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Abstract

Cancer is one of the most concerning public health issues, and cancer therapy is
often hindered by multidrug resistance (MDR). Previous studies performed by this
research group demonstrated that MDR tumour cells release larger EVs when compared
to their drug-sensitive (DS) counterpart cells. In addition, it is accepted that EVs may be
horizontally transferred from MDR to DS tumour cells, inducing a MDR phenotype in the
recipient cells.

Therefore, the main aim of this work was to confirm the release of larger EVs by
P-gp overexpressing MDR cells, when compared to their drug sensitive counterparts,
and to further investigate the possible relationship between the release of EVs and
cellular autophagy. In addition, due to the need to identify new molecules with dual anti-
tumour and anti-P-gp activity, another aim was to test several quinazolinone derivatives
for their potential effect as inhibitors of growth of tumour cell lines and as inhibitors of P-
gp activity.

Two pairs of drug-sensitive and MDR counterpart cell lines were used: the
leukemia (K562 — sensitive and K562Dox — resistant), and the non-small cell lung cancer
(NCI-H460 — sensitive and RH460 — resistant) cell lines. EVs released by those cells (in
the presence and absence of imipramine or 3-MA) were isolated and characterized
regarding their size and content in EVs markers. The inhibition of the release of
microvesicles using imipramine, had different effects in the two counterpart pairs of
NCSLC and leukemia cell lines used. Moreover, 3-MA surprisingly led to an increase in
the number of EVs shed by drug sensitive cells but not by the MDR NSCLC counterpart
cells. To our knowledge, this is the first report of a different effect of 3-MA on the release
of EVs by MDR or DS counterpart cells. Since 3-MA is an autophagy inhibitor, it was
hypothesised that there could be differences in the autophagy levels between the
counterpart cell lines which could be related to the verified difference in the release of
EVs. Therefore, additional studies were conducted to assess autophagy levels between
these counterpart cell lines. Data obtained suggests that the MDR cell line has an
impaired autophagic flux, while the DS cell line has a functional autophagy, suggesting
that there is a possible relation between autophagy and EVs release.

Regarding the tests of several quinazolinone derivatives, none of the compounds
presented potent antitumour effect in the three cell lines studied, nor an inhibitory effect

on the activity of P-gp.
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Resumo

O cancro € um dos problemas mais preocupantes a nivel de saude publica,
sendo a sua terapia frequentemente dificultada pela resisténcia a multiplos farmacos
(MDR). Estudos realizados anteriormente neste grupo de investigagdo demonstraram
que células tumorais MDR libertam vesiculas extracelulares (EVs) de maiores
dimens@es, comparativamente as suas células homologas sensiveis a farmacos (DS).
Além disso, sabe-se que as EVs poderdo ser transferidas horizontalmente das células
tumorais MDR para as células tumorais DS, induzindo um fenétipo de MDR nas células
recipientes.

Assim, o principal objetivo deste trabalho foi confirmar a libertacdo de EVs de
maiores dimensodes pelas células MDR que sobre-expressam a glicoproteina-P (P-gp),
gquando comparadas com as suas células homadlogas sensiveis a farmacos. Pretendeu-
se ainda investigar a possivel relacdo entre a libertacdo de EVs e a autofagia celular.
Adicionalmente, devido a necessidade de identificar novas moléculas com dupla
atividade anti-tumoral e anti-P-gp, outro objectivo foi testar varios compostos derivados
da quinazolinona quanto ao seu potencial efeito como inibidores do crescimento de
linhas celulares tumorais e inibidores da actividade da P-gp.

Dois pares de linhas celulares homdlogas, sensiveis a farmacos e MDR, foram
utilizados: as linhas celulares leucémicas (K562 — sensiveis e K562Dox — resistentes),
e a as linhas celulares de cancro do pulméo de ndo-pequenas células (NSCLC) (NCI-
H460 — sensiveis e RH460 — resistentes). As EVs libertadas por estas células (na
presenca e auséncia de imipramina ou 3-metiladenina, 3-MA) foram isoladas e
caraterizadas relativamente ao seu tamanho e conteddo em marcadores de EVs. A
inibicdo da libertacdo de microvesiculas, com imipramina, teve diferentes efeitos nos
dois pares de linhas celulares homélogas de NCSLC e de leucemia. Além disso, 0 3-MA
surpreendentemente levou a um aumento do nimero de EVs libertadas pelas células
NCSLC sensiveis a farmacos, mas ndo pelas suas células homologas MDR. Que seja
do nosso conhecimento, esta € a primeira vez que € reportado um efeito diferente do 3-
MA na libertacdo de EVs pelas células MDR ou pelas suas células homologas DS. Uma
vez que o 3-MA é um inibidor da autofagia, levantou-se a hip6tese de que poderiam
haver diferencas entre os niveis de autofagia das linhas celulares homélogas, o que
poderia estar relacionado com a diferenca verificada na libertacdo de EVs. Assim,
estudos adicionais foram realizados para analisar os niveis de autofagia entre as linhas

celulares homologas. Os resultados obtidos sugerem que a linha celular MDR tem o

\%
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fluxo autofagico comprometido, enquanto a linha celular DS tem autofagia funcional,
sugerindo a existéncia de uma possivel relacao entre a autofagia e a libertacéo de EVs.
No que diz respeito aos testes dos derivados de quinazolinonas, nenhum dos
compostos apresentou potente efeito anti-tumoral nas trés linhas celulares

estudadas, nem efeito inibitério na atividade da P-gp.

Palavras-chave: EVs; MDR; resisténcia a farmacos; glicoproteina-P; efluxo de
farmacos; 3-metiladenina; imipramina; autofagia; apoptose; antitumoral; pesquisa de

compostos; atividade anti-P-gp
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Introduction

1. Cancer and Therapies

Cancer is a major public health issue, with a substantial increase in the past
decades, being the second leading cause of death in a global scale. In 2012, 14.1 million
new cases have occurred [1], a number that is expected to increase in the following
years.

Cancer develops when normal cells start to grow in an uncontrolled manner, due
to sequential accumulation of defects in their DNA, leading to a stepwise process called
carcinogenesis. Carcinogenesis can be seen as a process of micro-evolution, in which,
by accumulative mutations, cells acquire a selective advantage [2]. This process is
mediated by four steps: cell transformation, growth of transformed cells, local invasion
and distant metastasis, ultimately giving rise to a malignant tumour. Eventually, this
allows cancer cells to sustain chronic proliferation, evade growth suppressors, activate
invasion and metastasis, enable replicative immortality, induce angiogenesis and resist
to cell death [3].

Nowadays, tumours are known to be more than a simple isolated mass of
proliferating cells, being not only composed by tumour cells, but also stromal cells. This
stroma is part of what is known as tumour microenvironment, contributing to tumour
growth and being responsible for certain hallmark capabilities. This microenvironment is
thought to help in the selection of adaptive mutations and increased aggressiveness,
since it is a harsh environment containing low levels of oxygen and nutrients [4]. Such
knowledge gave rise to two new emerging hallmarks of cancer: the deregulation of
cellular energetics and the capability to avoid immunological destruction, effectively
supporting neoplastic proliferation [3].

The mutations that promote tumour growth generally occur in two types of genes:
growth-promoting proto-oncogenes — encoding proteins involved in cell growth and
proliferation; and growth-inhibiting tumour suppressor genes, which leads to a loss of
function predisposing the cell to a cancer phenotype [3]. Due to the genomic instability
and high rate of mutations that cancer cells present, their replication originates several
cell subpopulations, each one with different phenotypes. This is one of the main reasons
why cancer treatment can be extremely difficult. Interestingly, Bruce Alberts states in his
book, Molecular Biology of the Cell, that "the difficulty of curing a cancer is similar to the

difficulty of getting rid of weeds" [5].

1
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Nowadays, there are several available cancer treatments, such as: surgical
removal of the neoplastic mass, radiotherapy, conventional chemotherapy with cytotoxic
drugs, targeted therapy, immunotherapy, and hormonal therapy. Since the development
of conventional chemotherapy, more than 60 years ago, these drugs have been regarded
as the main therapy for many tumours [6]. Chemotherapy consists in the use of antitumor
drugs that kill all rapidly dividing cells. Several types of chemotherapeutic agents are
used: i) alkylating agents and platinum-based antitumor compounds (e.g.
cyclophosphamide and cisplatin); ii) topoisomerase inhibitors (e.g. camptothecin); iii)
anthracyclines (e.g. doxorubicin); iv) vinca alkaloids and taxanes (e.g. vinblastine and
paclitaxel); v) purine and pyrimidine anti-metabolites (e.g. 6-mercaptopurine and 5-
fluorouracil); and vi) folate antagonists (e.g. methotrexate) [7].

More recently, several targeted therapies have been developed, to overcome one
of the biggest problems of conventional chemotherapy which is lack of specificity [8].
Targeted therapies, like conventional chemotherapies, are based on pharmacological
compounds to inhibit cell growth, increase cell death, and ultimately restrain the spread
of cancer. However, contrary to conventional chemotherapy, targeted therapies act on
specific molecular targets involved in tumorigenesis, being capable of treating several
cancers with less side effects. The main types of target therapies are the monoclonal
antibodies and the small molecule inhibitors [6]. The monoclonal antibodies can act
through several mechanisms, exerting their anti-cancer effects by recruiting and
activating the immune system or by inhibiting specific ligand-receptor interactions
essential for cell survival. A good example is the case of trantuzumab, a monoclonal
antibody used to treat human epidermal growth factor receptor 2-positive (HER2+)
breast cancers [9]. The small molecule drugs, on the other hand, block specific enzymes
or receptors involved in cell proliferation. It is the case of imatinib, an inhibitor of BCR-
ABL, a fusion protein present in the leukemia cells of chronic myelogenous leukemia
(CML) patients [10].

Chemotherapy is still nowadays one of the most used cancer treatments. But
regardless the treatment option (chemotherapy of molecular targeted therapy), its

effectiveness may be limited due to drug resistance [11].

2. Multidrug Resistance (MDR) and mechanisms involved

Drug resistance is one of the major obstacles to the effectiveness of current

cancer therapies, leading to recurrence, cancer dissemination and ultimately, death. It

2
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can either be intrinsic, if the drug-resistance mechanisms were already present before
treatment; or acquired, if it develops during treatment by therapy-induced adaptive
responses, or positive selection of drug-resistant tumour subpopulations already
present.

Several molecular mechanisms have been implicated in cancer drug resistance.
These can act individually or synergistically, leading to what is known as multidrug
resistance (MDR). A tumour cell with a MDR phenotype is resistant to a variety of
structurally and mechanistically unrelated drugs. A plethora of mechanisms contribute to
MDR: i) alterations in drug transport and metabolism; ii) alterations in drug targets; iii)
resistance-promoting adaptive responses; iv) downstream resistance mechanisms, and
lastly, v) the tumour microenvironment.

Besides the pharmacokinetic factors, such as drug absorption, distribution,
metabolism and elimination (ADME), the major obstacle that a drug has to face in order
to reach the intracellular compartment of a cell is the plasma membrane. The
chemotherapeutic agents can enter the cell either by passive diffusion [12] or facilitated
transport [13].

One type of secondary active transporters thought to be involved in anticancer
drug uptake is the membrane-bound solute carriers (SLC). One evidence for this is the
diminished response to methotrexate treatment in patients that present a decreased
expression of the reduced-folate carrier (SLC19A1) [14]. This family of genes is
composed by approximately 400 SLCs, that can be categorized in 52 different
subfamilies [15]. Although the exact mechanisms of cellular uptake of chemotherapeutic
agents are not known, as evidence suggests for SLC19A1, other SLCs may also be
involved in their uptake. Thereby, the impairment of drug uptake can also be seen as a
mechanism of resistance.

Another mechanism that decreases the intracellular drug concentration of
chemotherapeutic agents is the overexpression of drug efflux pumps. Several ATP-
dependent drug efflux pumps, including the ATP-binding cassette (ABC) transporters,
are responsible for this mechanism of resistance, being thoroughly discussed in the
subchapter 2.1. of this thesis. However, ABC transporters are not the only ones with a
role in ATP-dependent drug efflux. Other transporters such as RLIP76, which mediates
the export of GSH-conjugates [16, 17], and ATP7A/B [18], responsible for the export of
platinum agents (e.g. cisplatin) have also been described as being involved in drug
resistance.

Once they reach the intracellular compartment, some chemotherapeutic agents

need to be metabolized into their active form. These are designated prodrugs. However,
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drug inactivation by phase | and phase Il drug metabolizing enzymes may also be a
cause of drug resistance. These mechanisms work together to form the second line of
cellular resistance against chemotherapeutic agents. One example of a drug that needs
to be metabolized in order to be active is the capecitabine. Capecitabine is a
fluoropyrimidine prodrug that is converted into the antimetabolite 5-fluorouracil (5-FU),
by the enzyme thymidine phosphorylase [19]. However, the gene that encodes this
enzyme is epigenetically regulated, and may be inactivated by methylation, thereby
causing capecitabine resistance [20].

Moreover, phase |, also known as oxidative metabolism, involves the role of
cytochrome P450 (CYP) enzymes, as well as epoxide hydrolases. CYPs are part of the
superfamily of hemoproteins, which catalyse the monooxygenase reaction, leading to
drug detoxification. These metabolites can then be conjugated by the phase Il enzymes
and effluxed by transporters across the plasma membrane. Phase Il involves several
enzymes, including the glutathione transferases (GST) [21], the UDP-
glucuronosyltransferases (UGT) [22], sulfotransferases [23], and arylamine N-
acetyltransferases (NAT) [24]. These are responsible for the transformation of the
reactive compounds into hydrophilic nontoxic metabolite conjugates, which can also be
effluxed by the ABC family transporters. Genetic polymorphisms in these genes have
been correlated with the overall survival in cancer patients [25].

Drugs that evade the mechanisms of resistance described above can then reach
the desired intracellular concentration.

Most chemotherapeutic drugs cause induction of DNA damage, either by acting
directly in DNA, or indirectly, e.g. the topoisomerase inhibitors. They cause extensive
DNA damage in proliferating cells, ultimately causing cell cycle arrest and, if the damage
is extensive, cell death. However, cells have the capacity to monitor the integrity of their
DNA, and to repair it in the case of DNA damage.

DNA repair can be performed by several different repair systems, according to
the type of lesion. These systems are: the direct reversal of DNA damage by photolyase-
, alkyltransferase-, and dioxygenase-mediated repair processes [26], the mismatch
repair (MMR), the nucleotide excision repair (NER), the base excision repair (BER), the
homologous recombination (HR), and the non-homologous end joining (NHEJ) [27].
Upregulation of these pathways in a cancer cell is responsible for some cases of cancer
drug resistance, since the cancer cell is then able to successfully repair the damage
induced by the chemotherapeutic agents.

Since the primary pharmacological purpose for the use of anticancer drugs is to

promote cell death, the disruption of the apoptotic pathways, a hallmark of cancer [3], is
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one of the biggest obstacles to the success of cancer treatment. Both apoptotic and non-
apoptotic mechanisms like necrosis, senescence, autophagy, and mitotic catastrophe
[28] can lead to cell death. Due to their relevance for the present work, both apoptosis
and autophagy will be further discussed in the following sections.

Another molecular mechanism responsible for resistance of cancer cells to
molecular targeted therapy is the alteration of drug targets. These alterations may be
due to mutations or changes in the expression levels of the drug target. Indeed,
increased expression of a drug target reduces the effectiveness of inhibitors of that
target, since more target molecules must be inhibited for the drug to have a therapeutic
effect. In addition, mutations in the binding-site of the molecular targeted drugs can also
affect its capacity to bind to the target. An example of this is the case of resistance to
inhibitors of BCR-ABL, an oncogenic kinase present in patients with chronic myeloid
leukaemia (CML) [29]. The gold standard in the treatment of CML is imatinib, a highly
specific inhibitor of BCR-ABL [30]. However, some patients relapsed after treatment with
imatinib, due to a mutation in the residue T135 of BCR-ABL. Indeed, one single missense
mutation in the kinase domain of BCR-ABL is able to hinder the binding of imatinib,
without affecting the catalytic activity of the enzyme [31]. This type of residues are called
gatekeepers. They are conserved residues present in the opening of the ATP-binding
pocket of many kinases. Mutations in this sites are usually the cause of resistance to
inhibitors of oncogenic kinases [32].

As previously mentioned, tumours are composed by a heterogeneous
microenvironment, with an abnormal vasculature embedded in the extracellular matrix
[33, 34]. Therefore it is expected that the tumour microenvironment can influence the
treatment outcome [35]. Indeed, the tumour microenvironment provides a physical
protection against cytotoxic agents. Tumour abnormal vasculature is characterized by a
disorganized structure, being composed of dilated and convoluted blood vessels [36].
Together with an elevated interstitial fluid pressure, the microenvironment impedes the
penetration of macromolecules into the tumour [37, 38]. This also causes a hypoxic
environment due to the decreased blood flow, thus leading to the acidification of the
extracellular medium [39]. This effect drastically decreases the efficacy of chemotherapy,
since weakly basic drugs such as doxorubicin, mitroxantrone and vincristine are ionized
in these conditions, thus hindering their entry into the cell [40]. Additionally, hypoxia also
upregulates the antioxidant mechanisms, thus reducing the effectiveness of alkylating
agents and platinum-based drugs [41, 42].

Together, all the aforementioned MDR mechanisms contribute to the reduction

of the effectiveness of cancer treatment.
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2.1. ABC transporters: P-glycoprotein (P-gp)

One of the main mechanisms responsible for MDR is drug-efflux caused by
increased expression of membrane transporters, namely the ABC transporters. These
transmembrane proteins regulate the flux of chemotherapeutic agents across the plasma
membrane, using energy from the hydrolysis of ATP as the driving force. In total, there
are 49 ABC transporters known to date, that can be divided into 7 different subfamilies,
named from A to G [43].

These proteins are highly conserved and have a high sequence homology
between all its members. They are typically composed by two nucleotide-binding
domains (NBDs) and two transmembrane domains (TMDs), usually encoded by a single
polypeptide [43].

ABC transporters have several physiological roles in the context of cell protection
against xenobiotics. These transmembrane proteins are present in the blood—brain,
blood—cerebrospinal fluid, and blood-testis barriers, as well as in placenta, where they
regulate the permeability of xenobiotic compounds. ABC transporters are also found in
the liver, in the gastrointestinal tract, and in the kidney, where their function is to excrete
toxins to be eliminated, thereby protecting the organism [44].

The first ABC transporter to be discovered was the ABCB1 (Figure 1), more
commonly known by P-glycoprotein (P-gp), back in 1976 (more than 40 years ago). It
was described as promoting cell resistance against several structurally and

mechanistically unrelated compounds [45].
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Figure 1 — Structure of P-gp. Front (left) and back (right) stereo views. Transmembrane (TM) domains 1-12 are labelled,
as well as the nucleotide binding domains (NBD). The N- and C-terminal of the molecule, are respectively coloured with

yellow and blue. Horizontal bars represent the approximate positioning of the plasma membrane. Adapted from [46].

Nowadays more ABC transporters have been associated with MDR. The three
most extensively studied ones, regarding the phenomenon of MDR in cancer are the P-
glycoprotein (P-gp; also known as multi-drug resistance protein 1 or ABCB1), the MDR-
associated protein 1 (MRP1; also known as ABCC1) and the breast cancer resistance
protein (BCRP; also known as ABCGZ2). They have overlapping substrate specificities,
promoting the elimination of some of the most used cancer chemotherapeutic drugs,
such as taxanes, topoisomerase inhibitors, and antimetabolites (e.g. 5-fluorouracil and
methotrexate) [11]. However many attempts to translate this knowledge into clinical
approved drugs to counteract this form of MDR have so far been unsuccessful [47].

Several studies have been made in order to address the genetic polymorphisms
of ABC transporters, and their relationship with treatment outcome. In fact there is
increasing evidence that there is a correlation between ABCB1 genotypes and clinical

outcome [48].

2.2. Escape from apoptosis

Apoptosis is a conserved process of programmed cell death used by multicellular
organisms to deal with unwanted cells [49]. During apoptotic cell death, cells undergo
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morphological alterations which include cytoplasmic shrinkage and nuclear
condensation, while keeping membrane integrity [50].

Apoptosis can be triggered both intrinsically or extrinsically, in both cases
culminating in the activation of caspases, a class of cysteine aspartic acid-specific
proteases, that are expressed as inactive zymogens [51]. These caspases can be
divided in two main categories: the initiator caspases, which include caspases 1, 2, 4, 5,
8,9, 10, 11, and 12; and the effector caspases, composed by caspases 3, 6, 7, and 14
[52]. Initiator caspases, such as caspase 9, are responsible for the cleavage of the
inactive forms of the effector caspases, triggering a proteolytic cascade of events that
lead to the cleavage of multiple crucial cellular target proteins ultimately leading to cell
death [53].

However, for that cascade to start, the apoptosome, a large protein structure
constituted by the apoptotic protease-activating factor 1 (APAF1) and cytochrome c,
released from the mitochondria in response to death stimulus, must be formed to recruit
and activate caspase 9 [53-55].

The mitochondrial outer membrane permeabilization (MOMP) is essential for the
release of cytochrome c, being a decisive point in the cell commitment to apoptosis.
MOMP is regulated by members of the BCL2-family, constituted by both pro- and anti-
apoptotic proteins [56, 57]. The pro-apoptotic BAX-like subfamily of proteins, constituted
by proteins like BAX, BAK, and BOK, are responsible for the formation of pores in the
mitochondrial outer membrane. This is induced with the help of a structurally diverse
group of proteins that have a single BCL-2 homology (BH) domain, designated BH3-only
proteins (BIK, HRK, BIM, BAD, BID, PUMA, NOXA, and BMF). They are also pro-
apoptotic proteins that facilitate the BAX/BAK-dependent release of cytochrome ¢ from
mitochondria. On other hand, the anti-apoptotic BCL-2 family members comprise BCL-2
and its close relatives (BCL-XL, MCL1, BCL2A1, BCL-W, and BCL-B), that prevent the
oligomerization of BAX and/or BAK in mitochondrial outer membranes, impeding the
release of cytochrome c from the mitochondria. Therefore, the balance between all the
different types of BCL-2 family proteins contributes to determining if a cell undergoes
apoptosis [51].

Another way to regulate apoptosis is through the inhibition of caspases. The
proteins responsible for that function are the inhibitor of apoptosis proteins, also known
as IAPs [58]. Therefore, for a cell to undergo apoptosis, IAPs must be inactivated. The
IAP-binding proteins responsible for this are the second mitochondria-derived activator
of caspase (SMAC, also known as DIABLO) and the mitochondrial serine protease

HTRAZ2. These proteins are localized in the mitochondrial intermembrane space and are
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released in the cytoplasm following MOMP, together with cytochrome c, binding to IAPs,
thus promoting caspase activation [59-61].

However, cancer cells develop mechanisms to deregulate the apoptotic pathway,
leading to escape from apoptosis, providing the cells with a survival advantage [62].

One example of this type of mechanisms is the increased expression of the anti-
apoptotic Bcl-2 gene that has been identified in several cancers, reducing therapy
efficacy [63]. The use of potent BH3 mimetic compounds, such as ABT-263, which bind
to anti-apoptotic BCL-2 proteins, allow BAX and BAK to induce MOMP and thus
apoptotic cell death [64].

Another way that cancer cells have to resist to apoptosis is through the
inactivation of the tumour suppressor gene p53. The pro-apoptotic protein BAX and the
BH3-only proteins PUMA and NOXA are known transcriptional targets of p53. When p53
is inactivated, these proteins will not be transcribed. Several therapeutic strategies, such
as the use of mutant p53 reactivors, (e.g. PRIMA-1 and NSC319726) have been
attempted in order to restore p53 function, ultimately inducing apoptosis [65-67].
However, none of these molecules has reached the clinic so far.

Another example of a mechanism associated with resistance to apoptosis in
cancers is the overexpression of IAPs, which has been associated with poor prognosis
[68, 69]. Furthermore, low levels of caspase-3 have also been frequently observed in

cancer cells, being associated with chemoresistance [70, 71].

2.3. Alterations in autophagy

Autophagy is one of the major protein degradation systems, targeting long-lived
macromolecular complexes and organelles. It is highly conserved, occurring
constitutively in all eukaryotic cells, where it is responsible for the degradation and
recycling of cytoplasmic material, therefore playing a vital role in the maintenance of cell
homeostasis. It can be further activated in response to some stress conditions, such as
starvation and oxidative stress, and also acts as a mode of cell death, the type I
programmed cell death [72]. Autophagy, can be categorized in three different classes
according to their mechanism: microautophagy, chaperone-mediated autophagy, and
macroautophagy, hereupon only referred to as autophagy [73].

Autophagy (Figure 2) is a successive process that begins with the formation of
the phagophore, a double membrane structure that can arise from multiple sources

including the endoplasmic reticulum (ER), the mitochondrial outer membrane, and the
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plasma membrane [72, 74]. Upon activation of the appropriate signalling pathways,
inactivated mammalian target of rapamycin (MTOR) dissociates from the unc-51-like
kinase 1 (ULK1) complex that is then activated, and becomes associated with the
phagophore, allowing the maturation of the autophagosome. The ULK1 complex is
constituted by serine/threonine-protein kinase ULK1, Atg13, Atg101, and FIP200 (focal
adhesion kinase family interacting protein of 200 kDa) [75-77].

The maturation of the autophagosome starts with the association of the vesicular
sorting protein 34 complex/phosphatidylinositol-3-phosphate kinase Il (Vps34/PI3K
class Ill) with the phagophore through the P13-kinase p150 subunit, being then anchored
to the phagophore membrane via myristic acid. In addition, Beclin-1 is also an essential
part of the complex by binding to the anti-apoptotic protein BCL-2, that competes with
Vps34 for its binding, thereby working as an inhibitor of autophagy [72]. The beclin-1-
associated autophagy related key regulator (Barkor, also known as Atgl4) and UV
radiation-associated resistance gene (UVRAG) are also responsible for the stabilization
of the Vps34 complex [78, 79]. The PI3P generated by this complex then attracts a
number of components that results in two ubiquitin-like conjugations [72]. The first
conjugation is the covalent linkage of Atg12 and Atg5, involving the E1-like enzyme Atg7
and the E2-like enzyme Atg10. The Atg12-Atg5 conjugate complexes with Atg16L and
directly binds to the outer membrane of the phagophore [80, 81]. The second conjugation
also involves the E1-like enzyme Atg7 to activate LC3-1. Previous to that activation, Atg4,
a cysteine protease, cleaves LC3 revealing its C-terminal glycine, originating LC3-I. The
activated LC3-1 is transferred to the E2-like enzyme Atg3, that conjugates LC3-I with
phosphatidylethanolamine (PE) to originate LC3-Il, an autophagosomal lipoprotein
present both in the exterior and lumen of the vesicle. The LC3-Il present in the exterior
of the autophagosome are cleaved and recycled by Atg4, while the luminal LC3-1l is
degraded by lysosomal proteases together with the rest of the cargo [72, 80]. Thus, LC3-
Il levels can be used as an index of autophagy [82]. Although its function is not known,
it is clear that LC3-1l is responsible for the recruitment of the cargo adaptor protein p62
(also known as sequestosome 1, SQSTM1), and therefore participates in cargo selection
[83].

The degradation of cytosolic proteins, ER, peroxisomes and mitochondria is a
selective process regulated in part by ubiquitination of candidate proteins, and mediated
by p62, a multifunction protein that captures ubiquitinated targets and secures them to
LC3-1l in the autophagosome [83].

The autophagosome then fuses with the lysosome, forming the autolysosome,

where all the cargo will be degraded, thereby recycling amino acids, fatty acids, and
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nucleotides. This recycling is especially important when the cell is under nutrient
deprivation, being considered a mechanism of survival [73].
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Figure 2 — Molecular mechanisms of autophagy. The several stages of autophagy are shown. Adapted from [84].

However, autophagy can have a dual role in MDR tumour cells, contributing
differently to their outcome. Autophagy can lead to the development of MDR, and protect
cancer cells from chemotherapeutic agents, while on the other hand it can work as a
tumour suppressor, and kill MDR tumour cells by the induction of autophagic cell death.
The pro-death and pro-survival roles of autophagy depend on the tumour type and the
treatment used [84-86].

Autophagy protects MDR tumour cells against apoptosis, promoting resistance
to chemotherapy treatment. In fact, enhanced autophagy levels were detected in patients
with poor prognosis, suggesting a role for autophagy in the development of MDR [86].

Since MDR-promoted autophagy has been well documented, autophagy
inhibition has been proposed as a strategy to enhance the efficacy of chemotherapeutic
agents [86]. For example, the use of small interfering RNAs (siRNAs) that target Atg12
or the use of chemical autophagy inhibitors such as chloroquine, successfully sensitized
SGC7901/VCR cells (from a MDR cell line that was developed by prolonged exposure
to vincristine) to chemotherapeutic agents [87]. This suggests that vincristine-based
MDR is related to autophagy. In addition, autophagy also protects MDR cells against
anthracyclines [88].
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Beside its role as a pro-survival mechanism, autophagy can also promote cell
death in apoptosis-deficient MDR tumour cells. Several compounds are being developed
to promote autophagic cell death in these cells, thereby helping to overcome MDR [86].

3. Extracellular Vesicles (EVs): an overview

Extracellular vesicles (EVs) are a heterogeneous group of membrane-limited
vesicles that can contain several cargoes from the donor cells such as, proteins, lipids,
and nucleic acids, that can arise both through the endosomal pathway (exosomes) and
by budding from the plasma membrane (microvesicles) [89, 90].

Initially it was thought that EVs were only a disposal mechanism of the cell to
discard non-functional or unwanted cellular components [91, 92]. However, increasing
evidence indicates that EVs have a much bigger role, being key players in intercellular
communication, both in normal physiological processes, as well as in pathological
progression [89]. A big contribution towards that conclusion was the discovery of RNA
inside EVs [93, 94]. Indeed, RNA, microRNAs, proteins and other molecules from the
donor cell, might be transferred between cells as a form of intercellular communication,
due to the fact that EVs are membrane-limited vesicles thereby protecting these
informative molecules from the harsh external environment.

EVs are of different sizes (Figure 3) and contain different cargoes, probably due
to the fact that they can have different biogenesis. These different types of EVs can be
released from a single cell at the same type, and their release may change according to

the physiological or pathological state of the cell [90].
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Figure 3 — EVs can be released from the cell in the form of microvesicles and exosomes, according to their biogenesis.
Microvesicles bud directly from the plasma membrane, whereas exosomes have their origin in the endosomal pathway
[95].

Their cargo composition comprises a multitude of different proteins, lipids, DNA,
and several small ncRNAs (sncRNAS), such as microRNA, small nucleolar RNA, Y RNA,
mitochondrial RNA, and vault RNA, as well as long ncRNAs and mRNA (although it is
mostly fragmented). Proteins can either be present on the outside (e.g. transmembrane
proteins) or inside (e.g. soluble proteins) of EVs. These may serve as markers of the
biogenesis mechanisms of EVs [89, 96-98].

Beside their function as cell-cell communicators, EVs can also work in the elimination of
unwanted molecules from cells, such as modified RNAs and amyloid proteins [99, 100].
Nevertheless, much research is still necessary on the role of EVs in intercellular

communication and the mechanisms involved.

3.1. Differences in the size of EVs and their biogenesis

Several types of EVs have been characterized, and classified according to their
different biogenesis pathways, resulting either in their release through the fusion of the
multivesicular bodies (MVBs) with the plasma membrane, or via outward budding and
fission of the plasma membrane. The two main types of EVs are the exosomes and the
microvesicles [101].

Exosomes are small EVs, typically with a diameter smaller than 150 nm. They

are derived from the endosomal system, and are formed as intraluminal vesicles (ILVS)

13



FCUP

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

in the MVBs [89, 90]. The endosomal system comprises three different types of
endosomes: the early endosomes, the late endosomes, and the recycling endosomes
[102]. The early endosomes fuse with the endocytic vesicles, that can either recycle
molecules to the plasma membrane via recycling endosomes, or maturate into late
endosomes, making them competent for fusion with lysosomes, for degradation. The late
endosomes accumulate ILVs that are formed by inward budding of the endosomal
membrane. It is during this process that cytosolic proteins, nucleic acids, and lipids are
sorted into what will be the exosomes. Late endosomes that contain several ILVs are
them termed MVBs. These can either fuse with lysosome committing their content for
degradation or fuse with the plasma membrane, thereby releasing the ILVs as exosomes
into the extracellular medium [89].

The formation of ILVs within MVBs is then the first step in the biogenesis of
exosomes. Several mechanisms have been described, but in all cases lipid curvature
must be induced for the vesicles to be formed [90]. The recruitment of the endosomal
sorting complex required for transport (ESCRT) machinery is fundamental. Four different
ESCRT complexes have been identified (ESCRT-0, I, -1l, and -Ill) along with accessory
proteins such as Alix, VPS4 and VTA-1, working in a sequential manner to bind what will
be the exosome cargo and incorporate it into the ILVs [103]. ESCRT-0 recognizes
ubiquitinated proteins on the outside of the endosomal membrane. Then, ESCRT-I is
recruited to the endosome by protein-protein interaction with ESCRT-0, helping with
cargo sorting. In addition, ESCRT-I interacts with ESCRT-Il, and together they are
capable of budding membranes into the endosome lumen. All these three ESCRT
complexes are able to interact with ubiquitinated cargo. In contrast, ESCRT-III does not
form a stable protein complex, being only transiently assembled on the endosomes. It is
responsible for the fission of vesicles into the endosome lumen. It also recruits
deubiquitinases, which mediate cargo deubiquitination, therefore recycling ubiquitin prior
to vesicle formation. Finally, ESCRT-IIl is disassembled for recycling by the AAA-ATPase
VPS4 [104].

An alternative pathway for exosome formation involves synthesis of ceramide, as
the mechanism responsible for inducing vesicle curvature and budding [105]. A third
mechanism involves the tetraspanin-mediated organization of specific proteins. Two
tetraspanins that are thought to play a critical role in exosome formation are CD9 and
CD63 [106].

Another type of EVs, which are formed by direct budding from the plasma
membrane, are the microvesicles. They are larger vesicles, typically in the range of 200

to 500 nm; however, vesicles having 1 um have been found. Their biogenesis is far less
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defined than exosomes [89, 90]. Similar to exosome biogenesis, mechanisms that
generate or alter the asymmetry of the plasma membrane with respect to lipids have
been implied in microvesicles formation. These mechanisms include alterations in the
activity of enzymes that transfer lipids from one side of the plasma membrane, to another
[107, 108]. Alterations in the ceramide content of the outer leaflet of the plasma
membrane via activation of acid sphingomyelinase were found to induce membrane
curvature leading to microvesicle release [109-111]. The recruitment of the ESCRT
machinery involved in the formation of ILVs in the MVBs can also lead to microvesicles
release [90].

The isolation of the distinct subpopulations of EVs according to their biogenesis or
molecular content is still a challenge [96, 112] leading to a confusion in the literature in
the nomenclature of exosomes and microvesicles. Therefore, since the composition of
the purified vesicle preparations is usually unclear (due to the fact that the isolation is
based on size and density), the scientific community that works in the area has proposed

the general use of the term “Extracellular Vesicles” (EVs) to refer to these vesicles.

3.2. EVs as mediators of intercellular transfer of MDR

Traditionally, intercellular communication consisted only in direct secretion of
molecules from cells or in cell-cell interactions. However, in the recent years another
mechanism of intercellular communication has been described, consisting in the
incorporation of EVs in recipient cells, which had been released by other cells,
designated as donor cells [95].

Despite their functions in normal physiology, the role of EVs in tumour
progression was shown to be of extreme importance [113]. In fact, EVs have been
described as vehicles of dissemination of cancer drug resistance (CDR), associated with
promotion of immune escape, with epithelial-to-mesenchymal transition (EMT), and with
metastasis [114].

Regarding the intercellular transfer of MDR by EVs, several mediators of MDR,
such as drug-efflux pumps, microRNAs and long non-coding RNAs (IncRNAs) have been
identified as being transferred by EVs, from donor drug-resistant tumour cells into

recipient drug-sensitive cells [115].
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Figure 4 — The transference of a drug-resistant phenotype by EVs, known to be implicated in the therapy failure, is

mediated by: drug-efflux pumps, microRNAs, and long noncoding RNAs. Adapted from Sousa, D. et al [115].

The presence of drug-efflux pumps in the EVs released by drug-resistant cells
has been related with their capacity of sequestering drugs, thereby decreasing the
effective intracellular drug concentration on the donor cells, leading to sublethal doses
of these compounds and drug-resistance [116, 117]. Indeed, a study suggested that this
is possible due to the inverted orientation of the P-gp in the EVs, thereby leading to an
active influx of drugs to the lumen of EVs [116].

Several studies described that drug-efflux pumps are capable of being
transferred from drug-resistant to drug-sensitive cells by EVs, leading to the development
of a MDR phenotype in these recipient cells [118-120].

P-gp is one of the drug-efflux pumps transferred by EVs. This "non-genetic
acquisition” of P-gp was detected for the first time in a neuroblastoma model, in which a
drug-sensitive cell line presented functional P-gp following co-culture with a P-gp
expressing drug-resistant counterpart cell line [121]. Bebawy et al. also verified that when
drug-sensitive leukaemia cells were incubated with EVs isolated from their drug-resistant
counterpart cells, the recipient cells showed the presence of functional P-gp [122]. The
incubation period was of only 2h and 4h, revealing that P-gp present in these cells was

originated from the EVs released by the drug-resistant cells, and not by the induction of
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transcription and subsequent translation of the MDR1 gene [122]. Other study using a
drug-sensitive and its docetaxel-resistant counterpart cell line, demonstrated that the
increase of P-gp levels in the recipient cells was proportional to the amount of co-cultured
EVs from the drug-resistant cell line [123].

Additionally, other drug-efflux pumps were found to be transferred by EVs, such
as MRPL1 [124], or BCRP [125, 126]. However, their possible transfer between drug-
resistant EVs and drug-sensitive cells still needs to be clarified.

Some RNAs responsible for drug resistance have been found inside EVs, namely
microRNAs [89, 96, 97]. microRNAs are commonly deregulated during tumorigenesis
and metastization, thereby affecting drug responses [127-133]. When present inside
EVs, microRNAs become protected from the action of Rnases [134], being good
markers of drug resistance [135, 136]. These microRNAs carried by EVs have been
associated with the intercellular transfer of MDR [137], being capable of modulating
transcripts in the recipient cells. This alteration of the transcriptional landscape of
recipient cells caused by microRNAs present in EVs originated on MDR tumour cells,
illustrates the implication of microRNAs carried in EVs in the dissemination of the MDR
phenotype [138].

Similarly to microRNAs, IncRNAs may also be selectively packaged in EVs [139];
however, their contribution to the horizontal transfer of a MDR phenotype is still poorly
understood. The transfer of functional MRNAs from donor to recipient cells, through EVs,
has also been described [135].

In summary, the transference of a drug-resistance phenotype mediated by EVs
contributes to therapy failure, and therefore more research is needed to identify ways to

counteract this mechanism [115].

3.3. Modulators of EVs release by cells: 3-MA (an autophagy

inhibitor) and imipramine

Due to the role of EVs as mediators of intercellular transfer of MDR, inhibition of
their release has been a major goal. However, since EVs biogenic pathways are not fully
known, the development of modulators of their release has been a big challenge.
Nevertheless, some inhibitors of exosome and microvesicles release have been found.

Since the ceramide content of the membranes has been related with the

membrane curvature, ultimately leading to ILVs formation in the MVBs and to
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microvesicle release in the extracellular medium, inhibitors of sphingomyelinases have
been developed [109] to inhibit the release of EVs.

Imipramine, an inhibitor of the enzyme acid sphingomyelinase can lead to the
inhibition of microvesicles shedding from the plasma membrane, suggesting that this
enzyme is necessary and sufficient for their release [109]. Acid sphingomyelinase is one
of the key enzymes responsible for the production of ceramide, catalysing the hydrolysis
of sphingomyelin into ceramide and phosphorylcholine, and consequently altering
membrane fluidity, which will then lead to membrane blebbing and shedding [140].

On the other hand, the blebbing and budding of ILVs into MVBs, that will then be
released in the extracellular medium as exosomes, results from the activation of neutral
sphingomyelinase, as suggested by Trajkovic and her co-workers [141]. This indicates
that different members of the sphingomyelinase family specifically control the release of
distinct populations of EVs. In fact, when the Oli-neu cells, from a mouse oligodendroglial
cell line that contains a large number of MVBs [142], were treated with GW4869, an
inhibitor of the neutral sphingomyelinase, exosome release was markedly reduced [141].

Moreover, Dardalhon et al. described that the autophagy inhibitor 3-
methyladenine (3-MA) also leads to a decrease in the release of exosomes [143]. This
potentially indicated a connection between the release of EVs and autophagy modulation
in MDR cells. However, the exact mechanisms that mediate this phenomenon are yet to

be discovered.

4. The importance of compounds with dual-activity: antitumour

(inducing apoptosis or autophagy) and anti-P-gp

In the recent years it has been widely recognised that drugs that act on more than
one molecular target can have a superior efficacy in the treatment of complex diseases
such as cancer. These multi-target drugs are also less prone to the problem of drug-
resistance and present reduced side effects [144, 145].

This type of strategy has been applied in the treatment of complex diseases such
as HIV [146], cancer [147], and several neurodegenerative diseases [148, 149].

Moreover, since MDR is a phenomenon broadly found in cancer cells, the
discovery or design of compounds that are concomitantly P-gp inhibitors and also have

an antitumoral activity would be of great advantage for the treatment of cancer [150].
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4.1. Screening of compounds for antitumour and P-gp

inhibitory activities

In the last 3-4 decades, more than 40 reviews about the structure, function and
application of ABC transporter inhibitors have been published [151]. Despite all these
studies, none of the potential inhibitors of P-gp tested in preclinical and clinical trials have
shown an improvement in therapeutic efficacy. Therefore, new strategies, as the fallback
to searching natural products, have arisen [152].

A group of compounds that showed potent P-gp inhibitory activity, in addition with
an antitumout activity, are the natural alkaloids [151, 153]. Indeed, some natural alkaloids
that emerged in the last two decades showed promising antitumoral activities, such as
the quinazolinone alkaloids [154].

Quinazolinones belong to a family of heterocyclic nitrogenated compounds
widely distributed in plants and microorganisms [155, 156]. Interest in these compounds
has recently increased due to the broad spectrum of biological activities that have been
described: antitumour, antibacterial, antifungal, anti-HIV, among others [154]. Their
activity as dual inhibitors of P-gp and MRP1 has also been described [157], making the
quinazolinones very interesting molecules for further studies. Therefore, it is necessary
to unravel the antitumoral and P-gp inhibitory potential of derivatives of these

compounds.
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Aim of the work

The main aim of this work is to confirm the release of larger EVs by P-gp
overexpressing MDR cells, when compared to their drug-sensitive counterparts. In
addition, to investigate the possible relationship between the release of EVs and cellular
autophagy. To accomplish these overall aims, the following specific objectives were
established:

o Study the effect of specific chemical inhibitors of microvesicles (imipramine) or
exosomes (3-methyladenine, 3-MA) in the release of EVs by drug-sensitive and their
MDR counterpart cells;

e Compare the basal levels of autophagy of the drug-sensitive and their MDR

counterpart cells;

In addition, due to the need to identify new molecules with dual antitumour and anti-

P-gp activity, the following objective was also defined:

e Screen a small library of quinazolinone derivatives (synthesized by collaborators)

for their potential effect as inhibitors of tumour cell growth and P-gp inhibition.
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Materials and Methods

1. Cell culture and maintenance of a drug-resistant phenotype in
the MDR cells

Two pairs of multidrug-resistant (MDR) and their counterpart drug-sensitive
human tumour cell lines were used in the work presented in this thesis. The non-small
cell lung cancer (NSCLC) cell line NCI-H460 (henceforth named H460 for a matter of
simplicity), and its drug-resistant P-gp overexpressing counterpart cell line, RH460, were
a kind gift of our group collaborator Dr. M. PesSi¢ (Belgrade, Serbia) [158, 159]. The K562
chronic myelogenous leukaemia (CML) cell line was obtained from European Collection
of Authenticated Cell Cultures (ECACC) and its counterpart cell line, K562Dox (that
overexpresses P-gp), was a kind gift of Dr. J.P.Marie (Paris, France) [160, 161]. All cell
lines were genotyped and routinely tested for possible mycoplasma contamination. In
the case of the K562Dox cell line, to maintain constant P-gp expression levels throughout
the experiments, 1 uM of doxorubicin (Sigma, USA) was added to the cells every two
weeks, and all the experiments were performed 6 days after stimulation with doxorubicin.

For the screening experiments, three different human tumour cell lines were
used: NCI-H460 (non-small cell lung cancer), kindly provided by the National Cancer
Institute (NCI, NIH, Bethesda, MD, USA), HCT-15 (human colorectal adenocarcinoma)
and MCF-7 (breast adenocarcinoma, both obtained from the European Collection of
Authenticated Cell Cultures (ECACC, Salisbury, UK)).

All cells were grown at 37 °C in a humidified incubator with an atmosphere of 5%
COs.. The cell culture medium used was RPMI-1640 (with Ultraglutamine | and 25 mM
HEPES; Lonza, Verviers, Belgium) supplemented with 5% fetal bovine serum (FBS, heat
inactivated, Biowest, South America) for the Sulfornodamine B (SRB) assay, and 10%
FBS for all the remaining experiments. All experiments were carried out with cells in
exponential cell growth and having more than 90% viability.

Cell number and viability were determined using the trypan blue exclusion assay,
which consists on the capacity of a blue dye (trypan blue) being taken up only by cells in
which the membrane permeability is compromised (death cells). Cell suspension was
then mixed in a 1:1 ratio with trypan blue solution (0,2%; Sigma-Aldrich) and loaded into
a Neubauer chamber. The cells were counted under a bright-field inverted microscope
and the cell density determined through the following formula: (number of viable cells x
dilution factor x 10%) / number of quadrants counted. The percentage of viability (i.e. the

ratio of the number of viable cells to the total cell number times 100) was also determined.
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2. Isolation of extracellular vesicles (EVs) by ultracentrifugation

Extracellular vesicles (EVs) were collected from both pairs of MDR and drug-
sensitive counterpart cell lines (H460/RH460 and K562/K562Dox). In the case of the cell
lines H460 and RH460 (adherent cells), 10 000 — 15 000 cells cm were seeded and
allowed to attach for at least 6 h before treatment. In the case of the cell lines K562 and
K562Dox (suspension cells), the density seeded was 500 000 cells mL?, and cell
treatment was performed immediately. In both cases, EVs-depleted complete medium,
i.e. medium containing EVs-depleted FBS (by ultracentrifugation at 100 000 g overnight)
was used. For cell treatment with the compounds 3-MA (3-methyladenine) or imipramine,
at 0.5 mM and 20 uM respectively, cells were cultured for additional 72h following
treatment. Controls with the vehicle of the compounds, DMSO for 3-MA and water for
imipramine, were included in the experiments, as well as, a Blank treatment (cells without
incubation with any solvent, just with complete medium).

The EVs were then isolated from the culture supernatant, by differential
centrifugation. All the centrifugation steps were performed at 4 °C, and performed as
follow: 5 min at 1200 rpm to pellet cells (just for the K562 and K562Dox cells), 10 min at
300 g to remove some cells that could have remained in suspension and 10 min at 2000
g to remove cellular debris and apoptotic bodies (centrifuge 5810R, Eppendorf,
Germany); 30 min at 10 000 g to remove larger vesicles (high speed centrifuge Avanti J-
25, Beckman Coulter) and 60 min at 100 000 g to pellet the desired EVs. The EVs were
then rinsed once with phosphate-buffered saline (PBS) and centrifuged again at 100 000
g, for 60 min. EV pellets were then handled differently depending on the protocol to be

followed, as indicated below.

3. Characterization of EVs

3.1. Dynamic Light Scattering (DLS)

The EVs size was measured by dynamic light scattering (DLS), using a Malvern
Zetasizer Nano ZS instrument (Malvern Instruments Ltd, UK). The EV pellet from each
cell treatment was resuspended in 70 pL of PBS and added to a disposable polystyrene
cuvette with a 10 mm path length. The measurement was performed at 25 °C using a
laser beam with a wavelength of 633 nm, and a detection of back scattered light at an
angle of 173°. The refractive index of the material was defined as 1.390 [162, 163], and
the absorption as 0.010. The parameters for the dispersant (PBS) were 0.8882 cP for
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the viscosity and a refractive index of 1.330. The attenuator used and the number of
reads were determined automatically, and three measurements per sample were made.
The results were generated by the Zetasizer software v7.12. and an average of three

measurements represented as the number of particles (%) vs. size (nm) was obtained.

3.2. Nanoparticle Tracking Analysis (NTA)

Nanoparticle tracking analysis (NTA) was performed to determine the EVs
concentration and size distribution, with the use of a NanoSight NS300 (Malvern
Instruments Ltd, Malvern, UK) and the corresponding analytical software NTA 3.2.

All samples were diluted in PBS prior to the experiment, in a volume that ensured
a concentration of EVs within the detection limits of the instrument (i.e. ~10” — 10°
particles mL™).

All samples were analysed at camera levels of 13, with a detection threshold of
5. Automatic settings for the maximum jump distance and blur settings were used. Thus,
prior to the video recording, 300-400 pL of sample were injected into the system with a
constant flow of 40, achieved with the aid of a NanoSight syringe pump in conjunction
with 1 mL syringes (Omnifix® 100 Solo, B. Braun, Germany). Then, at least three 30-
seconds videos were captured for each sample and processed by the software. The data
obtained, which corresponds to the mean concentration and the mode of the sizes of
EVs, was then exported and analysed with the use of the Microsoft Office Excel software
(Microsoft, USA).

3.3. Western Blotting (WB) for markers of EVs

The cells or EVs shed by those cells were washed in PBS and lysed in Winman’s
Buffer (1% NP-40, 0.1 M Tris-HCI pH 8.0, 0.15 M NaCl and 5 mM EDTA) with EDTA-
free protease inhibitor cocktail (Roche) for 30 min at 4 °C. Total protein content of EVs
or cell lysates was quantified using the DC Protein assay kit (Bio-Rad), a method based
on the Lowry assay, and performed according to the manufacturer’s protocol. After
quantification, protein was loaded (5-8 pg from EVs or 20-25 pg from cells) and
separated on a 12% Bis-Tris SDS-PAGE gel. Then, the proteins were electrophoretic
transferred into nitrocellulose membranes (GE Healthcare, UK), and probed with the
following primary antibodies: goat anti-Actin (1:2000; sc-1616 from Santa Cruz
Biotechnology), mouse anti-P-gp (1:2000; P7965 from Sigma), mouse anti-syntenin-1
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(1:200; sc-100336 from Santa Cruz Biotechnology), and mouse anti-cyt ¢ (1:1000, sc-
13560 from Santa Cruz Biotechnology). The secondary antibodies used were: goat anti-
mouse IgG-HRP (sc-2031), or donkey anti-goat IgG-HRP (sc-2020) (all diluted at 1:2000
and from Santa Cruz Biotechnology). Signal was then detected using the ECL Western
Blot Detection Reagents (GE Healthcare, UK), the Amersham Hyperfim ECL (GE
Healthcare, UK), and the Fuijifilm FPM-100A X-ray film processor (Fujifilm, Japan). The
films were digitalized in the Bio-Rad GS-800 densitometer (Bio-Rad, USA), and the
intensity of the bands obtained in each film further analysed using the software Quantity
One 1D Analysis (Bio-Rad, USA).

4. Verification of cellular autophagy and apoptosis levels

4.1. Cell treatments with 3-MA, rapamycin and serum

starvation

For this experiment, the NSCLC cell line H460 and its MDR counterpart cell line,
RH460, were used.

All cells were grown as stated in section 1, and the medium was supplemented
with 10% FBS. All experiments were carried out with cells at the exponential growth
phase, and having more than 90% viability. Cell number and viability were determined
using the trypan blue exclusion assay.

Cells were seeded in 6-well plates at the density of 2 x 10° cells per well, with a
final volume of 3 mL. Twenty-four hours later, 1 mL of complete medium containing the
following compounds was added to each cell line: 3-MA (final concentration of 0.5 mM;
an autophagy inhibitor) and rapamycin (final concentration of 100 nM; an autophagy
inducer). The condition of serum starvation was also used to induce autophagy, and for
that the complete medium was replaced with 4 mL of medium without serum. In this
experiment, the following controls were also included: wells containing the cells grown in
complete medium only (Blank) and cells grown with the highest concentration of DMSO
used. Twenty-four hours after, cell lysates were collected, and the protein content

quantified.
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4.2. Western Blotting (WB) for autophagy- and apoptosis-

related proteins

The protocol was performed as stated in section 3.3. After protein quantification,
20 pg of protein were loaded and separated on a 12% Bis-Tris SDS-PAGE gel. Then,
the proteins were electrophoretic transferred into nitrocellulose membranes (GE
Healthcare, UK), and probed with the following primary antibodies: goat anti-Actin
(1:2000; sc-1616, Santa Cruz Biotechnology), rabbit anti-Vps34 (1:1000; 3811, Cell
Signaling Technology), rabbit anti-p62 (1:2000; BML-PW9860, Enzo Life Sciences),
rabbit anti-LC3B (1:1000; 2775, Cell Signaling Technology), rabbit anti-PARP (1:1000;
sc-7150, Santa Cruz Biotechnology), and mouse anti-caspase 3 (1:500; 05-654,
Upstate). The secondary antibodies used were: goat anti-rabbit IgG-HRP (sc-2004), goat
anti-mouse IgG-HRP (sc-2031), or donkey anti-goat IgG-HRP (sc-2020) (all diluted at
1:2000 from Santa Cruz Biotechnology). Signal was then detected in the same manner
as in section 3.3, and the intensity of the bands was further analysed using the software
Quantity One 1D Analysis (Bio-Rad, USA).

5. Screening of tumour cell growth inhibition activity

5.1. Preparation of stock solutions of compounds to be

screened

A total of 8 compounds, synthesised by the Group of Natural Products and
Medicinal Chemistry of CIIMAR, Porto, were screened for tumour cell growth inhibitory
activity.

The compounds screened were derived from Fiscalin B, a fungal metabolite with
a pyrazino[2,1-b]quinazoline-3,6-dione core, which was reported to have significant
biological activities, namely as chemoterapic [154]. The novel compounds were
designated as compounds 4a to 4d and 5a to 5d. All compounds were reconstituted in
sterile DMSO to a final stock concentration of 60 mM, and several aliquots were made
and stored at -20 °C to avoid repeated freeze-thaw cycles. For the experiments, the

compounds were freshly diluted in complete medium to the desired concentration.
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5.2. Screening of compounds for tumour cell growth inhibitory

activity using the Sulforhodamine B (SRB) assay

The Sulforhodamine B (SRB) colorimetric assay indirectly infers the cell growth
by measuring the cellular protein content. The stoichiometric binding of the die SRB to
the basic amino acid residues of the proteins, under mild acidic conditions, is directly
proportional to the number of cells.

For this assay, cells were seeded in two 96-well plates, one designated TO and
the other T48 (which means 0 and 48 h after drug treatment). The NCI-H460 and MCF-
7 cells were seeded at the density of 5 x 10* cells mL?, while the seeding concentration
of the HCT-15 cells was 1 x 10° cells mL. Wells containing medium only were used as
a control (to determine the background absorbance). In both plates, all the three cell lines
were seeded in duplicate.

Twenty-four hours later, the TO plate was fixed with 10% (w/v) ice-cold
trichloroacetic acid (TCA, Merck, Germany), for 1 hour at 4 °C. Thus, the initial cell
concentration could be determined. On the other hand, the compounds were added to
all cell lines of the T48 plate, in two-fold serial dilutions ranging from 150 uM to 9.375
MM, and incubated for 48 hours. Doxorubicin (Sigma, USA) was used as a positive
control, within the same range of concentrations used for the compounds, except in the
HCT15 cell line, where they ranged from 1500 nM to 93.75 nM.

Forty-eight hours later, the T48 plate was fixed as described above for the TO.
Then both plates were washed 3 times with distilled water and allow to dry at RT
overnight. After that, 50 pL of 0.4% w/v SRB (Sigma-Aldrich, USA) were added to each
well, in both plates, and incubated for 30 min at RT. The SRB-stained cells were washed
3 times with 1% v/v acetic acid (Merck, Germany) and the plates were left to dry again,
at RT. In the end, protein-bound SRB was solubilized by the addition of 100 pL of 10 mM
Tris Base buffer. The plates were agitated to achieve complete dissolution of SRB in
each well and the absorbance was measured in a microplate reader (Synergy™ Mx,
BioTek Instruments Inc.) at 510 nm. The Glso values (i.e. the concentration that causes
50% inhibition of cell growth) for each compound was determined using an excel

datasheet as previously described [164].
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5.3. Screening of compounds for drug-efflux inhibitory activity

with the Rhodamine-123 (Rh123) accumulation assay

In order to determine the P-gp inhibitory potential of the synthesised compounds,
the rhodamine-123 (Rh123) accumulation assay was performed. The K562 and
K562Dox cells (seeded at density of 5 x 10° cells/mL) were incubated for 1 h at 37 °C in
the presence of 20 uM of the synthesised compounds, and 1 uyM of rhodamine-123
(Sigma, USA). Cells (K562Dox and K562) without incubation with any compound were
used as negative controls. Additionally, K562Dox cells treated with the P-gp inhibitor
verapamil (20 uM, Sigma, USA) were used as a positive control. After incubation, cells
were washed and re-suspended in ice-cold PBS, and kept protected from light at 4 °C
and immediately analysed in a BD Accuri™ C6 Flow Cytometer (BD Biosciences, USA).
At least 10 000 events were counted and analysed per sample. Cells shown in forward
scatter and side scatter were electronically gated and acquired through the FL1 channel.
Data were analysed using the FlowJo software (version 7.6.1, Tree Star, Inc.) to
determine the mean values of FL1 within the gate. The ratio of Rh123 accumulation in
the cells was then calculated as (Mean FL1K562Dox + Compound - Mean
FL1K562Dox)/Mean FL1K562Dox as previously described [150].

6. Statistical analysis

Statistical analyses were performed using either the GraphPad Prism 6 or the
Microsoft Office Excel software. All assays were performed in triplicate unless specified,

and the results are reported as mean + SEM.
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Results and discussion

Since the results obtained in this thesis focus on different aspects of MDR, they
will be presented in three individual chapters corresponding to the results
obtained for the three individual initial aims of the project:

Chapter I: Characterization of the EVs released by the counterpart pairs of drug-

sensitive and MDR cell lines

Chapter II: Comparison of the capacity of H460 and RH460 cells to undergo autophagy

and apoptosis

Chaper lll: Screening of compounds for antitumour and anti-P-gp activity
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CHAPTER |

Characterization of the EVs released by the
counterpart pairs of drug-sensitive and MDR

cell lines

1. Characterization of the EVs released by the counterpart pairs

of drug-sensitive and MDR cell lines

Previous results obtained by our group demonstrated that MDR tumour cell lines
shed more microvesicle-like EVs (large EVs) and less exosomes (small EVs), than their
drug-sensitive counterpart cells [165]. Thus, to confirm the increased production of
microvesicles by the MDR tumour cells (when compared to their drug-sensitive
counterpart cells), the release of microvesicles was inhibited in both the drug-sensitive
and MDR counterpart cells, with the use of a pharmacological inhibitor, imipramine [109].
In addition, the release of exosomes was also inhibited in both cell lines, with 3-MA [143].
With these experiments, it was intended to confirm that the population of EVs released
by MDR tumour cells is indeed composed by more microvesicles than exosomes, with
different biogenic pathways [89]. In addition, since MDR tumour cells are capable of
horizontally transferring the resistant phenotype to drug-sensitive cells, it would be of
utmost interest to selectively inhibit the release of EVs from the MDR tumour cells with
a pharmacological inhibitor.

To perform this study, two models of counterpart cell lines were used: the non-
small cell lung cancer (NSCLC) pair of cell lines, H460 and its MDR counterpart, RH460;
and the BCR-ABL positive leukaemia pair of cell lines (obtained from a patient with
chronic myeloid leukaemia), K562 and its MDR counterpart, K562Dox. The cell lines
H460 and RH460 were treated with two chemical compounds, 3-MA and imipramine
which, as stated above, are known modulators of EVs release [109, 143], while the cell
lines K562 and K562Dox were only treated with imipramine due to time constrains. The
EVs from these cell lines were obtained by several steps of differential centrifugation and
characterized in terms of their size, using DLS and NTA. Whenever possible, the

isolation of EVs was confirmed by detecting the presence of EV markers (by WB).
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The results obtained with both inhibitors (imipramine and 3-MA) will be presented
and discussed separately.

1.1. Effect of imipramine (microvesicles formation inhibitor) on

EVs released by the counterpart pair of cell lines

In order to inhibit the release of microvesicles by the cells, imipramine was used.
Imipramine is an inhibitor of the enzyme acid sphingomyelinase, responsible for the
hydrolysis of sphingomyelin (a phospholipid abundant in the outer layer of the plasma
membrane). Sphingomyelin hydrolysis results in an increased membrane fluidity [166,
167], thus inducing membrane destabilisation and causing membrane blebbing [168].
Therefore, imipramine causes a decrease in sphingomyelin hydrolysis, being
responsible for a limitation of the blebbing of the plasma membrane and thus inhibiting
the cellular release of microvesicles [143].

As shown in Figure 5A, according to the DLS analysis, imipramine (20 uM) had
no effect on the number and size distribution of the EVs released by H460 cells. On other
hand, in its MDR counterpart cell line, RH460, the percentage of EVs released by these
cells decreased when cells were treated with imipramine. A confirmation that the
analysed sample contained EVs was possible by confirming the presence of syntenin-1
(a marker of EVs) in all the vesicles analysed (Figure 5B). In addition, the absence of
cytochrome c in the isolated vesicles confirmed that there was no contamination of the
analysed EVs with cellular debris (Figure 5B). Moreover, higher levels of syntenin-1
were detected in the EVs isolated from the H460 cells, when compared with the EVs
isolated from the MDR cells, RH460. Since syntenin-1 is an EV marker found primarily
in populations of smaller EVs [112], the higher detection of this protein in EVs isolated
from the H460 cells is a clear indication that this population of EVs is enriched in EVs of
smaller sizes (i.e. exosomes).

Therefore, it was confirmed that the release of EVs by the RH460 cells was more
affected by imipramine treatment (a microvesicle release inhibitor) than the release of
EVs by the H460 cells.

Interestingly, the levels of syntenin-1 were increased in the EVs isolated from
either H460 or RH460 cells following treatment with imipramine (Figure 5B), suggesting
that imipramine treatment increased the release of exosomes in both cell lines. However,
as mentioned above (Figure 5A), this was only detected in the RH460 cell line when the

sizes of the vesicles were analysed by DLS.
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Moreover, P-gp was only detected in the RH460 cell line, and not in H460 cells,
corroborating the fact that RH460 cells present a MDR phenotype (Figure 5B). Although
P-gp has been detected by members of our research group in the EVs shed by RH460
cells [165], under this experimental condition it was not possible to detect P-gp in the
EVs, probably due to the small amount of protein loaded into the gel for Western blot

analysis (5 pg).
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Figure 5 — Treatment with imipramine had no effect in the EVs released by the drug-sensitive H460 cells, but
decreased the % of EVs released by its MDR counterpart cells, RH460. (A) Size distribution of EVs isolated from
H460 (left panel) and RH460 cells (right panel), treated with water (control, blue) or with 20 uM imipramine (red), analysed
by DLS. Results are the mean of 2 independent experiments and were generated with the Zetasizer software v7.12. (B)
Western blotting analysis of the expression of EV markers in H460 and RH460 cells, and in the EVs released by those
cells, with and without treatment with imipramine. Images are cropped blots representative from samples run under the

same experimental conditions.

Regarding the results obtained from the leukemia pair of cell lines, the drug-
sensitive cell line, K562, released more small-size vesicles when compared with its drug-
resistant counterpart cell line, K562Dox. These results are in agreement with the results
previously obtained by members of the research group [165]. In addition, imipramine

treatment decreased the % of EVs shed by the K562 cells and had a similar effect on
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both cell lines regarding a decrease in the size of EVs released by cells (i.e. shift of the
DLS curves to the left, Figure 6).

K562 K562Dox
Control Control
20 20
g 15 g 15
Pt e
g1 g0
: :
z 5 25
0 ]
1 10 100 1000 10000 1 10 100 1000 10000
Size (diameter, nm) Size (diameter, nm)
Imipramine Imipramine
20 20
=15 =15
C) Z
g 10 g 10
F-1 o
: :
z 5 25
0 0
1 10 100 1000 10000 1 10 100 1000 10000
Size (diameter, nm) Size (diameter, nm)

Figure 6 — Treatment with imipramine decreased the % of EVs released by the K562 cells and had no effect on its
MDR counterpart cells, K562Dox. The figure refers to the size distribution of EVs isolated from K562 (left panel) and
K562Dox cells (right panel), treated with water (control, blue) or with 20 uM imipramine (red), analysed by dynamic light
scattering (DLS). Results are the mean of 2 independent experiments and were generated with the Zetasizer software
v7.12.

These results suggest that the effect of imipramine was not very different
between the 2 cell lines from this leukemic pair, although it was different between the
cell lines from the NSCLC pair. The reason for this is unknown but could be related to
the levels of P-gp expressed by the resistant counterparts of these two pairs of cell lines.
In fact, it has been reported that imipramine is a substract of P-gp [18, 19] and therefore
different levels of P-gp would implicate different effect of this drug in the treated cell lines.
It is not known if the K562Dox cells express more P-gp than the RH460 cells and and it
was not possible to verify this hypothesis since the amount of protein obtained from these
vesicles was not enough to allow analysis by WB.

For this same reason (i.e. not enough protein available from the isolated
vesicles), it was not possible to confirm by WB that the isolation of EVs was successful.

In summary, given the fact that imipramine is a P-gp substrate, it was concluded
that it is not a good inhibitor to use with the objective of verifying the effect of a MVs
inhibitor in these pairs of cell lines. However, since 3-MA is not a P-gp substract, it is
expected that the results from the 3-MA treatment (section 1.2 bellow) will allow to take

more conclusions.
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1.2. Effect of 3-MA (endosomal trafficking inhibitor) on EVs

released by the counterpart pair of cell lines

The 3-methyladenine (3-MA), a class Il PI3K Vps34 inhibitor usually used to
inhibit autophagy [169], was previously shown to cause a decrease in exosome release
[143, 170]. Indeed, Dardalhon et al. found that upon incubation of rat reticulocytes with
3-MA, the detection of transferrin receptor (TfR), known to be released in exosomes
during in vitro reticulocyte maturation [91], decreased in the extracellular medium,
indicating that 3-MA decreased the release of exosomes [143]. Therefore, 3-MA was
used in this study as an inhibitor of exosome release. Treatment of the NSCLC pair of
cell lines (the sensitive H460 and its MDR counterpart, RH460) with 3-MA was performed
in the same manner as described above for the studies with imipramine. Due to time
constrains, it was not possible to carry out the 3-MA treatment on the leukemia cell lines,
K562 and K562Dox.

The size distribution analysis (by DLS) of the isolated EVs showed that, when
treated with 3-MA, both resistant and sensitive counterpart cell lines shed more EVs of
smaller sizes when compared to the treatment with the vehicle (DMSO, solvent of the 3-
MA). This effect was more noticeable in the EVs isolated from the sensitive (H460) cell
line (Figure 7A).

The NTA analysis did not show a clear difference in the size of the EVs released
by both cell lines following treatment with 3-MA (Figure 7B). Indeed, the modal size of
the EVs shed by H460 control cells was of 112 nm versus 89 nm following 3-MA
treatment; and the size of the EVs released by RH460 control cells was 134 nm versus
123 nm following 3-MA treatment.

However, surprisingly, the NTA data revealed that the concentration of EVs shed
by H460 cells treated with 3-MA was highly increased when compared with the control
treatment (DMSO) (Figure 7B and C). In fact, the number of EVs shed per cell was 31
times higher in the H460 cells treated with 3-MA versus the control. The increase in
released EVs was of only 5 times in the RH460 cells compared to the control (Figure
7D).
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Figure 7 — 3-MA treatment did not greatly affect the size of the EVs released by either the sensitive (H460) or the
MDR (RH460) cells but greatly increased the number of EVs released by the sensitive cells (H460). (A) Size
distribution of EVs isolated from the H460 (left panel) and the RH460 cells (right panel), treated with the vehicle (DMSO,
as control) or with 0.5 mM of 3-MA, analysed by dynamic light scattering (DLS). Results are the mean of 3 independent
experiments and were generated by the Zetasizer software v7.12. (B) Particles concentration were determined by
nanoparticle tracking analysis (NTA) in the populations of EVs isolated from the H460 cells (left panel) and RH460 cells
(right panel), treated with DMSO (control) or 3-MA. The modal sizes were of 112 nm and 134 nm for H460 and RH460
control cells, and of 89 nm and 123 nm for H460 and RH460 cells treated with 3-MA, respectively. (C) Concentration of
EVs released by H460 and RH460 cells, when treated with 3-MA vs control (DMSO). (D) EVs released per cell (H460 and
RH460), when treated with 3-MA vs control (DMSO).
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The observed differences in the number of EVs released by the sensitive and
resistant cells following 3-MA treatment was not expected. A possible justification is
related to the effect of 3-MA in cellular autophagy.

Indeed, other authors previously described that autophagy induction (by either
starvation, rapamycin or LC3 overexpression in drug-sensitive cells) inhibits exosome
release, suggesting that there is a correlation between autophagy and exosomes
production. In fact, when autophagy is stimulated, multivesicular bodies (MVBs) are
guided to the autophagic pathway, with a consequent decrease in the release of
exosomes into the extracellular medium [171, 172].

On the contrary, the inhibition of autophagy in drug-sensitive cells, either
pharmacologically or by silencing key players of the autophagic flux, causes an increase
in the release of exosomes by cells. Indeed, the use of 3-MA (and other autophagic
inhibitors) as inducer(s) of exosomes release has been patented by other authors [173].

This effect of 3-MA in exosomes release might be due to the fact that it causes
blockage in the autophagosome maturation [174], which would culminate in the
accumulation of cellular waste. It is possible that cells try to eliminate the accumulated
waste (when there is autophagy inhibition) by exporting the waste towards the outside of
the cell, doing so by increasing the release of exosomes. On other hand, when cells are
under cellular starvation conditions, and the equilibrium is shifted towards more
autophagic degradation, a reduced biogenesis of exosomes occurs. Under such
conditions, the building blocks of the cell are already scarce and it is favourable to the
cell to use them in its essential organelles, and not to release them into the extracellular
medium, thereby causing a decrease in the exosomes released.

The fusion of MVBs with autophagic vacuoles when the cell is under starvation
suggests that the balance between autophagy induction and exosome release might be
regulated by the metabolic state of the cell. It has been shown that there are differences
between the metabolism of drug-sensitive cancer cell lines and their counterpart MDR
cells [175]. Therefore, these metabolic differences might explain why H460 cells
released more EVs upon treatment with 3-MA, when compared to RH460 cells.

One possible justification would be that RH460 cells have impaired autophagy,
thus producing more EVs than their drug-sensitive counterpart cells, under control
conditions. If that was the case, treatment with 3-MA (an autophagy inhibitor) would not
cause an increase in the number of EVs released by those cells, since the basal levels
of autophagy were already low. In other words, a difference in the basal levels of

autophagy between the resistant and the sensitive counterpart cell lines might explain
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the observed difference in the amount of EVs released by the two cell lines upon
treatment with 3-MA.

Of note, although other authors have previously shown that 3-MA increases the
release of exosomes by cells, to our knowledge this is the first report that there is a
difference between sensitive and MDR counterpart cells in the release of EVs following
3-MA treatment. Therefore, to confirm the above stated hypothesis, further work was
carried out in order to compare the autophagic levels of the sensitive (H460) and
resistant (RH460) cell lines, both under basal conditions and under conditions of

induction of autophagy.
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CHAPTER I

Comparison of the capacity of H460 and
RH460 cells to undergo autophagy and

apoptosis

2. Autophagic levels of H460 and RH460 cell lines

The basal expression of three known autophagic markers, Vps34, p62 and LC3,

in normal cell growth conditions was studied.
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Figure 8 — Basal levels of autophagy were higher in sensitive (H460) cells in comparison with their MDR
counterpart cells RH460. (A) Basal levels of autophagic markers were analysed by Western blot in both cell lines, H460
and RH460. Image refers to crop blots from samples run under the same experimental conditions and is representative
of two independent experiments. Actin was used as loading control. (B) Densitometry analysis. Results are represented
as relative protein expression levels of the MDR tumour cells (RH460) compared with their drug-sensitive cells (H460).

Vps34 is a class 11l PI3K involved in the formation step of the autophagosome,
one of the first steps of the autophagic process [176]. The expression levels of Vps34
were very similar in both cell lines under basal conditions, as depicted in Figure 8. In
addition, when cells are treated with the autophagic inhibitor 3-MA, there was a tendency
for Vps34 levels to increase in the H460 cells, while remaining equal in the RH460 cells
(Figure 9). However, this difference was very small and more experiments should be
done to statistically prove it. Nevertheless, it is important to highlight that 3-MA is a
competitive inhibitor that binds to the ATP binding pocket of the Vps34, thereby not

having a direct impact in its expression [169]. Therefore, Vps34 levels are expected to
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be maintained upon the use of 3-MA. Moreover, when autophagy was induced by either
serum-starvation or rapamycin, the levels of Vps34 were approximately equal, except in
the RH460 cells treated with rapamycin, in which there was an increase in the levels of
Vps34. More experiments are needed to address the statistical significance of this
tendency.

The p62 and LC3 have been well established in the literature as markers of the
autophagic flux [82]. According to the literature, suppression of autophagy results in an
increased intracellular accumulation of p62 as detectable by Western blots [177, 178].
The p62, also known as Sequestosome-1 (SQSTML1), is a multifunctional adaptor protein
that acts as cargo receptor targeting specific poly-ubiquitinated substrates (e.g. protein
aggregates) to autophagy, being also degraded during this process [73, 179]. The
obtained results when comparing the sensitive with the MDR cell lines show that, under
basal conditions, p62 levels are higher in the RH460 cell line (Figure 8), suggesting that
the resistant cell line has lower basal levels of autophagy. Furthermore, when autophagy
was induced by serum-starvation (i.e. with the use of RPMI-1640 medium without
supplementation with FBS), the levels of p62 decreased pronouncedly in H460 cells but
remained the same in RH460 cells (Figure 9). On other hand, rapamycin treatment
decreased the expression levels of p62 in H460 cells only (slightly increasing p62 levels
in the RH460 cells). Taken together, these results suggest that the MDR cell line might
have a blockage in the autophagic flux. However, more studies need to be performed in
order to confirm this hypothesis, such as treating the cells with late stage inhibitors of
autophagy, e.g. hydroxychloroquine or bafilomycin Al. These endosomal acidification
inhibitors increase the lysosomal pH, through inhibition of the Na* H* pumps at the
lysosome, consequently inhibiting the degradation of the autolysosome content [82].
Therefore, in order to confirm that there is a blockage in the autophagic flux in the RH460
cells but not in the H460 cells, treatment with bafilomycin Al or hydroxychloroquine
should cause an increase in the accumulation of p62 and LC3-II in the H460 cells, but
not in the RH460 cells. Future work will be carried out (by other elements of the research
group) in order to confirm this hypothesis. The differences observed between the
rapamycin- and the serum-starvation-induced levels of p62, may be due to the fact that
the withdrawal of serum might not be enough to consistently induce autophagy.
Therefore, future experiments should be performed using a solution that also lacks amino
acids (such as the Hank's Balanced Salt Solution (HBSS) or Earle's Balanced Salt

Solution (EBSS)) in order to induce autophagy.
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LC3, also known as microtubule-associated protein 1A/1B-light chain 3, is a
soluble protein ubiquitously expressed in all mammalian cells [180]. During autophagy
LC3 is activated by Atg4 originating LC3-l, which is then conjugated to
phosphatidylethanolamine (PE) forming LC3-phosphatidylethanolamine conjugate (LC3-
II). LC3-Il is then recruited to the membrane of the autophagosome being found on both
internal and external surfaces of the autophagosome, where it plays a role in hemifusion
of membranes, as well as, in selecting cargo for degradation by interacting with p62.
Autophagosomes are then fused with lysosomes forming autolysosomes, where the
intraluminal content is degraded by lysosomal hydrolases, together with LC3-Il present
in the inner membrane. Therefore, since the turnover of LC3-Il reflects the autophagic
activity of the cell, its detection by Western blot is also used for monitoring the autophagic
flux together with p62 [82]. Nonetheless, in the present work only LC3-l was detected,
even though the antibody used (Cell Signalling, #2775) is specific for the autophagy-
related LC3B isoform and has stronger reactivity to the LC3-1l. More optimizations (e.g.
using another antibody or increasing the incubation time) will be carried out in the future,
to detect LC3-1l. Nevertheless, the results obtained with LC3-I were analysed. It was
observed that the basal levels of LC3-1 were lower in the RH460 cell line, suggesting an
increase in autophagy in the RH460 cells (by inferring that a decrease in LC3-I will
correspond to an increase in LC3-1), which is in contradiction to what was suggested by
the p62 results. In addition, when autophagy was induced either by serum-starvation or
rapamycin treatment, the levels of LC3-I decreased, mostly in the RH460 cells. In
summary, more work is necessary to study the levels of LC3-1l and allow taking

conclusions on the autophagic flux of these cell lines.
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Figure 9 — Levels of the autophagic markers in H460 and RH460 cells, under basal conditions and conditions
which modulate autophagy levels, suggest that autophagy might be impaired in the RH460 cell line. (A) Western
blot analysis of the levels of the autophagy-related proteins Vps34, p62, and LC3-I in H460 and RH460 cell lines, following
treatment with 0.5 mM 3-MA, 100 nM rapamycin ( ) and serum-starvation (Starv). Image refers to crop blots from
samples run under the same experimental conditions and are representative of two independent experiments. Actin was
used as loading control. (B) Results of the densitometry analysis performed are represented as relative protein expression

levels of the different treatments in both cell lines, relatively to the control condition (DMSO).

Extensive studies indicate that autophagy plays a controversial role in cancer
cells, either promoting their survival or causing their death [181, 182]. The double face
of autophagy in tumour cell survival is complex, depending, to a great extent, on the type
of tumour, stage of disease, and nature of the treatment. In addition, a blockage in
autophagy could contribute to survival under drug treatment, i.e. could contribute to drug
resistance [86]. In fact, Kim et al., reported that induction of autophagy in H460 cells
enhances the efficacy of radiation therapy in vitro, which suggests the potential of

autophagy to overcome MDR [183]. Interestingly, there are also studies demonstrating
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that autophagy is required to kill MDR tumour cells [184]. In conclusion, our preliminary
results suggest that the RH460 cells have impaired autophagy when compared to the
parental, H460 cells. One possible justification is that the impairment of the autophagic
flux might be an additional mechanism of drug resistance of these cells (even though the
cells are known to express P-gp as a main mechanism of drug resistance).

It is known that autophagy suppresses tumours by cooperating with apoptosis to
cause cell death, and thus a blockage in autophagy could partially attenuate the
apoptotic process [185-187]. Therefore, if RH460 cells have defective autophagy (as
suggested by the above shown results) they might also have reduced capacity to
undergo apoptosis. Therefore, further work was carried out intending to compare the
capacity of sensitive (H460) resistant (RH460) cells to undergo apoptosis.

3. Apoptotic levels of the H460 and RH460 cell lines

Autophagy and apoptosis are two tightly regulated and interconnected biological
mechanisms [188]. Wirawan et al. reported that caspases are able to cleave Beclin 1,
thereby destroying its pro-autophagic activity [188]. Moreover, the C-terminal fragment
resultant of the cleavage of Beclin 1 acquires a new function, being capable of amplifying
mitochondria-mediated apoptosis [188]. These findings show evidence of an existing
molecular cross-talk between autophagy and apoptosis, therefore making it relevant to
compare the levels of apoptosis between the H460 and RH460 cell lines, in the context
of this thesis.

The cleavage of PARP by caspases is considered a hallmark of apoptosis [189,
190]. The most frequent apoptotic pathway triggered by cellular treatment with drugs is
the mitochondrial pathway, with activation of caspase-3 by cleavage of pro-caspase 3
[191, 192]. Once activated, caspase-3 is able to cleave several cellular substrates
committing the cell to apoptotic death [193, 194]. Thereby, a comparison of the basal
levels of expression of both PARP and caspase-3 was carried out in both cell lines (H460
and RH460). It was observed that the full-length PARP levels were similar between both
cell lines. However, pro-caspase 3 levels were decreased in the RH460 cell line,
suggesting that the levels of caspase 3 were increased in this resistant cell line (Figure
10). However, this analysis needs to be confirmed by repeating the experiment and
carrying out statistical analysis. Unfortunately, the bands for cleaved PARP and caspase-
3 were not detected in the Western blots. These results suggest that the levels of

caspase-3 might be increased in the resistant cell line and therefore that the basal levels



FCUP | 42

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

of apoptosis might be increased in this cell line. This could be related to the lower levels
of autophagy previously found in this cell line. Future work will confirm these results by
looking at apoptosis levels in both cell lines with the Annexin V/PI assay.
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Figure 10 — Full-length PARP basal levels are identical between both cell lines, but pro-caspase 3 is less
expressed in the RH460 cell line. (A) Basal levels of the apoptotic markers, PARP and pro-caspase 3 were analysed
by Western blotting in both cell lines, H460 and RH460. Image refers to crop blots from samples run under the same
experimental conditions. Actin was used as loading control. (B) Results of the densitometry analysis performed and are
from one experiment only. These are represented as relative protein expression levels of the MDR tumour cells (RH460)

when compared to the levels of the drug-sensitive counterpart cells (H460).

Results show that treatment with 3-MA caused a minor effect on both full-length
PARP and pro-caspase 3 in both cell lines. Serum-starvation decreased the levels of
full-length PARP and pro-caspase 3 in the H460 cell line, reducing them to approximately
half, suggesting that caspase-3 was activated in this sensitive cell line. However, the
effect was not as evident in the resistant cell line (particularly regarding the pro-caspase
3 levels, Figure 11). Rapamycin treatment did not have an effect on the levels of full-
length PARP in the sensitive cell line while it increased the levels in the resistant cell line.

However, rapamycin caused a similar decrease in pro-caspase-3 levels in both cell lines.
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Figure 11 — Alterations in full-length PARP and pro-caspase 3 following administration of the compounds
previously used to study autophagy of H460 and RH460 cell lines. (A) Apoptotic markers, PARP and caspase-3 were
analysed by Western blot in both cell lines, H460 and RH460, following treatment with DMSO (control), 0.5 mM 3-MA,
100 nM rapamycin ( ) or serum-starvation (Starv). Only the full-length PARP and pro-caspase 3 were detected with
the antibodies used. Image refers to crop blots from samples run under the same experimental conditions. Actin was used
as loading control. (B) Results of the densitometry analysis performed are represented as relative protein expression
levels in both cell lines, compared to the control treatment (DMSO). Results are represented and are from one experiment
only.

Overall, there were no major differences found between the two counterpart cell
lines regarding the levels of these apoptotic proteins following treatment with these
modulators of autophagy, except for an unexpected increase in full-length PARP in the
resistant cell line following rapamycin treatment. The reason for this increase is not

known.
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CHAPTER III

Screening of compounds for antitumour and

anti-P-gp activity

4. Screening of compounds for antitumour and anti-P-gp activity

New bioactive compounds are discovered and isolated from natural sources
daily, however their structure elucidation remains a challenge [154]. To save time and
money, an alternative strategy consists in creating libraries of synthetic analogues of
bioactive natural compounds. These compounds are then evaluated regarding their
bioactive properties. In cancer research, their cytotoxic properties are usually evaluated
in a panel of different cancer cell lines. Other bioactivities of the compounds may be
studied.

This work intended to study the activity of compounds with potential as antitumour
and also as inhibitors of P-gp from a small library synthesised by collaborators from
CIIMAR. If potent, such compounds might have potential to inhibit the growh of human
tumour cells and/or inhibit P-gp activity and therefore revert the MDR phenotype.

The studied library of compounds were fiscalin B (4¢) and derivatives, containing
a pyrazino[2,1-b]quinazoline-3,6-dione ring system, a key structural fragment present in
metabolites isolated primarily from fungi [195]. One example is the peptide alkaloid N-
acetylardeemin, a fungal metabolite isolated from Aspergillus fischeri (var. brasiliensis)
that is a very potent inhibitor of MDR (ICso = 5-30 uM). This compound is able to
chemosensitize tumour cells against the effect of antitumor drugs, such as vinblastine,
doxorubicin or paclitaxel, being even 10-fold more effectively than verapamil, while
presenting low toxicity [196].

Therefore, taking into account the importance of these type of compounds, the
pyrazino[2,1-b]quinazoline-3,6-dione fiscalin B (4c), a secondary metabolite initially
isolated from the fungi Neosartorya fischeri and Corynascus setosus, and reported to
have significant biological activities [197], was synthesised by our collaborators of
CIIMAR. In addition, several other analogues (4a, 4b, 4d, 5a, 5b, 5¢c and 5d) were also
synthesised and their potential antitumoral activity was assessed in the framework of this
thesis. The IUPAC nomenclature and structure of the analogue compounds cannot be

shown in this work for confidentiality reasons. Thus, the compounds were designated
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according to the side chain that they possess at C1, being divided in groups 4 and 5.
They are also stereoisomers between themselves, meaning that 4a is an enantiomer of
4d, and 4b is an enantiomer of 4c while 5a is an enantiomer of 5d, and 5b is an

enantiomer of 5c.

4.1. Antitumoral effect of the compounds

In order to test the cytotoxic potential of the synthesised compounds, the
sulfornodamine B (SRB) colorimetric assay was carried out. The Glso of each compound
was determined in three different human tumour cell lines that represent models of the
three most common cancers worldwide: non-small cell lung cancer (H460), colon
adenocarcinoma (HCT15) and breast cancer (MCF7) [1]. The results are summarized in
Table 1 and Annexes A to H.

Table 1
Glso concentrations of the synthesised compounds in the non-small cell lung cancer (H460), colorectal adenocarcinoma
(HCT15) and breast cancer (MCF7) cell lines.

Glg, (MM)
H460 HCT15 MCF7
4a 81.33 +1.55 40.33 +3.12 81.29 + 2.34
4b 70.20 + 3.15 38.15 + 0.29 74.26 + 2.43
4c 57.62 +2.08 31.78 +1.21 64.71 + 1.05
4d 60.10 + 2.61 33.30 +1.37 57.65 + 3.62
5a 32.52+4.24 48.18 + 2.51 37.04 +2.09
5b 41.52 £ 2.52 51.94 £ 4.26 4556 + 2.29
5¢ 31.19 +3.01 43.63 +0.25 34.25 + 2,53
5d 36.47 +3.98 47.00 + 1.47 39.71 + 3.60

Values were determined with the SRB assay and are the mean = SEM of 3 independent experiments. Doxorubicin was
used as a positive control, and its Glso concentrations were the following: 23.02 + 0.54 nM in H460 cells, 331.49 + 39.44
nM in HCT15 cells and 19.67 + 0.62 nM in MCF7 cells.
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The synthesised compounds demonstrated moderate cytotoxic effects,
presenting Glso concentrations ranging from 30 to 80 uM. Noteworthy, some differences
were obtained between the groups of compounds 4 and 5. The cell lines H460 and MCF7
presented Glso values higher for compounds from group 4, while the Glso values for the
HCT15 cell line were higher for compounds from group 5.

A compound is usually considered a good cytotoxic if its in vitro potency is in the
nanomolar range, under the assumption that it has more efficacy and safety when used
at lower doses, a principle known as "the nanomolar rule" [198]. Nevertheless, this rule
has its own limitations, only taking into account the in vitro potency of the compounds
and not other parameters that may contribute to its potential efficacy and toxicity, such
as the physiochemical, pharmacokinetic and toxicological properties. Several antitumour
compounds, such as alkylating agents, hormonal agents, antimetabolites, thalidomide,
or valproic acid, which have milimolar potency, are good examples of this [199, 200]. On
other hand, compounds that present potencies in the nanomolar range are not
necessarily good for clinical use. For example, the cyclooxygenase-2 inhibitors have an
in vitro efficacy in the nanomolar range (Celecoxib, ICso = 0.54 + 0.07 pM; Valdecoxib,
ICso = 0.65 + 0.06 uM; Rofecoxib, ICso =0.18 + 0.03 uM [201]), but either failed in clinical
trials or were proved to be unsafe [202-204]. Therefore, the compounds tested in this
work only presented moderate cytotoxic activity but more studies should be carried out

in order to fully assess their bioactive potential.

4.2. Effect of the compounds on P-gp activity

The compounds were also studied for their possible modulatory activity of P-gp,
a drug efflux pump associated with drug resistance, since they resembled other
compounds with published activity on MDR [196]. Thus, to determine P-gp activity of the
compounds, an assay was used which measures the mean fluorescence intensity of
cells treated concomitantly with rhodamine 123 (Rh123), a known substrate of the P-gp
(that acts as its functional reporter). Rh123 is a cell-permeant, cationic, green-fluorescent
dye that is sequestered in active mitochondria inside the cells. In the case of cells with a
MDR phenotype due to P-gp overexpression, Rh123 is effluxed from cells. Thus, if a
compound inhibits P-gp, then Rh123 will accumulate inside the cells and this may be
detected by flow cytometry.

So, in order to analyse the possible P-gp inhibitory activity of the synthesised

compounds, drug resistant cells (K562Dox) were treated concomitantly with Rh123 and
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each of the compounds. The drug-sensitive cells (K562) were used as control. After
incubation, cells were washed, and the fluorescence of Rh123 detected by flow
cytometry. Since the K562Dox cell line overexpresses P-gp, it is possible to infer that
differences in the accumulation pattern of Rh123 between treatments is due to the
modulation of P-gp.

The results of the effect of the tested compounds (4a, 4b, 4c, 4d, 5a, 5b and 5d)

on the Rh123 accumulation ratio are presented in Figure 12.
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Figure 12 — The tested compounds did not show effect on the accumulation ratio of Rh123 in K562Dox cells. Cells
were incubated for 1 h with the synthesised compounds (4a, 4b, 4c, 4d, 5a, 5b and 5d), at a final concentration of 20 uM.
Verapamil (20 pM) was used as a positive control (a known P-gp inhibitor). The K562 cell line that does not overexpress
P-gp (K562 Ctrl) was also used as control. The accumulation ratio in the untreated K562Dox cells was defined as zero
(K562Dox Ctrl).

According to the Figure 12, none of the synthesised compounds presented an
effect in the modulation of P-gp activity. The positive pharmacological control, verapamil
(a known P-gp inhibitor [205]), significantly increased the accumulation of Rh123 in the
K562Dox cells. In addition, the use of the drug-sensitive K562 cells (without P-gp

overexpression) confirmed that the assay was well performed.
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Conclusions and Future Perspectives

This project aimed to confirm the release of larger EVs by MDR tumour cells
when compared to drug-sensitive counterpart cells, which was recently discovered by
members of the research group that supervised this work. It is known that EVs may be
horizontally transferred from MDR to drug-sensitive tumour cells, thus inducing a MDR
phenotype in the recipient cells. Therefore, it is important to investigate possible
differences in the EVs released by DS and MDR tumour cells, in order to find biomarkers
or new molecular targets that might contribute to recognizing and overcoming MDR.

In this work it was found that inhibition of the release of microvesicles using
imipramine, had different effects in the two counterpart pairs of NSCLC and leukemia
cell lines used. The release of EVs by the RH460 cells was more affected by imipramine
treatment than the release by the H460 cells. However, in the leukemia cell lines, the
effect of imipramine was not very different between the MDR and DS cell lines. Since
imipramine is a substrate of P-gp, this could possibly be related to different levels of P-
gp expression by the resistant counterparts of these two pairs of cell lines. Therefore, in
future experiments will be more appropriated to use an inhibitor that is not a substrate of
P-gp.

Moreover, 3-MA, which was used in this work as an inhibitor of exosomes
release, surprisingly led to an increase in the number of EVs shed by DS NSCLC cells.
The effect of 3-MA on the release of EVs by cells has been previously described in the
literature. However, to our knowledge, this is the first report of a different effect of 3-MA
on the release of EVs by MDR or drug-sensitive counterpart cells. Since 3-MA is also an
autophagy inhibitor, it was here hypothesised that the different effect of 3-MA on EVs
release may be due to different basal levels of autophagy between these counterpart cell
lines. Therefore, studies were conducted to investigate if there were differences in the
basal levels of autophagy between the counterpart NSCLC cell lines. Results suggested
that the MDR cell line (RH460) has an impaired autophagic flux, while the DS cell line
(H460) has a functional autophagy. Therefore, it is possible that the autophagy process
is related to the production of EVs and that since the basal levels of autophagy in the
MDR cells are very low, then 3-MA will not induce the release of EVs in those cells. On
the other hand, in the sensitive cells with efficient autophagy, treatment with 3-MA will
reduce autophagy and cells will then increase the release of EVs, possibly as a way to
eliminate cellular waste. This hypothesis is schematically represented in Figure 13.

However, further work would be necessary to confirm this hypothesis.
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Figure 13 — Schematic representation of the hypothesis relating the release of EVs and autophagy levels. In this
model, the MDR cell line has an impaired autophagic flux, while the DS cell line has a functional autophagy. Since the
basal levels of autophagy in the MDR cells are very low, then 3-MA will not induce the release of EVs by those cells. In
the sensitive cells with efficient autophagy, treatment with 3-MA will reduce autophagy and cells will then increase the

release of EVs, possibly as a way to eliminate cellular waste.

The discovery of new molecules with antitumoral and P-gp inhibitory activity is
essential, to inhibit the growth of tumour cells and to counteract the MDR phenotype. In
this work several quinazolinone derivatives were tested regarding antitumoral and P-gp
inhibitory activities. Results showed that none of the tested compounds presented potent
antitumour effect in the three cell lines studied, having Glso values higher than 30 pM. In
addition, none of the compounds presented an inhibitory effect on the activity of P-gp.

In conclusion, the mechanisms behind the release of larger vesicles by MDR cells
need to be further confirmed and more studies are required to further investigate these
mechanisms. However, the results presented in this thesis suggest that there is a
connection between autophagy and the release of EVs by cells. In addition, results also
suggest that MDR cells with impaired autophagy do not release much more EVs to
eliminate cellular waste, contrary to what happens in drug-sensitive cells with efficient

autophagy.



FCUP

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

References

[1]J. Ferlay, I. Soerjomataram, R. Dikshit, S. Eser, C. Mathers, M. Rebelo, D.M. Parkin, D. Forman,
F. Bray, Cancer incidence and mortality worldwide: sources, methods and major patterns in
GLOBOCAN 2012, Int J Cancer, 136 (2015) E359-386.

[2] M. Greaves, Darwinian medicine: a case for cancer, Nat Rev Cancer, 7 (2007) 213-221.

[3] D. Hanahan, R.A. Weinberg, Hallmarks of cancer: the next generation, Cell, 144 (2011) 646-
674.

[4] D. Ackerman, M.C. Simon, Hypoxia, lipids, and cancer: surviving the harsh tumor
microenvironment, Trends Cell Biol, 24 (2014) 472-478.

[5] B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, P. Walter, Cancer Treatment: Present and
Future, Molecular biology of the cell, Garland Science, New York, 2002.

[6] T.A. Baudino, Targeted Cancer Therapy: The Next Generation of Cancer Treatment, Current
drug discovery technologies, 12 (2015) 3-20.

[7] Part 8: Chemotherapy, in: R.C. Bast Jr, C.M. Croce, W.N. Hait, W.K. Hong, D.W. Kufe, M.
Piccart-Gebhart, R.E. Pollock, R.R. Weichselbaum, H. Wang, J.F. Holland (Eds.) Holland-Frei
Cancer Medicine, John Wiley & Sons, Hoboken, New Jersey, 2017.

[8] A. Sudhakar, History of Cancer, Ancient and Modern Treatment Methods, Journal of cancer
science & therapy, 1 (2009) 1-4.

[9] M. Harries, |. Smith, The development and clinical use of trastuzumab (Herceptin), Endocrine-
related cancer, 9 (2002) 75-85.

[10] M.W. Deininger, B.J. Druker, Specific targeted therapy of chronic myelogenous leukemia
with imatinib, Pharmacological reviews, 55 (2003) 401-423.

[11] C. Holohan, S. Van Schaeybroeck, D.B. Longley, P.G. Johnston, Cancer drug resistance: an
evolving paradigm, Nat Rev Cancer, 13 (2013) 714-726.

[12] G.E. Flaten, A.B. Dhanikula, K. Luthman, M. Brandl, Drug permeability across a phospholipid
vesicle based barrier: a novel approach for studying passive diffusion, Eur J Pharm Sci, 27 (2006)
80-90.

[13] P.D. Dobson, D.B. Kell, Carrier-mediated cellular uptake of pharmaceutical drugs: an
exception or the rule?, Nat Rev Drug Discov, 7 (2008) 205-220.

[14] Y.G. Assaraf, Molecular basis of antifolate resistance, Cancer metastasis reviews, 26 (2007)
153-181.

[15] E. Perland, R. Fredriksson, Classification Systems of Secondary Active Transporters, Trends
in pharmacological sciences, 38 (2017) 305-315.

[16] S. Awasthi, S.S. Singhal, Y.C. Awasthi, B. Martin, J.-H. Woo, C.C. Cunningham, A.E. Frankel,
RLIP76 and Cancer, Clinical cancer research : an official journal of the American Association for
Cancer Research, 14 (2008) 4372-4377.

[17]S.S. Singhal, J. Singhal, M.P. Nair, A.G. Lacko, Y.C. Awasthi, S. Awasthi, Doxorubicin transport
by RALBP1 and ABCG2 in lung and breast cancer, Int J Oncol, 30 (2007) 717-725.

[18] M.T. Kuo, H.H. Chen, I.S. Song, N. Savaraj, T. Ishikawa, The roles of copper transporters in
cisplatin resistance, Cancer metastasis reviews, 26 (2007) 71-83.

[19] M. Malet-Martino, R. Martino, Clinical studies of three oral prodrugs of 5-fluorouracil
(capecitabine, UFT, S-1): a review, The oncologist, 7 (2002) 288-323.

[20] K.V. Kosuri, X. Wu, L. Wang, M.A. Villalona-Calero, G.A. Otterson, An epigenetic mechanism
for capecitabine resistance in mesothelioma, Biochem Biophys Res Commun, 391 (2010) 1465-
1470.

[21] D.M. Townsend, V.L. Findlay, K.D. Tew, Glutathione S-transferases as regulators of kinase
pathways and anticancer drug targets, Methods in enzymology, 401 (2005) 287-307.

50



FCUP

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

[22] M.J. Sorich, P.A. Smith, J.0. Miners, P.l. Mackenzie, R.A. McKinnon, Recent advances in the
in silico modelling of UDP glucuronosyltransferase substrates, Current drug metabolism, 9
(2008) 60-69.

[23] N. Gamage, A. Barnett, N. Hempel, R.G. Duggleby, K.F. Windmill, J.L. Martin, M.E. McManus,
Human sulfotransferases and their role in chemical metabolism, Toxicological sciences : an
official journal of the Society of Toxicology, 90 (2006) 5-22.

[24] N.J. Butcher, J. Tiang, R.F. Minchin, Regulation of arylamine N-acetyltransferases, Current
drug metabolism, 9 (2008) 498-504.

[25] C. Ekhart, S. Rodenhuis, P.H. Smits, J.H. Beijnen, A.D. Huitema, An overview of the relations
between polymorphisms in drug metabolising enzymes and drug transporters and survival after
cancer drug treatment, Cancer treatment reviews, 35 (2009) 18-31.

[26] C.Yi, C. He, DNA Repair by Reversal of DNA Damage, Cold Spring Harbor Perspect. Biol., 5
(2013) a012575.

[27] N. Hosoya, K. Miyagawa, Targeting DNA damage response in cancer therapy, Cancer
Science, 105 (2014) 370-388.

[28] H. Okada, T.W. Mak, Pathways of apoptotic and non-apoptotic death in tumour cells, Nat
Rev Cancer, 4 (2004) 592-603.

[29] G.Q. Daley, R.A. Van Etten, D. Baltimore, Induction of chronic myelogenous leukemia in
mice by the P210bcr/abl gene of the Philadelphia chromosome, Science, 247 (1990) 824-830.
[30] N. Igbal, N. Igbal, Imatinib: A Breakthrough of Targeted Therapy in Cancer, Chemotherapy
Research and Practice, 2014 (2014) 9.

[31] M.E. Gorre, M. Mohammed, K. Ellwood, N. Hsu, R. Paquette, P.N. Rao, C.L. Sawyers, Clinical
resistance to STI-571 cancer therapy caused by BCR-ABL gene mutation or amplification,
Science, 293 (2001) 876-880.

[32] J. Mondal, P. Tiwary, B.J. Berne, How a Kinase Inhibitor Withstands Gatekeeper Residue
Mutations, ] Am Chem Soc, 138 (2016) 4608-4615.

[33] N.A. Bhowmick, E.G. Neilson, H.L. Moses, Stromal fibroblasts in cancer initiation and
progression, Nature, 432 (2004) 332-337.

[34] S.L. Shiao, A.P. Ganesan, H.S. Rugo, L.M. Coussens, Immune microenvironments in solid
tumors: new targets for therapy, Genes & Development, 25 (2011) 2559-2572.

[35] D.W. McMillin, J.M. Negri, C.S. Mitsiades, The role of tumour-stromal interactions in
modifying drug response: challenges and opportunities, Nat Rev Drug Discov, 12 (2013) 217-228.
[36] J.A. Nagy, S.H. Chang, A.M. Dvorak, H.F. Dvorak, Why are tumour blood vessels abnormal
and why is it important to know?, British Journal of Cancer, 100 (2009) 865-869.

[37] P.A. Netti, D.A. Berk, M.A. Swartz, A.J. Grodzinsky, R.K. Jain, Role of extracellular matrix
assembly in interstitial transport in solid tumors, Cancer Res, 60 (2000) 2497-2503.

[38] M. Magzoub, S. Jin, A.S. Verkman, Enhanced macromolecule diffusion deep in tumors after
enzymatic digestion of extracellular matrix collagen and its associated proteoglycan decorin,
FASEB journal : official publication of the Federation of American Societies for Experimental
Biology, 22 (2008) 276-284.

[39] J.P. Cosse, C. Michiels, Tumour hypoxia affects the responsiveness of cancer cells to
chemotherapy and promotes cancer progression, Anti-cancer agents in medicinal chemistry, 8
(2008) 790-797.

[40] L.E. Gerweck, S. Vijayappa, S. Kozin, Tumor pH controls the in vivo efficacy of weak acid and
base chemotherapeutics, Mol Cancer Ther, 5 (2006) 1275-1279.

[41] O.M. Colvin, H.S. Friedman, M.P. Gamcsik, C. Fenselau, J. Hilton, Role of glutathione in
cellular resistance to alkylating agents, Advances in enzyme regulation, 33 (1993) 19-26.

[42] J.M. Lluis, A. Morales, C. Blasco, A. Colell, M. Mari, C. Garcia-Ruiz, J.C. Fernandez-Checa,
Critical role of mitochondrial glutathione in the survival of hepatocytes during hypoxia, J Biol
Chem, 280 (2005) 3224-3232.

51



FCUP

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

[43] M. Dean, A. Rzhetsky, R. Allikmets, The human ATP-binding cassette (ABC) transporter
superfamily, Genome research, 11 (2001) 1156-1166.

[44] E.M. Leslie, R.G. Deeley, S.P. Cole, Multidrug resistance proteins: role of P-glycoprotein,
MRP1, MRP2, and BCRP (ABCG2) in tissue defense, Toxicology and Applied Pharmacology, 204
(2005) 216-237.

[45] R.L. Juliano, V. Ling, A surface glycoprotein modulating drug permeability in Chinese
hamster ovary cell mutants, Biochim Biophys Acta, 455 (1976) 152-162.

[46] S.G. Aller, J. Yu, A. Ward, Y. Weng, S. Chittaboina, R. Zhuo, P.M. Harrell, Y.T. Trinh, Q. Zhang,
I.L. Urbatsch, G. Chang, Structure of P-glycoprotein Reveals a Molecular Basis for Poly-Specific
Drug Binding, Science (New York, N.Y.), 323 (2009) 1718-1722.

[47] S. Shukla, S. Ohnuma, S.V. Ambudkar, Improving cancer chemotherapy with modulators of
ABC drug transporters, Current Drug Targets, 12 (2011) 621-630.

[48] I. Cascorbi, Role of pharmacogenetics of ATP-binding cassette transporters in the
pharmacokinetics of drugs, Pharmacology & therapeutics, 112 (2006) 457-473.

[49] B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts, P. Walter, Programmed Cell Death
(Apoptosis), Molecular biology of the cell, Garland Science, New York, 2002.

[50] J.F. Kerr, A.H. Wyllie, A.R. Currie, Apoptosis: a basic biological phenomenon with wide-
ranging implications in tissue kinetics, Br J Cancer, 26 (1972) 239-257.

[51] R.C. Taylor, S.P. Cullen, S.J. Martin, Apoptosis: controlled demolition at the cellular level,
Nat Rev Mol Cell Biol, 9 (2008) 231-241.

[52]Y. Fuchs, H. Steller, Live to die another way: modes of programmed cell death and the signals
emanating from dying cells, Nat Rev Mol Cell Biol, 16 (2015) 329-344.

[53] M.O. Hengartner, The biochemistry of apoptosis, Nature, 407 (2000) 770-776.

[54] J. Rodriguez, Y. Lazebnik, Caspase-9 and APAF-1 form an active holoenzyme, Genes &
Development, 13 (1999) 3179-3184.

[55] S. Kumar, Caspase function in programmed cell death, Cell Death Differ, 14 (2007) 32-43.
[56] R.J. Youle, A. Strasser, The BCL-2 protein family: opposing activities that mediate cell death,
Nat Rev Mol Cell Biol, 9 (2008) 47-59.

[57] M.). Parsons, D.R. Green, Mitochondrial Outer Membrane Permeabilization, eLS, John
Wiley & Sons, Ltd2009.

[58] Y. Fuchs, H. Steller, Programmed Cell Death in Animal Development and Disease, Cell, 147
(2011) 742-758.

[59] C. Du, M. Fang, Y. Li, L. Li, X. Wang, Smac, a mitochondrial protein that promotes cytochrome
c-dependent caspase activation by eliminating IAP inhibition, Cell, 102 (2000) 33-42.

[60] A.M. Verhagen, P.G. Ekert, M. Pakusch, J. Silke, L.M. Connolly, G.E. Reid, R.L. Moritz, R.J.
Simpson, D.L. Vaux, ldentification of DIABLO, a mammalian protein that promotes apoptosis by
binding to and antagonizing IAP proteins, Cell, 102 (2000) 43-53.

[61] Y. Suzuki, Y. Imai, H. Nakayama, K. Takahashi, K. Takio, R. Takahashi, A serine protease,
HtrA2, is released from the mitochondria and interacts with XIAP, inducing cell death, Molecular
cell, 8 (2001) 613-621.

[62] S. Xiong, T. Mu, G. Wang, X. Jiang, Mitochondria-mediated apoptosis in mammals, Protein
& Cell, 5 (2014) 737-749.

[63] G. Radha, S.C. Raghavan, BCL2: A promising cancer therapeutic target, Biochimica et
Biophysica Acta (BBA) - Reviews on Cancer, 1868 (2017) 309-314.

[64] C. Tse, A.R. Shoemaker, J. Adickes, M.G. Anderson, J. Chen, S. Jin, E.F. Johnson, K.C. Marsh,
M.J. Mitten, P. Nimmer, L. Roberts, S.K. Tahir, Y. Xiao, X. Yang, H. Zhang, S. Fesik, S.H. Rosenberg,
S.W. Elmore, ABT-263: a potent and orally bioavailable Bcl-2 family inhibitor, Cancer Res, 68
(2008) 3421-3428.

52



FCUP

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

[65] G. Selivanova, V. lotsova, |. Okan, M. Fritsche, M. Strom, B. Groner, R.C. Grafstrom, K.G.
Wiman, Restoration of the growth suppression function of mutant p53 by a synthetic peptide
derived from the p53 C-terminal domain, Nat Med, 3 (1997) 632-638.

[66] V.J. Bykov, N. Issaeva, A. Shilov, M. Hultcrantz, E. Pugacheva, P. Chumakov, J. Bergman, K.G.
Wiman, G. Selivanova, Restoration of the tumor suppressor function to mutant p53 by a low-
molecular-weight compound, Nat Med, 8 (2002) 282-288.

[67] X. Yu, A. Vazquez, A.). Levine, D.R. Carpizo, Allele-specific p53 mutant reactivation, Cancer
cell, 21 (2012) 614-625.

[68] Y. Mizutani, H. Nakanishi, Y.N. Li, H. Matsubara, K. Yamamoto, N. Sato, T. Shiraishi, T.
Nakamura, K. Mikami, K. Okihara, N. Takaha, O. Ukimura, A. Kawauchi, N. Nonomura, B.
Bonavida, T. Miki, Overexpression of XIAP expression in renal cell carcinoma predicts a worse
prognosis, Int J Oncol, 30 (2007) 919-925.

[69] S. Fulda, D. Vucic, Targeting IAP proteins for therapeutic intervention in cancer, Nat Rev
Drug Discov, 11 (2012) 109-124.

[70] E. Devarajan, A.A. Sahin, J.S. Chen, R.R. Krishnamurthy, N. Aggarwal, A.M. Brun, A. Sapino,
F. Zhang, D. Sharma, X.H. Yang, A.D. Tora, K. Mehta, Down-regulation of caspase 3 in breast
cancer: a possible mechanism for chemoresistance, Oncogene, 21 (2002) 8843-8851.

[71] Y.F. Lin, T.C. Lai, C.K. Chang, C.L. Chen, M.S. Huang, C.J. Yang, H.G. Liu, J.J. Dong, Y.A. Chou,
K.H. Teng, S.H. Chen, W.T. Tian, Y.H. Jan, M. Hsiao, P.H. Liang, Targeting the XIAP/caspase-7
complex selectively kills caspase-3-deficient malignancies, J Clin Invest, 123 (2013) 3861-3875.
[72] K. Abounit, T.M. Scarabelli, R.B. McCauley, Autophagy in mammalian cells, World Journal of
Biological Chemistry, 3 (2012) 1-6.

[73] D. Glick, S. Barth, K.F. Macleod, Autophagy: cellular and molecular mechanisms, The Journal
of pathology, 221 (2010) 3-12.

[74] David C. Rubinsztein, T. Shpilka, Z. Elazar, Mechanisms of Autophagosome Biogenesis, Curr.
Biol., 22 (2012) R29-R34.

[75] I.G. Ganley, H. Lam du, J. Wang, X. Ding, S. Chen, X. Jiang, ULK1.ATG13.FIP200 complex
mediates mTOR signaling and is essential for autophagy, J Biol Chem, 284 (2009) 12297-12305.
[76] C.H. Jung, C.B. Jun, S.H. Ro, Y.M. Kim, N.M. Otto, J. Cao, M. Kundu, D.H. Kim, ULK-Atg13-
FIP200 complexes mediate mTOR signaling to the autophagy machinery, Molecular biology of
the cell, 20 (2009) 1992-2003.

[77] J. Kim, M. Kundu, B. Viollet, K.L. Guan, AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulk1, Nat Cell Biol, 13 (2011) 132-141.

[78] C. Liang, J.S. Lee, K.S. Inn, M.U. Gack, Q. Li, E.A. Roberts, I. Vergne, V. Deretic, P. Feng, C.
Akazawa, J.U. Jung, Beclinl-binding UVRAG targets the class C Vps complex to coordinate
autophagosome maturation and endocytic trafficking, Nat Cell Biol, 10 (2008) 776-787.

[79] Q. Sun, W. Fan, K. Chen, X. Ding, S. Chen, Q. Zhong, Identification of Barkor as a mammalian
autophagy-specific factor for Beclin 1 and class Ill phosphatidylinositol 3-kinase, Proc Natl Acad
SciUSA, 105 (2008) 19211-19216.

[80] Y. Ohsumi, Molecular dissection of autophagy: two ubiquitin-like systems, Nat Rev Mol Cell
Biol, 2 (2001) 211-216.

[81] N. Mizushima, A. Kuma, Y. Kobayashi, A. Yamamoto, M. Matsubae, T. Takao, T. Natsume, Y.
Ohsumi, T. Yoshimori, Mouse Apgl6L, a novel WD-repeat protein, targets to the autophagic
isolation membrane with the Apg12-Apg5 conjugate, J Cell Sci, 116 (2003) 1679-1688.

[82] S. Barth, D. Glick, K.F. Macleod, Autophagy: assays and artifacts, The Journal of pathology,
221 (2010) 117-124.

[83] G. Bjorkoy, T. Lamark, A. Brech, H. Outzen, M. Perander, A. Overvatn, H. Stenmark, T.
Johansen, p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective
effect on huntingtin-induced cell death, J Cell Biol, 171 (2005) 603-614.

53



FCUP

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

[84] N. Santana-Codina, J.D. Mancias, A.C. Kimmelman, The Role of Autophagy in Cancer, Annual
Review of Cancer Biology, 1 (2017) 19-39.

[85] A.C. Kimmelman, The dynamic nature of autophagy in cancer, Genes Dev, 25 (2011) 1999-
2010.

[86] Y.J. Li, Y.H. Lei, N. Yao, C.R. Wang, N. Hu, W.C. Ye, D.M. Zhang, Z.S. Chen, Autophagy and
multidrug resistance in cancer, Chinese journal of cancer, 36 (2017) 52.

[87]1Y. An, Z. Zhang, Y. Shang, X. Jiang, J. Dong, P. Yu, Y. Nie, Q. Zhao, miR-23b-3p regulates the
chemoresistance of gastric cancer cells by targeting ATG12 and HMGB?2, Cell death & disease, 6
(2015) e1766.

[88] S. Chittaranjan, S. Bortnik, W.H. Dragowska, J. Xu, N. Abeysundara, A. Leung, N.E. Go, L.
DeVorkin, S.A. Weppler, K. Gelmon, D.T. Yapp, M.B. Bally, S.M. Gorski, Autophagy Inhibition
Augments the Anticancer Effects of Epirubicin Treatment in Anthracycline-Sensitive and -
Resistant Triple-Negative Breast Cancer, Clinical Cancer Research, 20 (2014) 3159.

[89] E.R. Abels, X.0. Breakefield, Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo
Selection, Content, Release, and Uptake, Cell. Mol. Neurobiol., 36 (2016) 301-312.

[90] S.L. Maas, X.O. Breakefield, A.M. Weaver, Extracellular Vesicles: Unique Intercellular
Delivery Vehicles, Trends Cell Biol, 27 (2017) 172-188.

[91] B.T. Pan, R.M. Johnstone, Fate of the transferrin receptor during maturation of sheep
reticulocytes in vitro: selective externalization of the receptor, Cell, 33 (1983) 967-978.

[92] E. Cocucci, G. Racchetti, J. Meldolesi, Shedding microvesicles: artefacts no more, Trends in
Cell Biology, 19 (2009) 43-51.

[93] H. Valadi, K. Ekstrom, A. Bossios, M. Sjostrand, J.J. Lee, J.O. Lotvall, Exosome-mediated
transfer of mMRNAs and microRNAs is a novel mechanism of genetic exchange between cells, Nat
Cell Biol, 9 (2007) 654-659.

[94] J. Skog, T. Wurdinger, S. van Rijn, D.H. Meijer, L. Gainche, W.T. Curry, B.S. Carter, A.M.
Krichevsky, X.0. Breakefield, Glioblastoma microvesicles transport RNA and proteins that
promote tumour growth and provide diagnostic biomarkers, Nat Cell Biol, 10 (2008) 1470-1476.
[95] G. Raposo, W. Stoorvogel, Extracellular vesicles: Exosomes, microvesicles, and friends, The
Journal of Cell Biology, 200 (2013) 373-383.

[96] M. Tkach, C. Thery, Communication by Extracellular Vesicles: Where We Are and Where We
Need to Go, Cell, 164 (2016) 1226-1232.

[97] A. Lo Cicero, P.D. Stahl, G. Raposo, Extracellular vesicles shuffling intercellular messages: for
good or for bad, Current Opinion in Cell Biology, 35 (2015) 69-77.

[98] B.W.M. van Balkom, A.S. Eisele, D.M. Pegtel, S. Bervoets, M.C. Verhaar, Quantitative and
qualitative analysis of small RNAs in human endothelial cells and exosomes provides insights
into localized RNA processing, degradation and sorting, Journal of Extracellular Vesicles, 4 (2015)
26760.

[99] B.M. Coleman, A.F. Hill, Extracellular vesicles — Their role in the packaging and spread of
misfolded proteins associated with neurodegenerative diseases, Seminars in Cell &
Developmental Biology, 40 (2015) 89-96.

[100] D. Koppers-Lalic, M. Hackenberg, Irene V. Bijnsdorp, Monique A.J. van Eijndhoven, P.
Sadek, D. Sie, N. Zini, Jaap M. Middeldorp, B. Yistra, Renee X. de Menezes, T. Wirdinger,
Gerrit A. Meijer, D.M. Pegtel, Nontemplated Nucleotide Additions Distinguish the Small RNA
Composition in Cells from Exosomes, Cell Reports, 8 (2014) 1649-1658.

[101]J.C. Akers, D. Gonda, R. Kim, B.S. Carter, C.C. Chen, Biogenesis of extracellular vesicles (EV):
exosomes, microvesicles, retrovirus-like vesicles, and apoptotic bodies, Journal of neuro-
oncology, 113 (2013) 1-11.

[102] B.D. Grant, J.G. Donaldson, Pathways and mechanisms of endocytic recycling, Nat Rev Mol
Cell Biol, 10 (2009) 597-608.

54



FCUP

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

[103] L. Christ, C. Raiborg, E.M. Wenzel, C. Campsteijn, H. Stenmark, Cellular Functions and
Molecular Mechanisms of the ESCRT Membrane-Scission Machinery, Trends in biochemical
sciences, 42 (2017) 42-56.

[104] O. Schmidt, D. Teis, The ESCRT machinery, Curr. Biol., 22 (2012) R116-R120.

[105] K. Trajkovic, C. Hsu, S. Chiantia, L. Rajendran, D. Wenzel, F. Wieland, P. Schwille, B. Briigger,
M. Simons, Ceramide Triggers Budding of Exosome Vesicles into Multivesicular Endosomes,
Science, 319 (2008) 1244-1247.

[106] Z. Andreu, M. Yaiiez-M&, Tetraspanins in Extracellular Vesicle Formation and Function,
Frontiers in Immunology, 5 (2014) 442.

[107] M.R. Clark, Flippin' lipids, Nat Immunol, 12 (2011) 373-375.

[108] B. Hugel, M.C. Martinez, C. Kunzelmann, J.-M. Freyssinet, Membrane Microparticles: Two
Sides of the Coin, Physiology, 20 (2005) 22.

[109] F. Bianco, C. Perrotta, L. Novellino, M. Francolini, L. Riganti, E. Menna, L. Saglietti, E.H.
Schuchman, R. Furlan, E. Clementi, M. Matteoli, C. Verderio, Acid sphingomyelinase activity
triggers microparticle release from glial cells, EMBO J, 28 (2009) 1043-1054.

[110] R.S. Hoehn, P.L. Jernigan, L. Japtok, A.L. Chang, E.F. Midura, C.C. Caldwell, B. Kleuser, A.B.
Lentsch, M.J. Edwards, E. Gulbins, T.A. Pritts, Acid Sphingomyelinase Inhibition in Stored
Erythrocytes Reduces Transfusion-Associated Lung Inflammation, Annals of Surgery, (2016).
[111] A.O. Awojoodu, P.M. Keegan, A.R. Lane, Y. Zhang, K.R. Lynch, M.O. Platt, E.A. Botchwey,
Acid sphingomyelinase is activated in sickle cell erythrocytes and contributes to inflammatory
microparticle generation in SCD, Blood, 124 (2014) 1941-1950.

[112] J. Kowal, G. Arras, M. Colombo, M. Jouve, J.P. Morath, B. Primdal-Bengtson, F. Dingli, D.
Loew, M. Tkach, C. Théry, Proteomic comparison defines novel markers to characterize
heterogeneous populations of extracellular vesicle subtypes, Proceedings of the National
Academy of Sciences of the United States of America, 113 (2016) E968-977.

[113]S. El Andaloussi, I. Mager, X.0. Breakefield, M.J.A. Wood, Extracellular vesicles: biology and
emerging therapeutic opportunities, Nat Rev Drug Discov, 12 (2013) 347-357.

[114] A.S. Azmi, B. Bao, F.H. Sarkar, Exosomes in cancer development, metastasis, and drug
resistance: A comprehensive review, Cancer and Metastasis Reviews, 32 (2013) 623-642.

[115] D. Sousa, R.T. Lima, M.H. Vasconcelos, Intercellular Transfer of Cancer Drug Resistance
Traits by Extracellular Vesicles, Trends in Molecular Medicine, 21 (2015) 595-608.

[116] J. Gong, F. Luk, R. Jaiswal, A.M. George, G.E.R. Grau, M. Bebawy, Microparticle drug
sequestration provides a parallel pathway in the acquisition of cancer drug resistance, European
Journal of Pharmacology, 721 (2013) 116-125.

[117] 1. Ifergan, V. Goler-Baron, Y.G. Assaraf, Riboflavin concentration within ABCG2-rich
extracellular vesicles is a novel marker for multidrug resistance in malignant cells, Biochemical
and Biophysical Research Communications, 380 (2009) 5-10.

[118] L. Zhao, W. Liu, J. Xiao, B. Cao, The role of exosomes and "exosomal shuttle microRNA" in
tumorigenesis and drug resistance, Cancer Letters, 356 (2015) 339-346.

[119] R. Jaiswal, G.E. Raymond Grau, M. Bebawy, Cellular communication via microparticles:
Role in transfer of multidrug resistance in cancer, Future Oncology, 10 (2014) 655-669.

[120] V. Lopes-Rodrigues, H. Seca, D. Sousa, E. Sousa, R.T. Lima, M.H. Vasconcelos, The network
of P-glycoprotein and microRNAs interactions, International Journal of Cancer, 135 (2014) 253-
263.

[121] A. Levchenko, B.M. Mehta, X. Niu, G. Kang, L. Villafania, D. Way, D. Polycarpe, M. Sadelain,
S.M. Larson, Intercellular transfer of P-glycoprotein mediates acquired multidrug resistance in
tumor cells, Proceedings of the National Academy of Sciences of the United States of America,
102 (2005) 1933-1938.

55



FCUP

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

[122] M. Bebawy, V. Combes, E. Lee, R. Jaiswal, J. Gong, A. Bonhoure, G.E.R. Grau, Membrane
microparticles mediate transfer of P-glycoprotein to drug sensitive cancer cells, Leukemia, 23
(2009) 1643-1649.

[123] M.M. Ly, X.Y. Zhu, W.X. Chen, S.L. Zhong, Q. Hu, T.F. Ma, J. Zhang, L. Chen, J.H. Tang, J.H.
Zhao, Exosomes mediate drug resistance transfer in MCF-7 breast cancer cells and a probable
mechanism is delivery of P-glycoprotein, Tumor Biology, 35 (2014) 10773-10779.

[124] J.F. Lu, F. Luk, J. Gong, R. Jaiswal, G.E.R. Grau, M. Bebawy, Microparticles mediate MRP1
intercellular transfer and the re-templating of intrinsic resistance pathways, Pharmacological
Research, 76 (2013) 77-83.

[125] I. Ifergan, G.L. Scheffer, Y.G. Assaraf, Novel extracellular vesicles mediate an ABCG2-
dependent anticancer drug sequestration and resistance, Cancer Research, 65 (2005) 10952-
10958.

[126] V. Goler-Baron, Y.G. Assaraf, Overcoming multidrug resistance via photodestruction of
ABCG2-rich extracellular vesicles sequestering photosensitive chemotherapeutics, PLoS ONE, 7
(2012).

[127] K.K.W. To, MicroRNA: A prognostic biomarker and a possible druggable target for
circumventing multidrug resistance in cancer chemotherapy, Journal of Biomedical Science, 20
(2013).

[128] F. Yan, N. Shen, J. Pang, D. Xie, B. Deng, J.R. Molina, P. Yang, S. Liu, Restoration ofmiR-101
suppresses lung tumorigenesis through inhibition of DNMT3a-dependent DNA methylation, Cell
Death and Disease, 5 (2014).

[129] W. Gao, X. Lu, L. Liu, J. Xu, D. Feng, Y. Shu, MiRNA-21: A biomarker predictive for platinum-
based adjuvant chemotherapy response in patients with non-small cell lung cancer, Cancer
Biology and Therapy, 13 (2012) 330-340.

[130] G. Pignot, G. Cizeron-Clairac, S. Vacher, A. Susini, S. Tozlu, A. Vieillefond, M. Zerbib, R.
Lidereau, B. Debre, D. Amsellem-Ouazana, |. Bieche, MicroRNA expression profile in a large
series of bladder tumors: Identification of a 3-miRNA signature associated with aggressiveness
of muscle-invasive bladder cancer, International Journal of Cancer, 132 (2013) 2479-2491.
[131] R.T. Lima, S. Busacca, G.M. Almeida, G. Gaudino, D.A. Fennell, M.H. Vasconcelos,
MicroRNA regulation of core apoptosis pathways in cancer, European Journal of Cancer, 47
(2011) 163-174.

[132] H. Seca, G.M. Almeida, J.E. Guimardes, M.H. Vasconcelos, miR signatures and the role of
miRs in acute myeloid leukaemia, European Journal of Cancer, 46 (2010) 1520-1527.

[133] H. Seca, R.T. Lima, V. Lopes-Rodrigues, J.E. Guimaraes, G.M. Almeida, M.H. Vasconcelos,
Targeting miR-21 induces autophagy and chemosensitivity of leukemia cells, Current Drug
Targets, 14 (2013) 1135-1143.

[134] Y. Koga, M. Yasunaga, Y. Moriya, T. Akasu, S. Fujita, S. Yamamoto, Y. Matsumura, Exosome
can prevent RNase from degrading microRNA in feces, J Gastrointest Oncol, 2 (2011) 215-222.
[135] J. Skog, T. Wirdinger, S. van Rijn, D.H. Meijer, L. Gainche, W.T. Curry, B.S. Carter, A.M.
Krichevsky, X.0. Breakefield, Glioblastoma microvesicles transport RNA and proteins that
promote tumour growth and provide diagnostic biomarkers, Nature Cell Biology, 10 (2008)
1470-1476.

[136] D.D. Taylor, C. Gercel-Taylor, MicroRNA signatures of tumor-derived exosomes as
diagnostic biomarkers of ovarian cancer, Gynecologic Oncology, 110 (2008) 13-21.

[137] X. Xiao, S. Yu, S. Li, J. Wu, R. Ma, H. Cao, Y. Zhu, J. Feng, Exosomes: Decreased sensitivity
of lung cancer A549 cells to cisplatin, PLoS ONE, 9 (2014).

[138] R. Jaiswal, J. Gong, S. Sambasivam, V. Combes, J.M. Mathys, R. Davey, G.E.R. Grau, M.
Bebawy, Microparticle-associated nucleic acids mediate trait dominance in cancer, FASEB
Journal, 26 (2012) 420-429.

56



FCUP
Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

[139] U. Gezer, E. Ozgiir, M. Cetinkaya, M. Isin, N. Dalay, Long non-coding RNAs with low
expression levels in cells are enriched in secreted exosomes, Cell Biol Int, 38 (2014) 1076-1079.
[140] E.H. Schuchman, Acid sphingomyelinase, cell membranes and human disease: Lessons
from Niemann—Pick disease, FEBS Letters, 584 (2010) 1895-1900.

[141] K. Trajkovic, C. Hsu, S. Chiantia, L. Rajendran, D. Wenzel, F. Wieland, P. Schwille, B. Brugger,
M. Simons, Ceramide triggers budding of exosome vesicles into multivesicular endosomes,
Science, 319 (2008) 1244-1247.

[142] K. Trajkovic, A.S. Dhaunchak, J.T. Goncalves, D. Wenzel, A. Schneider, G. Bunt, K.A. Nave,
M. Simons, Neuron to glia signaling triggers myelin membrane exocytosis from endosomal
storage sites, J Cell Biol, 172 (2006) 937-948.

[143] V. Dardalhon, C. Geminard, H. Reggio, M. Vidal, J. Sainte-Marie, Fractionation analysis of
the endosomal compartment during rat reticulocyte maturation, Cell Biol Int, 26 (2002) 669-678.
[144] R. Morphy, Z. Rankovic, Designing multiple ligands - medicinal chemistry strategies and
challenges, Current pharmaceutical design, 15 (2009) 587-600.

[145] R. Morphy, C. Kay, Z. Rankovic, From magic bullets to designed multiple ligands, Drug
discovery today, 9 (2004) 641-651.

[146] P. Zhan, X. Liu, Designed multiple ligands: an emerging anti-HIV drug discovery paradigm,
Current pharmaceutical design, 15 (2009) 1893-1917.

[147] C. Hu, D. Xu, W. Du, S. Qian, L. Wang, J. Lou, Q. He, B. Yang, Y. Hu, Novel 4 beta-anilino-
podophyllotoxin derivatives: design synthesis and biological evaluation as potent DNA-
topoisomerase Il poisons and anti-MDR agents, Molecular bioSystems, 6 (2010) 410-420.

[148] M.B.H. Youdim, J.J. Buccafusco, Multi-functional drugs for various CNS targets in the
treatment of neurodegenerative disorders, Trends in pharmacological sciences, 26 (2005) 27-
35.

[149] A. Cavalli, M.L. Bolognesi, A. Minarini, M. Rosini, V. Tumiatti, M. Recanatini, C. Melchiorre,
Multi-target-directed ligands to combat neurodegenerative diseases, Journal of medicinal
chemistry, 51 (2008) 347-372.

[150] A. Palmeira, M.H. Vasconcelos, A. Paiva, M.X. Fernandes, M. Pinto, E. Sousa, Dual inhibitors
of P-glycoprotein and tumor cell growth: (Re)discovering thioxanthones, Biochemical
Pharmacology, 83 (2012) 57-68.

[151] P. Joshi, R.A. Vishwakarma, S.B. Bharate, Natural alkaloids as P-gp inhibitors for multidrug
resistance reversal in cancer, European Journal of Medicinal Chemistry, 138 (2017) 273-292.
[152] A. Palmeira, E. Sousa, M.H. Vasconcelos, M.M. Pinto, Three decades of P-gp inhibitors:
skimming through several generations and scaffolds, Curr Med Chem, 19 (2012) 1946-2025.
[153] J.-J. Ly, J.-L. Bao, X.-P. Chen, M. Huang, Y.-T. Wang, Alkaloids Isolated from Natural Herbs
as the Anticancer Agents, Evidence-Based Complementary and Alternative Medicine, 2012
(2012) 12.

[154] M. Demeunynck, |. Baussanne, Survey of Recent Literature Related to the Biologically
Active 4(3H)-Quinazolinones Containing Fused Heterocycles, Current Medicinal Chemistry, 20
(2013) 794-814.

[155] J. Zhang, J. Liu, Y. Ma, D. Ren, P. Cheng, J. Zhao, F. Zhang, Y. Yao, One-pot synthesis and
antifungal activity against plant pathogens of quinazolinone derivatives containing an amide
moiety, Bioorganic & Medicinal Chemistry Letters, 26 (2016) 2273-2277.

[156] D. He, M. Wang, S. Zhao, Y. Shu, H. Zeng, C. Xiao, C. Lu, Y. Liu, Pharmaceutical prospects of
naturally occurring quinazolinone and its derivatives, Fitoterapia, 119 (2017) 136-149.

[157] S. Wang, H. Ryder, I. Pretswell, P. Depledge, J. Milton, T.C. Hancox, |. Dale, W. Dangerfield,
P. Charlton, R. Faint, R. Dodd, S. Hassan, Studies on Quinazolinones as Dual Inhibitors of Pgp and
MRP1 in Multidrug Resistance, Bioorganic & Medicinal Chemistry Letters, 12 (2002) 571-574.
[158] A. Podolski-Reni¢, M. Jadranin, T. Stankovi¢, J. Bankovié, S. Stojkovi¢, M. Chiourea, |.
Aljanci¢, V. Vajs, V. TeSevi¢, S. Ruzdiji¢, S. Gagos, N. Tani¢, M. Pesi¢, Molecular and cytogenetic

57



FCUP

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

changes in multi-drug resistant cancer cells and their influence on new compounds testing,
Cancer Chemotherapy and Pharmacology, 72 (2013) 683-697.

[159] M. Pesic, J.Z. Markovic, D. Jankovic, S. Kanazir, 1.D. Markovic, L. Rakic, S. Ruzdijic, Induced
Resistance in the Human Non Small Cell Lung Carcinoma (NCI-H460) Cell Line In Vitro by
Anticancer Drugs, Journal of Chemotherapy, 18 (2006) 66-73.

[160] J.P. Marie, A.M. Faussat-Suberville, D. Zhou, R. Zittoun, Daunorubicin uptake by leukemic
cells: correlations with treatment outcome and mdr1 expression, Leukemia, 7 (1993) 825-831.
[161] H. Seca, R.T. Lima, J.E. Guimaraes, M. Helena Vasconcelos, Simultaneous targeting of P-gp
and XIAP with siRNAs increases sensitivity of P-gp overexpressing CML cells to imatinib,
Hematology, 16 (2011) 100-108.

[162] C. Gardiner, M. Shaw, P. Hole, J. Smith, D. Tannetta, C.W. Redman, |.L. Sargent,
Measurement of refractive index by nanoparticle tracking analysis reveals heterogeneity in
extracellular vesicles, Journal of Extracellular Vesicles, 3 (2014) 10.3402/jev.v3403.25361.

[163] S. Valkonen, E. van der Pol, A. Béing, Y. Yuana, M. Yliperttula, R. Nieuwland, S. Laitinen,
P.R.M. Siljander, Biological reference materials for extracellular vesicle studies, European
Journal of Pharmaceutical Sciences, 98 (2017) 4-16.

[164] A. Monks, D. Scudiero, P. Skehan, R. Shoemaker, K. Paull, D. Vistica, C. Hose, J. Langley, P.
Cronise, A. Vaigro-Wolff, et al., Feasibility of a high-flux anticancer drug screen using a diverse
panel of cultured human tumor cell lines, Journal of the National Cancer Institute, 83 (1991) 757-
766.

[165] V. Lopes-Rodrigues, A. Di Luca, D. Sousa, H. Seca, P. Meleady, M. Henry, R.T. Lima, R.
O'Connor, M.H. Vasconcelos, Multidrug resistant tumour cells shed more microvesicle-like EVs
and less exosomes than their drug-sensitive counterpart cells, Biochimica et Biophysica Acta
(BBA) - General Subjects, 1860 (2016) 618-627.

[166] J.P. Slotte, G. Hedstrom, S. Rannstrom, S. Ekman, Effects of sphingomyelin degradation on
cell cholesterol oxidizability and steady-state distribution between the cell surface and the cell
interior, Biochim Biophys Acta, 985 (1989) 90-96.

[167] E.B. Neufeld, A.M. Cooney, J. Pitha, E.A. Dawidowicz, N.K. Dwyer, P.G. Pentchev, E.J.
Blanchette-Mackie, Intracellular trafficking of cholesterol monitored with a cyclodextrin, J Biol
Chem, 271 (1996) 21604-21613.

[168] A.D. Tepper, P. Ruurs, T. Wiedmer, P.J. Sims, J. Borst, W.J. van Blitterswijk, Sphingomyelin
Hydrolysis to Ceramide during the Execution Phase of Apoptosis Results from Phospholipid
Scrambling and Alters Cell-Surface Morphology, The Journal of Cell Biology, 150 (2000) 155-164.
[169] S. Miller, B. Tavshanjian, A. Oleksy, O. Perisic, B.T. Houseman, K.M. Shokat, R.L. Williams,
Shaping development of autophagy inhibitors with the structure of the lipid kinase Vps34,
Science, 327 (2010) 1638-1642.

[170] K. Hirosako, H. Imasato, Y. Hirota, T. Kuronita, N. Masuyama, M. Nishioka, A. Umeda, H.
Fujita, M. Himeno, Y. Tanaka, 3-Methyladenine specifically inhibits retrograde transport of
cation-independent mannose 6-phosphate/insulin-like growth factor Il receptor from the early
endosome to the TGN, Biochemical and Biophysical Research Communications, 316 (2004) 845-
852.

[171] F. Baixauli, C. Lépez-Otin, M. Mittelbrunn, Exosomes and Autophagy: Coordinated
Mechanisms for the Maintenance of Cellular Fitness, Frontiers in Immunology, 5 (2014) 403.
[172] C.M. Fader, D. Sanchez, M. Furlan, M.l. Colombo, Induction of autophagy promotes fusion
of multivesicular bodies with autophagic vacuoles in k562 cells, Traffic (Copenhagen, Denmark),
9 (2008) 230-250.

[173] O. Wiklander, J. Nordin, E. Smith, K.-H. Grinnemo, O. Simonson, Therapeutic delivery
vesicles, in: W.I.P. Organization (Ed.), 2014.

[174] Y.-T. Wu, H.-L. Tan, G. Shui, C. Bauvy, Q. Huang, M.R. Wenk, C.-N. Ong, P. Codogno, H.-M.
Shen, Dual Role of 3-Methyladenine in Modulation of Autophagy via Different Temporal

58



FCUP

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

Patterns of Inhibition on Class | and Il Phosphoinositide 3-Kinase, Journal of Biological
Chemistry, 285 (2010) 10850-10861.

[175] V. Lopes-Rodrigues, A. Di Luca, J. Mleczko, P. Meleady, M. Henry, M. Pesic, D. Cabrera, S.
van Liempd, R.T. Lima, R. O’Connor, J.M. Falcon-Perez, M.H. Vasconcelos, ldentification of the
metabolic alterations associated with the multidrug resistant phenotype in cancer and their
intercellular transfer mediated by extracellular vesicles, Scientific Reports, 7 (2017) 44541-
44541.

[176] L. Galluzzi, E.H. Baehrecke, A. Ballabio, P. Boya, J.M. Bravo-San Pedro, F. Cecconi, A.M.
Choi, C.T. Chu, P. Codogno, M.l. Colombo, A.M. Cuervo, J. Debnath, V. Deretic, I. Dikic, E.L.
Eskelinen, G.M. Fimia, S. Fulda, D.A. Gewirtz, D.R. Green, M. Hansen, J.W. Harper, M. Jaattel,
T. Johansen, G. Juhasz, A.C. Kimmelman, C. Kraft, N.T. Ktistakis, S. Kumar, B. Levine, C. Lopez-
Otin, F. Madeo, S. Martens, J. Martinez, A. Melendez, N. Mizushima, C. Miinz, L.O. Murphy, J.M.
Penninger, M. Piacentini, F. Reggiori, D.C. Rubinsztein, K.M. Ryan, L. Santambrogio, L. Scorrano,
A.K. Simon, H.U. Simon, A. Simonsen, N. Tavernarakis, S.A. Tooze, T. Yoshimori, J. Yuan, Z. Yue,
Q. Zhong, G. Kroemer, Molecular definitions of autophagy and related processes, The EMBO
Journal, 36 (2017) 1811.

[177] M. Komatsu, S. Waguri, M. Koike, Y.S. Sou, T. Ueno, T. Hara, N. Mizushima, J. Iwata, J. Ezaki,
S. Murata, J. Hamazaki, Y. Nishito, S. lemura, T. Natsume, T. Yanagawa, J. Uwayama, E. Warabi,
H. Yoshida, T. Ishii, A. Kobayashi, M. Yamamoto, Z. Yue, Y. Uchiyama, E. Kominami, K. Tanaka,
Homeostatic levels of p62 control cytoplasmic inclusion body formation in autophagy-deficient
mice, Cell, 131 (2007) 1149-1163.

[178] I.P. Nezis, A. Simonsen, A.P. Sagona, K. Finley, S. Gaumer, D. Contamine, T.E. Rusten, H.
Stenmark, A. Brech, Ref(2)P, the Drosophila melanogaster homologue of mammalian p62, is
required for the formation of protein aggregates in adult brain, J Cell Biol, 180 (2008) 1065-1071.
[179] T. Lamark, V. Kirkin, I. Dikic, T. Johansen, NBR1 and p62 as cargo receptors for selective
autophagy of ubiquitinated targets, Cell Cycle, 8 (2009) 1986-1990.

[180] Y.-K. Lee, J.-A. Lee, Role of the mammalian ATG8/LC3 family in autophagy: differential and
compensatory roles in the spatiotemporal regulation of autophagy, BMB Reports, 49 (2016) 424-
430.

[181] E. Morselli, L. Galluzzi, O. Kepp, J.-M. Vicencio, A. Criollo, M.C. Maiuri, G. Kroemer, Anti-
and pro-tumor functions of autophagy, Biochimica et Biophysica Acta (BBA) - Molecular Cell
Research, 1793 (2009) 1524-1532.

[182] E. White, R.S. DiPaola, The Double-Edged Sword of Autophagy Modulation in Cancer,
Clinical Cancer Research, 15 (2009) 5308-5316.

[183] K.W. Kim, M. Hwang, L. Moretti, J.J. Jaboin, Y.l. Cha, B. Lu, Autophagy upregulation by
inhibitors of caspase-3 and mTOR enhances radiotherapy in a mouse model of lung cancer,
Autophagy, 4 (2008) 659-668.

[184] P. Kumar, D.-M. Zhang, K. Degenhardt, Z.-S. Chen, Autophagy and Transporter-Based
Multi-Drug Resistance, Cells, 1 (2012) 558-575.

[185] A. Eisenberg-Lerner, S. Bialik, H.U. Simon, A. Kimchi, Life and death partners: apoptosis,
autophagy and the cross-talk between them, Cell Death Differ, 16 (2009) 966-975.

[186] M.C. Maiuri, E. Zalckvar, A. Kimchi, G. Kroemer, Self-eating and self-killing: crosstalk
between autophagy and apoptosis, Nat Rev Mol Cell Biol, 8 (2007) 741-752.

[187] S. Saiki, Y. Sasazawa, Y. Imamichi, S. Kawajiri, T. Fujimaki, I. Tanida, H. Kobayashi, F. Sato,
S. Sato, K. Ishikawa, M. Imoto, N. Hattori, Caffeine induces apoptosis by enhancement of
autophagy via PI3K/Akt/mTOR/p70S6K inhibition, Autophagy, 7 (2011) 176-187.

[188] E. Wirawan, L. Vande Walle, K. Kersse, S. Cornelis, S. Claerhout, |. Vanoverberghe, R.
Roelandt, R. De Rycke, J. Verspurten, W. Declercq, P. Agostinis, T. Vanden Berghe, S. Lippens, P.
Vandenabeele, Caspase-mediated cleavage of Beclin-1 inactivates Beclin-1-induced autophagy

59



FCUP

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

and enhances apoptosis by promoting the release of proapoptotic factors from mitochondria,
Cell death & disease, 1 (2010) e18.

[189] S.H. Kaufmann, S. Desnoyers, Y. Ottaviano, N.E. Davidson, G.G. Poirier, Specific proteolytic
cleavage of poly(ADP-ribose) polymerase: an early marker of chemotherapy-induced apoptosis,
Cancer Res, 53 (1993) 3976-3985.

[190] M. Tewari, L.T. Quan, K. O'Rourke, S. Desnoyers, Z. Zeng, D.R. Beidler, G.G. Poirier, G.S.
Salvesen, V.M. Dixit, Yama/CPP32 beta, a mammalian homolog of CED-3, is a CrmA-inhibitable
protease that cleaves the death substrate poly(ADP-ribose) polymerase, Cell, 81 (1995) 801-809.
[191] H.R. Stennicke, J.M. Jurgensmeier, H. Shin, Q. Deveraux, B.B. Wolf, X. Yang, Q. Zhou, H.M.
Ellerby, L.M. Ellerby, D. Bredesen, D.R. Green, J.C. Reed, C.J. Froelich, G.S. Salvesen, Pro-caspase-
3 is a major physiologic target of caspase-8, J Biol Chem, 273 (1998) 27084-27090.

[192] Q. Yin, H.H. Park, J.Y. Chung, S.C. Lin, Y.C. Lo, L.S. da Graca, X. Jiang, H. Wu, Caspase-9
holoenzyme is a specific and optimal procaspase-3 processing machine, Molecular cell, 22 (2006)
259-268.

[193] A.U. Luthi, S.J. Martin, The CASBAH: a searchable database of caspase substrates, Cell
Death Differ, 14 (2007) 641-650.

[194] J.C. Timmer, G.S. Salvesen, Caspase substrates, Cell Death Differ, 14 (2007) 66-72.

[195] S.B. Mhaske, N.P. Argade, The chemistry of recently isolated naturally occurring
quinazolinone alkaloids, Tetrahedron, 62 (2006) 9787-9826.

[196] J.P. Karwowski, M. Jackson, R.R. Rasmussen, P.E. Humphrey, J.B. Poddig, W.L. Kohl, M.H.
Scherr, S. Kadam, J.B. McAlpine, 5-N-acetylardeemin, a novel heterocyclic compound which
reverses multiple drug resistance in tumor cells. |. Taxonomy and fermentation of the producing
organism and biological activity, J Antibiot (Tokyo), 46 (1993) 374-379.

[197] H. Wang, A. Ganesan, Total Synthesis of the Fumiquinazoline Alkaloids: Solution-Phase
Studies, The Journal of Organic Chemistry, 65 (2000) 1022-1030.

[198] C.C. Wong, K.-W. Cheng, B. Rigas, Preclinical Predictors of Anticancer Drug Efficacy: Critical
Assessment with Emphasis on Whether Nanomolar Potency Should Be Required of Candidate
Agents, The Journal of Pharmacology and Experimental Therapeutics, 341 (2012) 572-578.
[199] M. Géttlicher, S. Minucci, P. Zhu, O.H. Kramer, A. Schimpf, S. Giavara, J.P. Sleeman, F. Lo
Coco, C. Nervi, P.G. Pelicci, T. Heinzel, Valproic acid defines a novel class of HDAC inhibitors
inducing differentiation of transformed cells, The EMBO Journal, 20 (2001) 6969-6978.

[200] S.L. Holbeck, J.M. Collins, J.H. Doroshow, Analysis of FDA-Approved Anti-Cancer Agents in
the NCI60 Panel of Human Tumor Cell Lines, Molecular cancer therapeutics, 9 (2010) 1451-1460.
[201] S. Tacconelli, M.L. Capone, M.G. Sciulli, E. Ricciotti, P. Patrignani, The Biochemical
Selectivity of Novel COX-2 Inhibitors in Whole Blood Assays of COX-isozyme Activity, Current
Medical Research and Opinion, 18 (2002) 503-511.

[202] G.A. FitzGerald, Coxibs and Cardiovascular Disease, New England Journal of Medicine, 351
(2004) 1709-1711.

[203] R. Horton, Vioxx, the implosion of Merck, and aftershocks at the FDA, The Lancet, 364
1995-1996.

[204] E.J. Topol, Failing the Public Health — Rofecoxib, Merck, and the FDA, New England Journal
of Medicine, 351 (2004) 1707-1709.

[205] K. Yusa, T. Tsuruo, Reversal Mechanism of Multidrug Resistance by Verapamil: Direct
Binding of Verapamil to P-Glycoprotein on Specific Sites and Transport of Verapamil Outward
across the Plasma Membrane of K562/ADM Cells, Cancer Research, 49 (1989) 5002.

60



FCUP | 61

Evidence for a role of autophagy in the release of extracellular vesicles by tumour cells:
possible implications for drug resistant cells with impaired autophagy

Annexes

Annex A

Compound 4a
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Supplementary Figure 1 — Dose response curves of H460 cells, HCT-15 cells and MCF-7 cells to compound 4a

Annex B

Compound 4b
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Supplementary Figure 2 — Dose response curves of H460 cells, HCT-15 cells and MCF-7 cells to compound 4b
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Annex C

Compound 4c
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Supplementary Figure 3 — Dose response curves of H460 cells, HCT-15 cells and MCF-7 cells to compound 4c

Annex D

Compound 4d

120
100
80
60
40
20

—8— H460

% Gl

HCT-15

160 —&— MICF-7

-40
-60

[Drug] /um

Supplementary Figure 4 — Dose response curves of H460 cells, HCT-15 cells and MCF-7 cells to compound 4d
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Annex E
Compound 5a
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Supplementary Figure 5 — Dose response curves of H460 cells, HCT-15 cells and MCF-7 cells to compound 5a

Annex F

Compound 5b
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Supplementary Figure 6 — Dose response curves of H460 cells, HCT-15 cells and MCF-7 cells to compound 5b
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Annex G
Compound 5c¢
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Supplementary Figure 7 — Dose response curves of H460 cells, HCT-15 cells and MCF-7 cells to compound 5c¢

Annex H

Compound 5d
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Supplementary Figure 8 — Dose response curves of H460 cells, HCT-15 cells and MCF-7 cells to compound 5d



