8 and to a lesser extent its ligand, have the capacity to produce ROS in
the two cell lines analyzed in a dose- and time- dependent manner. These
ROS compounds are involved in the cytotoxic mechanism of Mn8.

Mn8, but not its ligand, interacts with DNA in the presence of oxidizing
agents such as H202. This interaction could explain the higher cytotoxicity
presented by Mn8 with respect to its ligand.

Neither Mn8 nor its ligand affect cell cycle phase distribution of tumor cell
lines.

The mechanism of cell death by which Mn8 acts is different from that of
apoptosis and necrosis and remains to be determined.

All the binuclear Fe related compounds carrying pyridylic rings tested show
ICso values lower than that of Cis-platin and carboplatin.

Of all the Fe compounds tested, compound 10 is the most cytotoxic and
selective for tumor cells, showing a selectivity index even higher to that of

Cis-platin and carboplatin.

All Fe compounds interact with DNA promoting double strand breaks in the
presence of an oxidizing agent such as H202
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Conclusions

Compound 10 induce intracellular ROS formation in both cell lines tested in
a dose- and time-dependent manner. However, we have not demonstrated
whether the cytotoxicity produced by compound 10 is primarily linked to
ROS production.

In the OVCAR-8 cell line compound 10 causes cell cycle arrest in the S and
G2/M phases, while for NCI-H460 cell line no significant changes in the cell
cycle phase distribution were observed upon incubation with the
compound.

Compound 10 induces cell death by apoptosis and significantly decreases
the migration capacity of the breast tumor cell line MDA-MB-231.
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