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1 INTRODUCTION

This thesis focuses on the development and characterization of cancer cell lines
against metal chelating compounds. Drug resistance in cancer is becoming a major
problem during the cancer treatment. Previous studies described ways of how to develop
drug resistance in vitro and which mechanisms are responsible for it. However, no
research has yet described the mechanism of the drug resistance against metal chelators.
Metal chelators are becoming new anticancer drugs with promising effects. But this thesis

shows, that cancer cells may develop resistance even to novel compounds over time.
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2 AIMS OF THE THESIS

e Finding ICso values for selected metal chelating compounds

e Development of drug resistant cancer cell lines against selected metal chelating

compounds

e Characterization of the drug resistant cell lines
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3 THE CURRENT STATE OF KNOWLEDGE

3.1 Cancer statistics

Cancer is one of the most frequent causes of death in the world. According to
the estimates of cancer incidence and mortality provided by the status report GLOBOCAN
2018, produced by the International Agency for Research on Cancer (IARC), the cases
are rapidly growing worldwide (1). Another reason why cancer is a major medical issue
Is that it is a leading cause of premature death, mainly in the most developed countries
(e.g. Europe, North America, Japan, Australia) (Fig. 1).

According to the World Health Organization (WHQO) cancer is responsible for
estimated 9.6 million deaths in 2018. The incidence rate estimates around 18.1 million.
The most common types of cancer for men and women are lung cancer (11.6% of the
total cases), followed by female breast cancer, colorectal cancer and prostate cancer. The
leading cause of cancer death among men is lung cancer, followed by liver and stomach

cancer. Among women it is breast cancer, followed by lung and colorectal cancer (1).

Unfortunately, the Czech Republic belongs to the top 10 countries with the highest
incidence rate of kidney (4" and pancreatic (8" cancers (2). Kidney cancer is
a metabolic disease, whose therapy consists of targeting certain metabolic pathways.
However, patients develop resistance and progress of the disease (3). Pancreatic cancer
is one of the most aggressive types of cancer and most of the patients are diagnosed at an

advanced stage of the disease (4).

!4-‘-' —

Ranking of cancer
Premature mortality (0-69)

1st (48)

2nd (43)

3rd - 4th (22)
5th - 10th (53)

- No data |:| Not applicable

Figure 1: Map presenting the ranking of cancer as a cause of premature death at age below 70 in 2015.
Source: WHO.
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3.2 Role of iron in cancer

Iron is an essential element involved in many important cellular processes. It is
a part of mitochondrial enzymes, DNA synthesis and cell cycle enzymes, detoxification
enzymes and it is also a vital part of haemoglobin, which is responsible for oxygen

transport in bloodstream.

Iron also participates in free radical-generating reactions, i.e., reactive oxygen
species (ROS) and hydroxyl radicals. It is possible due to Fenton reaction, in which
ferrous iron (Fe?*) reacts with hydrogen peroxide and produces hydroxyl radical.
The oxidized iron can be reduced back to ferrous iron in the presence of superoxide (5).
ROS are toxic for cells, because of their ability to cause oxidative damage to DNA, lipids
and proteins. They even cause strong DNA base alterations of guanine and thymine and

strand breaks (6). In other words, the role of iron is ambivalent.

Iron circulates in bloodstream in the form of ferric ion (Fe®*) and is conjugated to
transferrin (TF), which binds two ferric atoms. TF and two bound iron atoms are
transported through a transferrin receptor 1 (TFR1) on a cell membrane into the cell. This
complex TF-[Fe3*]-TFR1 travels into an endosome. The acidic environment of
the endosome releases the ferric ions, which are reduced to ferrous ions (Fe?*). These
atoms are harmless for the cell and are transported out of the endosome into a cytoplasm.
Then they are incorporated into any metabolic processes where they play a crucial role
(DNA and haem synthesis, oxidative phosphorylation in mitochondria, etc.). Cells store
excess iron in the form of ferrous ions (Fe?*) thanks to the iron storage protein called

ferritin.

Important cellular iron-dependent processes are not only a part of normal cells but
are equally important in cancer cells. Tumour cells are even capable of reprogramming
the iron metabolism. One of these mechanisms were recently identified as iron efflux
pumps called ferroportin-hepcidin regulatory axis (Fig. 2). These pumps were discovered
on the surface of enterocytes, macrophages and hepatocytes (7). Hepcidin is a peptide
hormone which binds to the efflux pump ferroportin and regulates its expression.
The synthesis of hepcidin is induced by an excess iron. Ferroportin as an iron efflux pump
is responsible for transporting iron out of the cell in conjunction with an oxidase

(ceruloplasmin or hephaestin) which can re-oxidize iron.
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Ferroportin

= ﬂ
Oxidase

Figure 2: Ferroportin-hepcidin axis transporting ferrous ions out of the cell. Hepcidin binds to the efflux

Hepcidin

Cell membrane

pump ferroportin and regulates its expression. The ferrous ions are oxidized by ceruloplasmin or hephaestin
to ferric ions during transportation.

Tumours contain a special environment in terms of metabolism, including iron
metabolism. There is an increased expression of TFR1 and hepcidin and low levels of

ferroportin in cancer cells. As a result, the concentration of iron in tumour is increased (8).

Another form that tumour cells release iron is via the signalling molecule nitrogen
monoxide (NO). This iron efflux requires glutathione. Interestingly, this NO-dependent
release has been identified to work in conjunction with the multidrug resistance-

associated protein 1 (9), which is usually responsible for drug resistance in cancer (10,11).

3.3 Iron chelators in cancer therapy

3.3.1 Potential targets

The iron chelation therapy was at first used in iron toxicity overload diseases, but
as the role of iron in tumour is very important and is involved in many metabolic
processes, efforts have been made to use iron chelators in cancer therapy as well.

Consequently, tumour will suffer from iron deficiency and its lifespan will decrease.

One of the targets that has been picked for iron chelators is enzyme ribonucleotide
reductase (RR). Its main function is to convert ribonucleotides into deoxyribonucleotides
for DNA synthesis. This enzyme requires two things to work properly: oxygen and iron

(12). Therefore, iron chelators are mainly used as RR inhibitors.
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Another target for iron chelators is the TFR1. As mentioned before, cancer cells
contain higher expression of TFR1 and high concentration of iron in cytoplasm. If iron
chelators would inhibit this iron intake via TFR1, tumour growth would be

supressed (13).

Iron depletion by chelators also affects the cell cycle by decreasing cyclins which
bind with cyclin-dependent kinases (14). The results of this action lead to Gi/S phase

suppression.

A very important role in cancer cells shows a tumour suppressor protein p53. Its
main purpose is an induction of apoptosis if damage changes to cell are irreversible and
it also serves as a cell cycle checkpoint. Tumour cells often disable this protein, which
prevents the induction of apoptosis (15). A possible solution for this problem may offer
iron chelators. Cancer cells incubated with chelators showed up-regulated expression of
p53, which remained elevated for 24 hours. Tumour growth inhibition was observed as
well (16).

3.3.2 Clinically approved iron chelators with anti-proliferative activity

Desferrioxamine (DFO) (Fig. 3) is a hexadentate chelator with a high affinity for
iron, which makes it an excellent therapy for the treatment of iron overload diseases.
However in vitro, in vivo studies and clinical trials in neuroblastoma patients showed
sensitivity to iron chelation therapy provided by DFO (17). DFO also shows anti-
proliferative activity against other types of tumours. For example, lymphoid
leukemia (18) or hepatocellular carcinoma in animal models (19). The mechanism of
action of this compound is RR-inhibition. In addition, it also affects the expression of
mitochondrial enzymes such as citrate synthase, isocitrate dehydrogenase and succinate
dehydrogenase that are suppressed because of the iron depletion caused by DFO (20).
There are also some negatives about this drug. Some studies failed to detect any anti-
proliferative effects in vivo (21), which could be due to short half-life and poor absorption
from the gut (22).
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Deferasirox Triapine® 31

Desferrioxamine

Figure 3: Molecular structures of metal chelators with anti-proliferative activity.

Deferasirox (Fig. 3) belongs to a group of synthetic iron chelators. In an attempt
to increase efficacy and reduce adverse effects, it successfully passed the clinical
trials (23). Deferasirox shows an anti-tumour activity in myeloid leukemia and in
lymphoma cells, moreover its significant advantage is that it is administered orally
(24,25). All this information suggests that deferasirox may be a potential anticancer drug,

however, further research is needed.

3.3.3 Thiosemicarbazones

Thiosemicarbazones are an important group of iron chelators. In addition to their
high affinity for iron and copper, these compounds also show an anticancer activity.
The mechanism of action in tumour cells is DNA synthesis inhibition including RR (13).
One of the most promising and well-studied compounds that even reached the clinical
trials was Triapine® (Fig. 3). It is administered alone or in combination with other
therapeutics mainly to patients with leukemia and kidney cancer. But it also showed a lot
of adverse effects like anaemia, hypoxia, hypotension, fatigue, nausea and vomiting (26).
Unfortunately, low efficacy and low patients respond led to a premature termination of
clinical trials (27). Despite its promising results from in vivo studies and synergistic
inhibitory effects with other therapeutics, Triapine® will probably not be used as an

anticancer drug in the future.
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Chelators derived from pyridoxal isonicotinoyl hydrazone have also been tested
for their anti-proliferative activity. lron chelator 311 (2-hydroxy-1-naphthylaldehyde
benzoyl hydrazone) (Fig. 3) possesses a much higher iron affinity and even an anti-
proliferative activity in comparison to DFO. RR-inhibition was observed in the CCRF-
CEM (T-lymphoblastic leukemia) cell line. Due to a lipophilic character of 311, which
allows easier access through cell membranes, the intracellular iron pool is open for
chelation. A low ICs (0.28 uM in CCRF-CEM cell line) may serve as an evidence of
a significant anti-proliferative activity (28). Molecules involved in cell-cycle control may

also be affected by 311 as well as a p53 increase (29).

3.3.4 VLX600 as a promising novel iron chelator

VLX600 (Fig. 4) is an iron chelator that differs from other chelators in one thing,
that is, it does not generate ROS. The mechanism of action is a depletion of intracellular
iron pools which leads to a reduced mitochondrial respiration. The impaired oxidative
phosphorylation results in bioenergetic catastrophe followed by tumour death.
A cytochrome oxidase activity decrease was observed during studies as well (30,31).
The properties that make this compound interesting as a potential anticancer drug are its
lipophilicity, low ICso values (~1 umol - 1) in vitro, positive tolerance in animal models
and finally that VLX600 has already reached the clinical trials. Patients with colon,
prostate, pancreas, breast, hepatocellular, uterine and other tumours were involved in the
phase I clinical study. Several adverse effects like nausea, vomiting, fatigue or decreased
appetite were reported. A positive response was reported among 32% of the patients, and
overall, the drug was well tolerated (32). Further studies are expected to determine the

use of VX600 as a potential iron chelator in oncological treatment.

N\

-

Figure 4: Molecular structure of a novel VLX600 iron chelator.
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3.4 Cancer resistance

3.4.1 Types of resistance

Drug resistance is a phenomenon that occurs when disease becomes tolerant to
a conservative treatment. It was first described in bacteria that developed antibiotic
resistance. Unfortunately, this concept may also develop in cancer cells and lead to cancer
relapse and death. Since this topic represents a major clinical problem it has been
intensively studied and is referred to as multidrug resistance (MDR).

There are many categories of MDR in cancer and the four most studied will be
described below (Fig. 5). Other ways, how cancer cells develop drug resistance, are DNA
damage repair, cell death inhibition or epigenetic changes (33). Some of the mechanisms
are tumour-specific, while others (P-glycoprotein) are generally present in healthy cells
where they perform vital functions. The understanding of the ways of cancer resistance
is an important task, the fulfilment of which will result in a more effective therapy and

improved clinical outcomes.

Drug Efflux
via ABC
Transporters

Tumour Drug Drug

Heterogeneity Resistance Inactivation

Alteration of
Drug Targets

Figure 5: Diagram illustrating the basic types of drug resistance in cancer. The mechanisms can act
independently or in combination.
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3.4.2 Drug Efflux via ABC Transporters

The ATP-binding cassette (ABC) transporters are responsible for the MDR
mechanism, which involves the transport of xenobiotics out of the cell, thereby preventing
the accumulation of anticancer drugs within the cancer cell. The transporters consist of
four domains, namely two transmembrane and two nucleotide. Upon binding of
a substrate to the transmembrane domain, the energy released from ATP hydrolysis
changes the conformation of the transporter, resulting in removal of the substrate from
the cell (34). The main transporters responsible for the MDR in cancer are multidrug
resistance protein 1 (MDR1), multidrug resistance-associated protein 1 (MRP1) and
breast cancer resistance protein (BCRP) (10).

MDR1 gene, physiologically present in colon and liver, produces P-glycoprotein
(Pgp) which works as a drug efflux pump. During cancer, an overexpression of MDR1
occurs, and provides resistance to a wide sort of anticancer drugs (e.g., taxanes, Vinca

alkaloids or anthracyclines) (35).

MRP1 is located in the plasma membrane and its overexpression results in MDR
to the same drugs as MDR1 except for taxanes (36). Similarly, BCRP is also mainly
present in the cell membrane and is responsible for MDR in breast cancer, colon, ovarian

and gastric carcinomas (37).

3.4.3 Drug Inactivation

The use of conventional cancer therapy involves metabolic pathways that the
drugs need to undergo to achieve a desired effect. However, these pathways are usually
blocked or changed during MDR in cancer. For example, acute myelogenous leukemia is
treated with cytarabine. This compound must first be phosphorylated in order to be
pharmacologically active. Preventing it leads to a cytarabine resistance (38). The systems
involved in such alterations are very important for the cell, because they inactivate

xenobiotics that can be toxic.

These systems include glutathione-S-transferase (GST) and uridine 5’-diphospho
glucuronosyltransferase (UGT) superfamilies. Both are responsible for inactivation of
environmental carcinogens and act as detoxifying enzymes. Nevertheless, the elevation

of GST enhances undesirable detoxification of anticancer drugs and lower regulation
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of genes coding UGT occur in certain tumours (39). These changes in enzyme activity
lead to MDR.

Probably one of the most studied cellular systems responsible for xenobiotics
metabolism and inactivation is cytochrome P450 (CYP). In mammals, eighteen CYP
families are known, but only three of them are responsible for xenobiotic metabolism.
The rest plays a role in the metabolism of steroids and fatty acids. In tumour cells,
an elevated activity of CYPs (groups CYP1A, CYP2C and CYP3A) was observed, which
leads to the inactivation of anticancer drugs. However, CYP1B1 expressed protein relates
to metastasis and colon adenocarcinoma, but is also expressed at low levels in healthy
tissue (40,41). This fact can serve as a proposal for the development of a targeted therapy

in cancer, both genetic and conservative therapies.

3.4.4 Alteration of Drug Targets

The efficiency of an anticancer drug depends on the molecular target of a tumour.
This may include a vital enzyme, DNA synthesis, inhibition of mitotic processes, etc.
Alteration of these targets, such as mutations or modifications, has a significant effect on

the pharmacological result and may eventually lead to a drug resistance.

One of these targets represents topoisomerase Il, an enzyme involved in the
process of replication. The human leukemia cell line HL-60/AMSA possesses at least 50-
fold higher resistance to amsacrine which inhibits topoisomerase Il. This resistance is

caused by a single base mutation in the enzyme gene (42).

Unfortunately, even a targeted therapy is a subject to resistance mechanisms.
The development of resistance was observed during the treatment of chronic myeloid
leukemia with tyrosine kinase inhibitors (Imatinib). MDR was associated with a single
amino acid substitution in a threonine residue of the Abl kinase domain. This change led
to a creation of an important bond with the drug (43). That means that the targeted therapy

can lose its effectiveness just like a conventional treatment.

3.4.5 Tumour Heterogeneity
Tumour usually does not consist of a homogenous population of cancer cells.
Some of the cells exhibit the characteristics of stem cells and these mainly develop

the drug resistance. Therefore, only the sensitive cells of the tumour are killed during
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the treatment and the drug resistant ones survive. Eventually there is a risk, that the

resistant cells will form metastasis.

Using comparative genomic hybridization in breast cancer revealed
monogenomic and polygenomic types of tumours (44). A monogenomic structure is more
sensitive to the anticancer drugs while the polygenomic contains different subpopulations

of the cells and in addition, it may exhibit the mechanisms of resistance mentioned above.

Pancreatic cancer is another type that possesses high drug resistance due to tumour
heterogeneity, which is both between tumours and within the tumour itself. Heterogeneity
develops in the early stage and may eventually lead to metastasis. This combination of
drug resistance, tumour heterogeneity and metastatic complications makes the pancreatic
cancer of the most deadly malignancies resulting in high mortality rates (45).

3.4.6 Overcoming the multidrug resistance in cancer

There are several therapeutic ways that focus on MDR in cancer. One of the best
studied is the inhibition of ABC transporters, mainly Pgp. The first generation of ABC
modulators -verapamil, cyclosporine A, quinine- was not efficient during clinical trials
and some of the compounds showed toxicity. The second generation -valspodar and
biricodar- showed higher efficiency and was combined with a conventional therapy.
However, poor outcomes during clinical trials and inhibition of CYP in healthy tissue
resulted in a decreased metabolism of the drugs and therefore high toxicity. The third
generation is focused on very low concentrations (nanomolar scale) and extremely high
efficiency in comparison to the first two generations. Tariquidar, zosuquidar and elacridar
belong into this group. The first two showed promising results in clinical trials (11,46).
An interesting fact is that most of the ABC inhibitors can inhibit specifically Pgp and no
other transporters. Therefore, analogues of tariquidar were prepared, that focus on the
MRP1 inhibition (47).

Using natural compounds is another form of overcoming MDR. Curcumin as
NFkB inhibitor (48) and ABC modulator (49) as well makes this compound very
interesting. NFxB serves as a transcriptional nuclear factor responsible for apoptosis, cell
proliferation and MDR. Flavonoid quercetin possesses antioxidant and antitumor effects.

The synergistic effect was investigated by Choi et al using quercetin as a Pgp inhibitor
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and the bioavailability of anticancer drug doxorubicin administered in rats. Due to Pgp
inhibition an increase of orally administered doxorubicin metabolism was reported (50).

Another innovative strategy is RNA interference (RNAI). It serves as a cellular
defense by destroying a specific mRNA and thus preventing the expression of unwanted
genes. This is achieved by a small interfering RNA (siRNA) which binds to the target
MRNA that is cleaved and destroyed by the cell. The purpose of RNAI in cancer therapy
consists in using synthetic siRNAs for down-regulation of Pgp or other ABC transporters.

Reduction of resistance in the cell lines was observed as a result (51).

A modern way to overcome or circumvent MDR is the use of nanoparticles. They
are widely used as anticancer drug carriers in targeted therapy, show low toxicity and
high efficiency at low concentrations. There are mainly three ways how nanoparticles can
improve MDR therapy: 1. they can bypass ABC transporters and the drug efflux because
they enter the cells via endocytosis, 2. an ability to enhance the solubility of hydrophobic
compounds and providing long controlled release of the drug, and 3. nanoparticles may
serve as carriers for both conventional therapeutics and ABC modulators (35). Targeted
nanocarriers have a potential to significantly improve MDR therapy combining multiple
approaches, but further research and improvement is needed to achieve positive clinical

outcomes.
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4 MATERIALS AND METHODS
4.1 Materials

4.1.1 Biological material

For the development of drug resistance these cancer cell lines were used:

HCT116 — Organism: Homo sapiens, human; Tissue: colon; Disease: colorectal
carcinoma; Culture Properties: adherent; Morphology: epithelial; ATCC® CCL-
247™

CCRF-CEM — Organism: Homo sapiens, human; Tissue: peripheral blood;
Disease: acute lymphoblastic leukemia; Cell Type: T lymphoblast; Culture
Properties: suspension; Morphology: lymphoblast; ATCC® CCL-119™

4.1.2 List of equipment, chemicals and machines

List of equipment

Automatic pipettes, Research Plus (0,5-5 000 ul, Eppendorf)
Battery powered pipette filler, Pipetus® (Hirschmann)

Cell scrapers (TPP)

Centrifuge tubes (50 ml, TPP)

Eppendorf Safe-Lock Tubes (1.5 ml, Eppendorf)

Filtermax rapid bottle-top filter (500 ml, TPP)

Multi-channel pipette (10-100 pl, Eppendorf)

Serological pipettes (10 ml, TPP)

Test flow cytometry tubes (5 ml, BD Falcon)

Tissue culture dishes (96x21 mm, growth surface 60 cm?, TPP)
Tissue culture flasks (75150 cm?, TPP)

Tissue culture test plates (6, 96-well, TPP)

List of chemicals

10X PBS
70% Ethanol
100% Methanol
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e Bovine Serum Albumin (BSA), pH 7, > 98%, Catalog No. A7906 (Sigma-
Aldrich)

e CellWASH, Catalog No. 349524 (BD Biosciences)

e Dimethyl Sulfoxide (DMSO) Cell culture grade (PanReac AplliChem)

e Ethylenediamine tetraacetic acid disodium salt dihydrate (EDTA), Catalog No.
11280 (Serva)

e FC Receptor saturation reagent, Catalog No. 732802 (BD Biosciences)

e Fetal Bovine Serum (FBS), Catalog No. 10270 (Gibco)

e McCoy’s 5A Medium, with L-Glutamine (Diagnovum)

o MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium, stock solution 8.5 mol - 1 in 1x PBS, (Promega)

e Nonidet™ P40 (NP-40) Substitute, Catalog No. 74385 (Sigma-Aldrich)

e Penicillin-Streptomycin antibiotics (P/S), Catalog No. P4333 (Sigma-Aldrich)

e Permeabilization solution 2, Catalog No. 340973 (BD Biosciences)

e Propidium iodide (PI), Catalog No. P4170 (Sigma-Aldrich)

e Purified water

e Ribonuclease A (RNase) from bovine pancreas, Catalog No. R5503 (Sigma-
Aldrich)

e RPMI 1640 Medium, with L-Glutamine (BioWhittaker, Lonza)

e Sodium azide, Catalog No. S2002 (Sigma-Aldrich)

e Triton™ X-100, Catalog No. T8787 (Sigma-Aldrich)

e TrypLE™ Select Enzyme (1X) no phenol red, Catalog No. 11598846 (Gibco)

e VLX600 Iron Chelator (Calbiochem)

e XYZ Iron Chelator

List of antibodies
P-glycoprotein analysis

- Primary Antibody: Monoclonal Anti-P-Glycoprotein antibody produced in
mouse, Catalog No. P7965 (Sigma-Aldrich)

- Isotype Control: IgG1 Isotype Control from murine myeloma, Catalog No.
M5281 (Sigma-Aldrich)
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- Secondary Antibody: Anti-Mouse IgG F(ab’)> fragment-FITC antibody
produced in sheep, Catalog No. F2883 (Sigma-Aldrich)

Multidrug resistance protein 1 analysis

- Primary Antibody: Monoclonal Antibody to MRP1 (Human) MRPmD5,
Catalog No. 801-012-C250 (Alexis Biochemicals)

- Isotype Control: IgG2a Isotype Control from murine myeloma, Catalog No.
M5409 (Sigma-Aldrich)

- Secondary Antibody: Anti-Mouse IgG F(ab’), fragment-FITC antibody
produced in sheep, Catalog No. F2883 (Sigma-Aldrich)

Phosphorylation of Histone H3P%*"? analysis

- Primary Antibody: Anti-phospho-Histone H3 (Ser10) Antibody, Catalog No.
06-570 (Sigma-Aldrich)

- Secondary Antibody: Goat anti-Mouse 1gG Secondary Antibody Alexa Fluor
488, Catalog No. A28175 (Thermo Scientific)

List of machines

e Analytical balance, SBC 21 (Scaltec)

e Cell Viability Analyzer Vi-Cell XR (Beckman Coulter)
e Centrifuge, 420R Rotina (Schoeller)

e Flow Cytometer, FACS Calibur (Becton Dickinson)

e Fluorescence Inverted Microscope 1X51 (Olympus)

e Incubator CO,, CO-170P-230 (New Brunswick Scientific)
e Laminar Box, MSC Advantage (Thermo Scientific)

e Multimode Plate Reader, EnVision (PerkinElmer)

e Thawing System, CTF2 (Biocision)

e Thermoblock, TS-100C (Biosan)

e Vortex-Genie 2 (Scientific Industries)

e Waterbath, WNB (Memmert)
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4.1.3 List of solutions
Solutions and Media

1x PBS: 50 ml 10x PBS + 450 ml purified water, mix together and filter using vacuum

CCRF-CEM complete medium (10% FBS, 1% P/S): 500 ml RPMI 1640 Medium with
L-Glutamine + 56 ml FBS + 5.6 ml P/S, mix together and filter using vacuum

HCT116 complete medium (10% FBS, 1% P/S): 500 ml McCoy’s 5A Medium with L-
Glutamine + 56 ml FBS + 5.6 ml P/S, mix together and filter using vacuum

Solutions and reagents for flow cytometry analysis
P-glycoprotein (Pgp) analysis
1x Permeabilising solution: 9 ml RNA water + 1 ml Permeabilization solution 2
Blocking solution: 50 mg BSA dissolve in 10 ml CellWASH with stirring

FC Receptor saturation reagent solution: 70 ul FC Receptor saturation reagent + 210 pl
blocking solution

Isotype control: 7.1 ul isotype control IgG1 + 1 000 pl blocking solution added on ice;
dilution factor 1:140.8

Primary antibody: 0.4 ul Monoclonal Anti-P-Glycoprotein antibody produced in mouse
+ 100 pl blocking solution added on ice; dilution factor 1:250

Rinse buffer: 500 mg BSA dissolve with stirring in 100 ml CellWASH and add 100 pl
NP-40

Secondary antibody: 0.4 ul Anti-Mouse IgG F(ab’). fragment-FITC antibody produced
in sheep + 100 pl blocking solution added on ice; dilution factor 1:250

Multidrug resistance protein 1 (MRP1) analysis
1x Permeabilising solution: 9 ml RNA water + 1 ml Permeabilization solution 2

Isotype control: 1.5 ul isotype control IgG2a + 300 pul rinse buffer added on ice; dilution
factor 1:200

Primary antibody: 1.5 ul Monoclonal MRP1 Antibody + 300 pul rinse buffer added on ice;
dilution factor 1:200

Rinse buffer: 0.25 g BSA dissolve with stirring in 50 ml 1x PBS and add 0.5 ml of 10%
sodium azide

Rinse buffer incl NP-40: 50 pul NP-40 dissolve with stirring in 50 ml rinse buffer
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Secondary antibody: 2 ul Anti-Mouse IgG F(ab”), fragment-FITC antibody produced in
sheep + 498 ul rinse buffer incl NP-40 added on ice; dilution factor 1:250

Phosphorylation of Histone H3PS¢10 analysis
PBS + 0.25% Triton X-100: 2.5 ml of Triton X-100 dissolve in 1 | of 1x PBS
PBS + 1% FBS: 10 ml of FBS dilute in 1 | of 1x PBS

Primary antibody: 2 pul Anti-phospho-Histone H3 (Ser10) Antibody diluted in 998 ul
1x PBS + 1% FbS on ice; dilution factor 1:500

Propidium iodide solution: 14 mmol - 1! in 1x PBS
RNase solution: 0.7 mmol - It in 1x PBS

Secondary antibody: 2 ul Goat anti-Mouse IgG Secondary Antibody Alexa Fluor 488
diluted in 998 pl 1x PBS + 1% FbS on ice; dilution factor 1:500

4.2 Methods

4.2.1 Finding the I1Cso values for iron chelators

For developing the drug resistant cancer cell lines two iron chelators were
selected: VLX600 and XYZ iron chelator. VLX600 was diluted in DMSO to prepare a
stock solution with a concentration of 30 mmol - 11, XYZ was diluted in DMSO as well

and the stock solution had a concentration of 10 mmol - I,

For finding the ICso values MTS assay was performed. For CCRF-CEM cells
a suspension with a concentration of 0.15 - 10° cells - mI™* was prepared. CCRF-CEM
cells were seeded 13 500 cells per well in a 96-well plate. The suspension of HCT116
cells had a concentration of 62 500 cells - ml™. HCT116 cells were seeded 5 600 cells per
well. In a 96-well plate one column of wells was filled with 100 ul of complete medium
as a blank. In the rest of the wells 90 ul of cell suspension were added. The plate was put

into an incubator for 24 hours. None of outer wells were used for analysis.

After incubation 10 pl of 1.6% DMSO diluted in a complete medium were added
to all wells in the second column of the plate as a control. A dilution series of the iron
chelators were prepared in another 96-well plate. Stock solutions were diluted to prepare
a concentration of 50 umol - I*. A dilution factor was 1:4 in a descending order and
6 concentrations of a diluted drug were prepared in total. Final concentrations were 50,
12.5,3.125, 0.78, 0.195 and 0.049 pumol - 'Y, Second prepared diluted series had a dilution
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factor 1:4 and the concentrations were 25, 6.25, 1.6, 0.4, 0.1 and 0.025 pmol - I'*. Third
diluted series had a dilution factor 1:2. Prepared concentrations were 1, 0.5, 0.25, 0.125,
0.06 and 0.03 umol - I't. Concentrations were chosen to cover multiplies of 1Cso values.
10 pl of diluted drug solutions were added to the wells with cell suspensions in triplicates
in the 96-well plate. The plate was incubated at 37 °C. After 48 hours of incubation, 15 pl
of MTS solution were added to the whole plate. After 2 hours of incubation, absorbance
was measured at 490 nm. MTS assay was performed three times to calculate the standard
deviation (SD).

4.2.2 Development of drug resistant cancer cell lines

When the ICso values were found, they were used to develop resistant cancer cell
lines. During passaging two 150 cm? flasks with 5 million cells in each, with a viability
of 95% or higher, were prepared. For cell viability and cell count analysis Cell Analyzer
Vi-Cell was used. Flask 1 with a confluency of 50%, was treated with double
concentration of ICso (2x). Flask 2 with a confluency of 70% was treated with fivefold
concentration of 1Cso (5x) (Fig 6).

After a visible decrease in confluency to ~25%, the medium containing drug was
removed, cells were washed with a complete medium. This pulse treatment was
performed on both cell lines and for both iron chelators. When the cells started
proliferating in the presence of the drug (attaining > 60% confluency), the drug treatment

was increased by one unit of 1Cso.

When the drug resistant clones showed certain signs of resistance, MTS assay was
performed to determine a specific concentration of the drug to which the cells were

resistant. This assay was performed three times in order to calculate SD.

Both parental and drug resistant cell lines were tested every two weeks for
Mycoplasma contamination using qPCR method. In case of a positive result, the
contaminated cell line was destroyed immediately. One of the negative control tests is
shown in the Appendix part of this thesis.
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Figure 6: Diagram showing the way in which drug resistance was developed in both cell lines. Pulse

treatment was used for both iron chelators.

4.2.3 Characterization of drug resistance against iron chelators

The characterization of drug resistance was done using flow cytometry. Three
assays were performed: Pgp, MRP1 and Phosphorylation of Histone H3P5¢" detection.
The cells had to be prepared and fixed before measurements. All measurements were
performed on both drug resistant and parental cells and both treated and untreated cells.
Cytometry measurements were performed three times in order to calculate SD.

To perform cell fixation, it was necessary to prepare the cells. During passaging
a cell suspension containing 1 million cells was added into a 60 cm? Petri dish with 12 ml
of a complete medium. When the confluency reached ~70%, fixation was performed. For

the measurements of treated cells, drug was added 24 hours before fixation.

For Pgp and MRPL1 assays fixation process was the same. Medium from Petri
dishes was transferred into 50 ml centrifuge tubes. Cells were washed with 3 ml of 1x
PBS, which was after washing added to the removed medium. Then 3 ml of 4% EDTA
in 1x PBS solution were added and the Petri dishes were put into an incubator for
15 minutes. After incubation 3 ml of complete medium were added. Cell suspension was
mixed several times and transferred into the centrifuge tube with medium and PBS.
Complete medium was added to the total volume of 20 ml. 500 ul was used for cell
viability analysis using Vi-Cell. Centrifugation at 4 °C, 800 g, for 5 minutes. Medium
was removed and the pellet was resuspended in 10 ml of 1x PBS. Centrifugation at 4 °C,
800 g, for 5 minutes. PBS was removed and the pellet was resuspended in 10 ml of
methanol added drop by drop while the centrifuge tube was placed on vortex, set on a
minimal setting. Cell suspensions were stored in a freezer at -20 °C. For Phosphorylation
of Histone H3P%" assay the fixation protocol was the same as for Pgp or MRP1, except
that the 4% EDTA in 1x PBS solution was substituted with TrypLE™.
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4.2.3.1 Pgp analysis

For Pgp analysis three samples from frozen stock cell suspension were prepared,
each containing 1 million cells. Cell suspensions were transferred into cytometry tubes.
Samples were centrifuged at room temperature, 500 g for 5 minutes (these centrifugation
parameters were the same throughout the whole protocol). Supernatant was removed,
pellet was resuspended in 2 ml of CellWASH. Centrifugation, supernatant was removed
and 0.5 ml of 1x Permeabilizing solution was added. Incubation at room temperature for
10 minutes. After centrifugation supernatant was removed and 2 ml of Rinse buffer was
added. Tubes were put on vortex, centrifugation. Supernatant was removed and 40 pl of
FC receptor saturation reagent prepared in blocking solution was added. Incubation at
room temperature for 10 minutes. Cells were washed with 2 ml of Rinse buffered and
centrifuged. This washing step was repeated one more time. Samples were divided into
two sets. 40 pl of Isotype control were added to first and 40 pl of Primary Anti-Pgp
Antibody were added to the second set. Incubation at room temperature for 30 minutes in
dark. 2 ml of Rinse buffer were added to all samples, which were put on vortex and
centrifuged. Supernatant was removed and 40 pl of Secondary FITC Antibody were
added to all samples. Incubation at room temperature for 30 minutes in dark. 2 ml of
Rinse buffer were added, centrifugation. Supernatant was removed and the pellets were

resuspended in 500 pl of blocking solution.

Samples were kept in dark until analysis. The measurement was performed using
flow cytometer, excitation at 488 nm, software CellQuest. The analysis of the
measurements was performed using the ModFit program, version 2 (Verity Software
House). Graphs, calculations and final analysis of the results were performed using
Microsoft Excel® (Microsoft).

4.2.3.2 MRP1 analysis

For MRP1 analysis three samples from frozen stock cell suspension were
prepared, each containing 2 million cells. Cell suspensions were transferred into
cytometry tubes and centrifuged at room temperature, 500 g for 5 minutes (these
centrifugation parameters were the same throughout the whole protocol). Supernatant was
removed and 1 ml of 1x Permeabilizing solution was added. Incubated at room

temperature for 10 minutes. 2 ml of Rinse buffer were added, and the samples were
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divided into two sets. After centrifugation supernatant was removed. 100 ul of Isotype
control were added to one set and 100 pl of Primary MRP1 Antibody were added to the
second set. Incubation at room temperature for 60 minutes in dark. Cells were washed in
2 ml of Rinse buffer, put on vortex and centrifuged. Supernatant was removed and 100
ul of Secondary FITC Antibody diluted in Rinse buffer incl NP-40 were added to all
samples. Incubation at room temperature for 30 minutes in dark. 2 ml of Rinse buffer
were added, and the samples were centrifuged. Supernatant was removed and 0.5 ml of

Rinse buffer was added.

The measurement was performed using flow cytometer, excitation at 488 nm,
software CellQuest. The analysis of the measurements was performed using the ModFit
program, version 2 (Verity Software House). Graphs, calculations and final analysis of

the results were performed using Microsoft Excel® (Microsoft).

4.2.3.3 Phosphorylation of Histone H3PSer0 analysis

For the Phosphorylation of Histone detection three samples from frozen stock cell
suspension were prepared, each containing 2 million cells. Cell suspensions were
transferred into cytometry tubes and centrifuged at room temperature, 800 g for 5 minutes
(these centrifugation parameters were the same throughout the whole protocol).
Supernatant was removed and 2 ml of 1% FBS in 1x PBS buffer were added. Supernatant
was removed and 1 ml of cold 1x PBS + 0.25% Triton X-100 buffer was added during
vortex. Incubation for 15 minutes on ice. Samples were centrifuged and the supernatant
was removed. Cells were washed with 2 ml of 1% FBS in 1x PBS buffer and centrifuged.
After supernatant was removed, 100 pl of Primary Anti-phospho-Histone H3 Antibody
were added. Incubation at room temperature for 60 minutes in dark. After 30 minutes of
incubation samples were put on vortex. 2 ml of 1% FBS in 1x PBS buffer were added and
the samples were centrifuged. Supernatant was removed and 100 pul of Secondary Alexa
Fluor 488 Antibody were added. Incubation at room temperature for 30 minutes in dark.
2 ml of 1% FBS in 1x PBS buffer were added and the samples were centrifuged.
Supernatant was removed and 600 pl of Propidium iodide with RNase were added.

Incubation at 37 °C in waterbath for 30 minutes in dark.

The measurement was performed using flow cytometer, excitation at 488 nm,

software CellQuest. The analysis of the measurements was performed using the ModFit
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program, version 2 (Verity Software House). Graphs, calculations and final analysis of

the results were performed using Microsoft Excel® (Microsoft).
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5 RESULTS

5.1 1Cso values of iron chelators

Using MTS assay, ICso values of iron chelators were calculated for both HCT116
and CCRF-CEM cell lines. VLX600 ICso for cell line HCT116 was 0.1 umol - 1™t and for
cell line CCRF-CEM 0.33 pmol - 1. ICso of XYZ iron chelator for HCT116 cell line was
2.68 pumol - I and for CCRF-CEM cell line 0.46 umol - 1%, All ICsp values for both iron
chelators and both cell lines are summarized in Table 1 with calculated standard
deviations (SD). MTS assays were done in three replicates. Only the ICso values
<1 umol - I* were considered significant for the compounds activity. VLX600 iron
chelator was used for the development of resistance in both cell lines, while for XYZ only
CCRF-CEM cell line was selected and not the HCT116 cell line, as it had less significant

ICs0 value.

Table 1: 1Cso values of VLX600 and XYZ iron chelators for HCT116 and CCRF-CEM cell lines with
calculated standard deviations.

Cell line Iron Chelator ICso [umol-17] SD
HCT116 VLX600 0.10 0.02
XYZ 2.68 0.43
CCRF-CEM VLX600 0.33 0.13
XYZ 0.46 0.01

5.2 Determination of drug resistance

When the cells started growing in the presence of compounds, MTS assay was performed
to determine the concentrations of drugs that the cell lines became resistant to. In CCRF-
CEM cell line 1Cxo values for both iron chelators remained at the same values as for the
parental cell line (Fig. 7). Both ways mentioned in Methods section and shown at Fig. 6

did not lead to the development of resistance.
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Figure 7: MTS assays after development of resistance in CCRF-CEM cell line. No significant changes in

I1Cso values of both iron chelators were registered, therefore no resistance was developed.

However, nine-fold increase in the 1Cso value was observed with VLX600 iron
chelator in HCT116 cell line (Fig. 8). MTS assay was done three times to confirm the

resistance. This resistant cell line was used for further characterization using flow
cytometry.
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Figure 8: MTS assays of parental and VLX600 resistant HCT116 cell lines to determine the increase of
ICsp in the resistant cells.
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5.3 Characterization of drug resistance using flow cytometry

5.3.1 Pgp analysis

Considering a fact that Pgp, which belongs to the ABC transporter family, is
usually responsible for MDR, flow cytometry analysis was performed. Both parental and
resistant cell lines as well as untreated and treated cells were included to measure the
expression of Pgp. In the cell populations an 1.75 increase in the expression of Pgp was
observed in untreated resistant cells compared to parental cell line. After VLX600
treatment the Pgp expression was increased 1.9 times in the parental cell line. In the
resistant cell line, it remained at the same level (Fig. 9A). This may be due to the maximal
expression of Pgp in the resistant clones. In Pgp positive population the expression was
18% higher in parental cell line after treatment (Fig. 9B). Also, more Pgp positive cells
were registered and a population shift was observed after VLX600 treatment (Fig. 10).

A Median averages of HCT 116 cell B Percentage of positive Pgp cells in
populations expressing Pgp HCT 116 cell line
350 100
300
80
250 <
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c 200 3
s ©
2 150 2 40
100 >
20
50
0 0
Parental Resistant Parental Resistant
B No drug HVLX600 B No drug HVLX600

Figure 9: Pgp expression analysis in parental and resistant HCT116 cell lines. Treated cells were exposed
to the VLX600 for 24 hours before analysis. Analysed data are from three independent experiments.
A Average median values of the whole cell populations. B Percentage of positive cell populations

expressing Pgp.
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Figure 10: Histograms showing cell populations expressing Pgp. Population shift after VL X600 treatment
can be seen in both parental and resistant cell lines. A representative graph from three independent

experiments is shown for each measurement.

5.3.2 MRP1 analysis

MRPL1 is another protein responsible for MDR in cancer and expression analysis
of this protein was performed as well. The measurements were performed on both
untreated and treated parental and resistant cell lines. An increased expression was
observed in resistant cells in comparison to the parental cells in the whole cell
populations. The expression was 1.3 times higher. After VLX600 treatment the
expression was elevated 1.4 times in the parental cell line and remained at the same level
in resistant cells (Fig. 11A). The explanation could be the maximal expression in the
resistant cell line, where it reached its limit. In MRP1 positive cell populations the
expression was increased by 16% in resistant cells in comparison to the parental cell line
(Fig. 11B). A population shift was observed after treatment in parental cells, but no major

differences were seen in the resistant cell line (Fig. 12).
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Figure 11: MRP1 expression analysis in parental and resistant HCT116 cell lines. Treated cells were
exposed to the VLX600 for 24 hours before analysis. Analysed data are from three independent

experiments. A Average median values of the whole cell populations. B Percentage of positive cell

populations expressing MRP1.
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Figure 12: Histograms showing cell populations expressing MRP1. A population shift can be seen in the
parental cell line. A representative graph from three independent experiments is shown for each

measurement.
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5.3.3 Cell cycle, Phosphorylation of Histone H3P%¢"% and Apoptosis analysis

The effect of drug resistance and the VLX600 treatment on the cell cycle was
measured by flow cytometry. In the presence of VL X600 a higher number of both parental
and resistant cells present in G2/M phase was observed and lower number in GO/G1 phase
(Table 2). This elevation in G2/M phase was 15% in both cell lines. Number of cells in

the S phase was unchanged. No additional changes were registered.

Table 2: Percentage of HCT116 cells in specific stages of the cell cycle with standard deviations. Data are
the average of three independent experiments.

Parental Parental Resistant Resistant
SD SD SD
No Drug VLX600 No Drug VLX600
G0/G1 33,74 1,48 21,11 1,43 35,17 1,29 18,71 0,36
S 43,48 2,45 41,59 1,43 42,82 0,73 43,79 0,96

G2/M 22,77 1,91 37,30 1,07 22,01 1,72 37,49 0,73

Because of serine10 phosphorylation in the tails of histone H3, that correlates with
chromosome condensation in mitosis, it is possible to measure the amount of cells in the
M phase of cell cycle. An increase of 0.6% was observed between untreated parental and
resistant cells. In the presence of VLX600 in resistant cell line a decrease of 1.7% of cells
in mitosis was registered (Table 3).

Table 3: Average values of HCT116 cell populations in mitosis with standard deviations. Data are the
average of three independent experiments.

H3P0 [%] SD
Parental No Drug 2,64 0,05
Parental VLX600 2,28 0,18
Resistant No Drug 3,21 0,07
Resistant VLX600 1,52 0,16

Analysis of subG1 population of cells, which is typical for apoptosis, was
performed as well. Only a slight increase of 0.7% was registered between untreated
parental and resistant cell line and a decrease of 1.1% in the presence of VLX600 in the

resistant cells (Table 4).
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Table 4: Average values of HCT116 subG1 cell populations with standard deviations. Data are the average

of three independent experiments.

SubG1 population [%] SD

Parental No Drug 3,70 0,94
Parental VLX600 3,65 0,30
Resistant No Drug 4,46 0,04
Resistant VL X600 3,39 0,21
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6 DISCUSSION

Multidrug resistance in cancer is a major medical issue and research seeks to
overcome this problem in a variety of ways that include understanding the molecular
mechanisms of the development of resistance, targeted or combined therapy, use of newly
synthesized substances based on in silico simulations, etc. This thesis was focused on
development of resistant cancer cell lines to the metal chelators and its characterization.
Because iron is an essential nutrient, contributes to metastasis (52) and is even more
common in tumour than in healthy cells, iron chelators are one of the possible choices for

anticancer therapy.

Development of drug resistant cancer cell lines using metal chelating compounds
has been partially successful. Two iron chelators were chosen for the development of
resistance: XYZ and VLX600. XYZ iron chelator is an experimental compound
synthesized by a collaborative chemist laboratory and it is under patent protection. It was
not used for the development of resistance in HCT116 cell line due to its high ICso
value (2.68 pmol - 1Y), On the other hand, its low ICsp value in CCRF-CEM cell line
(0.46 umol - 1'1) served as a promising factor for development of resistance, which was
not successful. This result indicates the possibility of using the compound as a potential
anticancer drug to which tumour cells have difficulty developing a resistance.

The second chosen iron chelator, VLX600, was used for development of
resistance in both cancer cell lines. Same as for XYZ iron chelator, no resistance was
developed in CCRF-CEM cell line. Nevertheless nine-fold resistance was developed in
HCT116 cells despite the low ICsp value (0.1 pmol - 1). This ICso value was 19 times
lower than previously reported (30). Characterization of the resistance using flow
cytometry demonstrated a higher expression of Pgp and MRPL1 in resistant cells. These
findings confirm the role of ABC transporters in MDR in cancer (11,53,54). There were

no changes in the morphology of resistant cell line as compared to the parental.

A genetic level analysis will confirm whether the cells have become genetically
resistant. We did not perform any genetic level studies thus the resistance could be only
temporary and environmentally dependent. However, the resistance was at the same level

even after freezing and thawing the cells.

In addition, higher Pgp expression in resistant cells is a very basic mechanism of
drug resistance and common for most of the drugs and cell lines. It does not necessarily
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indicate the main cause of resistance. A knock down of MDR1 gene, which produces Pgp,
in resistant cells followed by expression analysis would serve as a confirmation of this
hypothesis. Western blot analysis is another method that would confirm the expression of

Pgp and its main role in the resistance.

There are very few studies on the development of resistance against metal
chelators. This thesis shows promising effects of both chosen compounds. No resistance
was developed in CCRF-CEM cell line and both iron chelators had low ICso values.
VLX600 resistant cancer cell line was developed in HCT116 cells, but there was a low
ICso value as well. These findings confirm the positive properties of VLX600 which is
already in clinical studies (32). In conclusion, the iron chelators XYZ and VLX600

represent an option in combination with other anticancer drugs to overcome MDR.
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7 CONCLUSIONS AND FUTURE PERSPECTIVES

Understanding the mechanisms of drug resistance in cancer is a crucial goal to
overcome this treatment complication. One of the ways that can help to achieve it is the
development of drug resistant cancer cell lines in the laboratory conditions. This aim of
the thesis was partially fulfilled. VLX600 resistant HCT116 cell line was successfully
developed with nine-fold increase in 1Csg value. Flow cytometry analysis findings showed
higher expression of Pgp and MRP1 in the resistant cells. However, further studies are

needed to confirm the role of Pgp and MRP1 as causes of resistance.

Development of resistant CCRF-CEM cell lines was not successful with XYZ or
VLX600 iron chelators. This may serve as a good example of positive and promising
properties of metal chelators as potential anticancer drugs, to which tumours hardly
become resistant. It is possible that they will be used in combination with other
approaches, such as targeted Pgp inhibitors (55) or novel thiosemicarbazones (56) to

overcome multiple drug resistance in cancer.
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Mycoplasma testing for cell culture contamination using qPCR. Testing was performed

every two weeks. The positive control is shown by a blue curve. The rest of the samples
IS negative.

49



