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1. INTRODUCTION

1.1. Cancer, therapy and drug resistance

Cells randomly lose regulation over their growth limiting mechanisms, grow
uncontrollably into a mass of cells, generally called cancer. The term cancer (Greek for
crab) was coined between 460-370 BC by the Greek physician Hippocrates to describe non-
ulcer and ulcer forming tumours, which had finger like projections resembling the shape of
a crab. The era before Hippocrates was also not free from cancer, which is substantiated by
fossil records of early humans in ancient Egypt and Greece (David et al., 2010) and by

“Edwin smith papyrus” from 1600 BC, the earliest authentic description of cancer.

Technological advancement and development of procedures to comprehend biology to
the level of molecular structures and mechanisms had enabled cell biologists to understand
cellular growth, replication and their regulation. The cell is a highly organized functional
unit, which represents the fundamental component of all living organisms. Cell birth and
death ensure development and involve complexly regulated molecular mechanisms, which
are in precise balance to maintain the normal turnover of cells and tissue specific functions.
Therefore, aberrations in those mechanisms and their regulating factors would lead to
deregulated apoptosis or uncontrolled proliferation of cells, hence to pathological

conditions like tissue degenerative diseases and cancers.

Cell proliferation is a definitive term for cell duplication, where a completely functional
cell originates from an existing cell through a process called cell cycle. Cell cycle
encompasses four distinct phases called G1, S, G2 and M. G1 and G2 are preparatory
phases, in the synthesis phase (S) the duplication of cellular genome occurs and M stands
for either mitosis or meiosis. Based on differential DNA content requirements (haploid or
diploid) of germ and somatic cells, meiosis and mitosis are different processes respectively,

where meiosis is designed to halve the DNA content in daughter cells.

In various cellular situations like senescence, infection, irreparable DNA damage and
stress, cells must undergo death in order to strand aberrations and preserve the normal
physiological functions of the tissues. One of the most studied cell death pathways, that
follows a particular programme involving biochemical events as well as morphological
alterations, is apoptosis. Orchestrated by energy-dependent cascade of molecular events,

apoptosis is a complex and sophisticated mechanism that works to eliminate cells from the
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system. Apoptosis is activated by a plethora of extrinsic and intrinsic signals. The majority
of them signal to release cytochrome ¢ (cyt ¢) from the mitochondria into the cytoplasm.
Cyt ¢ interacts with apoptotic protease activating factor (Apaf) to activate caspases, which
are the key components in ensuring apoptotic cell death. Apoptotic cells compared to non-
apoptotic cells show various demarcating morphological and biochemical features like
plasma membrane blebbing, cell budding, nuclear fragmentation, mitochondrial damage
and flipping out plasma membrane phosphatidylserine (Van Cruchten et al., 2002). These
demarcating features serve the basis for several experimental techniques to detect apoptotic

cells from non-apoptotic cells.

Cancer 1s defined as aberrant over-proliferation of cells. Cells from almost every part of
the body have a propensity for turning cancerous due to altered genes and deregulated
molecular mechanisms. Based on their origin cancers are broadly classified as carcinomas,
sarcomas, leukemias and lymphomas. Benign tumours pose little risk to the host and are
mostly confined to the tissue of their origin whereas, malignant tumours pose immoderate
risk due to their rapid proliferative capacity and tendency to metastasize (migration to other
parts from their primary origin) (Sinha 2018). Cellular mechanisms including proliferation
and apoptosis are ultimately instructed by a number of genes and their expression pattern.
Therefore, genetic mutations are capable to distort these precisely regulated mechanisms
and cause cancers. Oncogenes are genes that can drive cancer development as they encode
proteins able to transform cells and induce cancer. Cellular genes known to be progenitors
of oncogenes are called proto-oncogenes. These are important for normal cellular
processes, are often involved in signal transduction and execution of mitogenic signals, but
they can be altered to become oncogenes upon acquiring an activating mutation (Lodish et
al., 1064). Growth promoting genes encode anti-apoptotic proteins, transcription factors,
growth factor receptors and components of proliferative signalling pathways. Gain-of-
function mutations in these genes over-stimulate cellular proliferation and therefore can
generate cancer. On the other hand, tumor suppressor genes encode components of pro-
apoptotic signalling pathways, negative regulators of cell cycle progression and
checkpoint-control proteins assessing DNA damage (Lee et al., 2010). Loss-of-function
mutations in these genes breaks their negative regulation over cell proliferation and

survival, which ultimately leads to cancer.

Removal of cancerous outgrowth is an important goal in cancer management. Surgery

can be the first line of cancer therapy and can be curative for early stage cancers. In
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localised setting and in conjunction with surgery, radiotherapy is also often used. Surgery
and radiation, although proved to be effective cancer therapeutics their preference is
restricted mostly to non-metastatic cancers. Other conventional and modern types of cancer
therapy comprise chemotherapy, immunotherapy, targeted therapy, hormone therapy, stem
cell therapy and personalized medicine (Schirrmacher 2019). Chemotherapy involves the
application of cytotoxic drugs to kill cancer cells and is the preferred line of cancer
management owing to their proved effectiveness as an adjuvant therapy and in the treatment
of overtly disseminated cancers. As an example, doxorubicin is used in the
chemotherapeutic management of several different cancers such as carcinomas of the
breast, endometrium, ovary, testicles, thyroid and the lungs, or in some sarcomas, as well
as in hematologic cancers. Doxorubicin is an anthracycline line drug that exhibits a high-
affinity binding to DNA, inhibits Topoisomerase 11 by intercalating the DNA, blocks the
synthesis of DNA and RNA, causes DNA strand scission thereby leading to the inhibition
of cell proliferation and ultimately to apoptosis. Besides this effect, doxorubicin induces
the generation of ROS which is probably the main cause of its cardiac toxicity through

ROS-mediated damage to membranes.

Based on their target cellular function, chemotherapeutic drugs are broadly classified
into anti-metabolites, genotoxic agents and mitotic spindle inhibitors. Anti-metabolites
interfere with nucleic acid metabolism and limit the available nucleotides for DNA
replication whereas, genotoxic agents induce DNA damage. Therefore, both anti-
metabolites and genotoxic agents have direct effects on DNA replication during the S-phase
of the cell cycle. On the other hand, mitotic spindle inhibitors interfere with microtubule
dynamics and inhibit segregation of chromosomes during cell division. Application of these
drugs would eventually induce cellular apoptosis leading to cell death. Table 1. summarizes

commonly used chemotherapeutic drugs and their general molecular targets.

Table 1: Categories of chemotherapeutic drugs used in cancer treatment

Category Drugs
Alkylating Agents
Mustard gas derivatives mechlorethamine, cyclophosphamide,

chlorambucil, melphalan, bendamustine,
uramustine, chlormethine and ifosfamide.
Ethylenimines thiotepa and hexamethylmelamine

Alkylsulfonates busulfan
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Hydrazines and Triazines

Nitrosureas
Metal salts

Anthracyclines

Cytoskeletal disruptors

Taxanes

Epothilones
Enzyme inhibitors
HDAC inhibitors

Topoisomerase I inhibitors

Topoisomerase 1l inhibitors

Kinase inhibitors

Nucleotide and Folate analogs

Peptide antibiotics

Platinum drugs

Retinoids

Vinca alkaloids and derivatives

Hormonal drugs

Aromatase inhibitors

Androgen synthesis/receptor

modulators

altretamine, procarbazine, dacarbazine and
temozolomide
carmustine, lomustine and streptozocin

carboplatin, cisplatin, and oxaliplatin

daunorubicin, doxorubicin, epirubicin,
1darubicin, mitoxantrone and valrubicin

paclitaxel, docetaxel, abraxane and
taxotere
patupilone and ixabepilone

vorinostat and romidepsin
irinotecan and topotecan
etoposide, teniposide and tafluposide

bortezomib, irlotinib, gefitinib, imatinib,
vemurafenib and vismodegib
azacitidine, azathioprine, capecitabine,
cytarabine, fludarabine, cladribine,
doxifluridine, fluorouracil, gemcitabine,
hydroxyurea, mercaptopurine,
methotrexate, raltitrexed, pemetraxed,
lometrexol, nolatrexed, trimethoprim,
pralatrexate and piritrexim

bleomycin and actinomycin

carboplatin, cisplatin, dicycloplatin,
eptaplatin, lobaplatin, miriplatin,
nedaplatin, picoplatin, satraplatin, triplatin
tetranitrate and oxaliplatin

tretinoin, alitretinoin, isotretinoin and
bexarotene

vinblastine, vincristine, vindesine,
vincaminol, vineridine, vinburnine and
vinorelbine

aminoglutethimide, testolactone,
anastrozole, letrozole, exemestane,
vorozole, formestane and fadrozole

cyproterone acetate, flutamide, nilutamide,
bicalutamide, enzalutamide, abiraterone
acetate, seviteronel, apalutamide and
darolutamide
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Estrogen synthesis/receptor ethamoxytriphetol, tamoxifen, clomifene
modulators and raloxifene

Proteasome Inhibitors bortezomib, ixazomib, boronate
ixazomib, epoxyketone oprozomib, [3-
lactone marizomib, boronate delanzomib
and carfilzomib

Adapted from (Chemotherapeutic Agents — Knowledge for Medical Students and
Physicians, www.amboss.com)

Similar to antibiotic resistance in bacterial cells, cancer cells also attain resistance to a
number of chemotherapeutic drugs. In many cases, cancers initially responsive to a specific
drug or combination of drugs fail to respond later on. Drug resistance in cancer cells can
be both inherent and acquired. Inherent resistance appears in cancer cells, which evolved
randomly to resist drugs under no selection pressure. Tumors consisting of more than 10°
cells likely contain at least 1 such cell that is resistant to a specific drug (Lugmani 2005)
and survives the systemic therapy, eventually causing cancer relapse (Biedler et al., 1970).
Cancer cells are able to acquire resistance following repeated exposure to drugs. The basis
of acquired resistance lays on drug-induced mutations and other adaptive responses
(Holohan et al., 2013). Most of the chemotherapeutic drugs induce oxidative stress
(Conklin 2004), which potentially trigger genetic mutations. These genetic mutations tend
to accumulate in neoplastic cells and some of these accumulated mutations in drug targets
consequentially contribute to the development of drug resistance in cancer cells.
Overexpression of transmembrane drug efflux pumps such as ABC transporters is a well-
known mechanism of drug resistance, where several chemotherapeutic drugs are expelled
out from the cytoplasm. This phenomenon reduces the drugs’ availability to elicit
cytotoxicity. Several chemotherapeutic drugs exert their cytotoxicity by binding and
inhibiting key proteins associated with cancer development. Therefore, altering the targets
of a given drug is another key resistance mechanism in cancer cells. BCR-ABL kinase is
associated with the pathogenesis of chronic myelogenous leukaemia (CML). Therapeutic
application of the BCR-ABL kinase inhibitor Imatinib mesylate led to resistance attained
by mutations in the drug binding site of the enzyme’s kinase domain (Pan, 2012). In
addition to inherent and acquired drug resistance, tumor microenvironment is also reported
to orchestrate drug resistance in cancers (Senthebane et al. 2017). Please refer to Table 2.
where various cellular mechanisms commonly associated with drug resistance in cancers

are comprehensively presented.
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Table 2: General mechanisms of resistance to systemic therapy in cancers

Cellular and
biochemical
mechanisms

Decreased drug accumulation
1. Decreased drug influx
2. Increased drug efflux
3. Altered cellular drug trafficking
Increased activation of drug or toxic intermediate
Increased repair of or tolerance to drug-induced damage to
1. DNA
2. Protein
3. Membranes
Decreased drug activation
Altered drug targets
Altered co-factor or metabolite levels
Altered downstream effectors of cytotoxicity
Altered signalling pathway and/or apoptosis in response to drug
1. Altered gene expression
2. DNA mutation, amplification or deletion
3. Altered transcription or translation
4. Altered post transcriptional processing

5. Altered stability of macromolecules

In vivo mechanisms

Pharmacological and anatomic drug barriers

Host drug interactions
1. Increased drug inactivation by normal tissue
2. Decreased drug activation by normal tissue

3. Relatively increased normal tissue drug sensitivity

Adapted from (Gonzalez-Angulo et al., 2007)

1.2.

Multidrug resistance and P-glycoprotein

Cancers often develop drug resistance. This is one of the major obstacles in cancer

chemotherapy both in neoadjuvant and adjuvant settings. Although, single compound

resistance is relatively easier to deal with, cancers often acquire resistance not only to one

particular drug but also to other structurally and functionally dissimilar drugs and the

resulting multidrug resistance (MDR) is mostly hard to conquer. Studies of Biedler and

Riehm on cultured cells exposed to Actinomycin D showed cross resistance to a wide array
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of structurally unrelated compounds like vinca alkaloids, puromycin, daunomycin and
mitomycin C (Biedler et al,, 1970). Later the cross resistance was attributed to a
glycoprotein called permeability glycoprotein (P-glycoprotein; Pgp). Pgp is a member of
the ABC family of efflux pumps and is involved in the energy dependent efflux of various,
often structurally unrelated compounds. Overexpression of Pgp has been observed in a
number of MDR cancers, therefore, Pgp overexpression represents a classic mechanism of
multidrug resistance. In the last decade other MDR-related efflux proteins have been
studied, such as the MRP family members including MRP1, MRP2 and MRP3 (Choi et al.,
1988; Riordan et al., 1985; Zhan et al., 1997). The list of drug efflux transporters that grant
MDR to cancers was further extended, since it was found that overexpression of breast
cancer resistance protein (BCRP) in methotrexate overexposed MCF7 cells was involved

in the development of cross resistance (Volk et al. 2000).

Pgp is a 170 kDa N-glycosylated transmembrane protein that binds and transports
several drugs and molecules out of the cytoplasm and is evolutionarily conserved (van Veen
et al. 1998). Pgp efflux is fuelled by ATP hydrolysis, catalysed by one of its structural
motifs called ATP Binding Cassette (thus Pgp is classified as an ABC transporter).
Nevertheless, other transporters which do not belong to the ABC super family are also
fuelled by ATP. Physiologically, Pgp is located on the apical membrane of gut epithelia,
liver cells, kidney tubules and blood tissue barriers where its major function is to protect
those cells from unwanted cytotoxic molecules thereby maintaining cellular integrity
(Cordon-Cardo et al. 1990). Pgp is also expressed in adrenal glands, hematopoietic stem
cells, natural killer cells, antigen presenting dendritic cells and T and B lymphocytes, even
though Pgp downregulation in those cells did not affect the immune system in general
(Schinkel et al. 1997). Other than these, Pgp is also involved in regulating volume activated
chloride channels (Valverde et al. 1992), phospholipid translocation (Ruetz 1994),
cholesterol metabolism (Luker et al., 1999), differentiation (Williams, 1993) and cell death
(Traycoff et al. 1998)
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Extracellular domain

Transmembrane domain

Cytoplasmic face

ATP binding domain
ATP binding domain

Figure 1: Structure of P-glycoprotein (Sharom 2014)

As it is shown in Figure 1. Pgp comprises of an extracellular domain, transmembrane
domains and cytoplasmic domains. The extracellular domain contains 3-4 conserved N-
glycosylation sites whereas, on the cytoplasmic side it has two hydrophilic nucleotide
binding domains (NBDs) that bind and hydrolyse ATP. Pgp contains two hydrophobic
transmembrane domains and each domain passes the membrane 6-times through putative
a-helices. Since Pgp is a transmembrane transporter, it is widely believed that its substrates
bind to Pgp on the cytosolic side and are released to the outside following Pgp’s
conformational change powered by ATP hydrolysis. Analogously, this mechanism often
referred to as the “Hydrophobic vacuum cleaner” model (Gottesman et al., 1993). This
model explains multidrug resistance mainly by the efflux of drugs, which had already
entered the cell. However, Pgp’s efflux function is also explained by another widely
accepted model called the “flippase” model, which ascertains that Pgp intercepts the drug

movement through the plasma membrane and releases the drug outside by the transporter’s
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flippase activity (Higgins et al., 1992). This model explains multidrug resistance mainly by
inhibiting the entry of drugs to the cytoplasm. Although there are other models to describe
Pgp efflux activity, the “Hydrophobic vacuum cleaner” and “flippase” models are the most
accepted due to their applicability to other ABC transporters (Kamp et al., 1998; van
Helvoort et al., 1996). Since Pgp overexpression confers resistance by both reducing the
influx and increasing the efflux of drugs it is possible that these mechanisms work in co-
operation to protect cells from jeopardizing drugs. Besides the plasma membrane, Pgp
overexpression and enhanced function could be identified in intracellular organelles, which
might also contribute to drug resistance. It has been reported that lysosomal membrane
localization of Pgp provides multidrug resistance majorly by drug sequestration
(Yamagishi et al. 2013). Moreover, Molinari et al. proved that due to Pgp expression in the
Golgi apparatus of human melanoma cells doxorubicin was sequestered in the Golgi
(Molinari et al. 1998) despite the fact that no changes in drug sensitivity of human

melanoma cells were observed.

In cancer cells Pgp overexpression is mostly mediated by altered transcription induced
by altered growth regulating signal transduction pathways. A redundant number of
signalling pathways are involved in the regulation of Pgp/MDRI expression encompassing
MAP kinase, INK, p38, CAM kinase, PI3K and PKC. Sui et al. has reviewed all these
pathways with a special focus on their role in MDRI1 regulation (Sui et al., 2012).
Pgp/MDRI1 overexpression has been the result of both prolonged (Kohno et al. 1994) and
short-term (Chaudhary et al., 1991) exposures to cytotoxic drugs. Chaudary et al. have also
reported that Pgp overexpression is not just associated with short or long-term exposure to
any of the Pgp substrate drugs, but also to other cellular stress inducing drugs, which are
not substrates of Pgp (Chaudhary et al., 1991). Since the most important physiological role
of Pgp is to protect cells from xenobiotics and lethal drugs, hence it is rational to expect
that cellular stress is a potent inducer of Pgp expression. In fact, cellular stress has a direct
effect on Pgp/MDR1 gene expression since, MDRI1 gene contains in its promoter Heat-
shock elements (HSEs) where heat-shock factors (HSFs) can bind. It was reported by
Vilaboa et al., that HSF1 positively regulates MDR1 gene activity during heat-shock and
arsenic exposure in HeLa cells (Vilaboa et al., 2000). The contrary, inhibition of
endogenous HSF1 had been reported to induce NF-kB binding to MDR1 which leads to its
expression in breast cancer cells (Kanagasabai et al., 2011). These authors also revealed

that inhibition of HSF1 induces gain-of-function mutations in p53, which in turn triggered

Page | 14



MDRI1 expression again through NF-kB binding (Kanagasabai et al. 2011). This strongly
indicates that HSF1 has both direct and indirect roles in modulating MDR1 expression.
Additionally, loss-of-function mutations in p53 can induce MDR1 expression (Thottassery
et al., 1997). Since, p53 is a prominent tumour suppressor and its loss has been connected
to most cancers, it is important to realize that the loss of p53 causes cancer drug resistance
in two possible ways 1, by compromising the cellular apoptotic machinery, ii, by inducing
MDRI1 expression. As an example, a unique post-transcriptional regulation mechanism via
the 5' untranslated fragment of the MDR1 mRNA was reported by Mata Balaguer and
colleagues (Mata Balaguer et al. 2012), where it was shown that HDAC inhibitors regulate
Pgp expression from two alternative promoters, where transcription from one promoter
produces translatable mRNA with long 5'UTR, whereas transcription from alternate

promoter produces non-translatable mRNA with short 5'UTR.

MicroRNAs (miRNAs) are small non-coding RNAs transcribed both from exons and
introns of the coding genes (Rutnam et al., 2013), which are involved in the post-
transcriptional regulation of gene expression by targeting mRNA molecules. Numerous
reports have suggested that miRNAs play a key role in regulating multidrug resistance,
including Pgp/MDRI1 expression, in cancers (also reviewed by Xin An and his colleagues:
An et al., 2017). Kovalchuk et al. published a study about the downregulation of Pgp
expression by miR-45 in multidrug-resistant MCF-7 breast cancer cells (Kovalchuk et al.
2008). Similarly, miR-298 regulated negatively Pgp expression in metastatic breast cancer
cells (Bao et al. 2012) and low concentrations of small interfering RNAs have been
observed to modulate MDR gene expression (Stierl¢ et al., 2005) in MCF-7 cells. Several
other miRNAs such as miR-451, miR-27a, miR-508-5p, miR-331-5p and miR-154 were
proposed to be directly implicated and others such as miR-137, miR-200c, miR-122, miR-
138, miR-19a/b and miR-130a indirectly involved in the regulation of MDR1 (Katayama
et al., 2014).

Finally, since epigenetics can also play a great role in regulating gene expression pattern,
the involvement of epigenetic regulation of MDR1 expression cannot be omitted. In fact,
there are several reports demonstrating the epigenetic control of MDR1 expression and as
a consequence its association with drug resistance (Henrique et al., 2013; Mata Balaguer et

al., 2012; Tomiyasu et al., 2014; Toth et al., 2012).
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1.3. P-glycoprotein inhibitors

Intervening Pgp efflux activity or expression is a promising strategy to improve
intracellular  chemotherapeutic drug accumulation and cytotoxicity. Despite
pharmacological advances in this area several natural and synthetic Pgp inhibitors have not

yet overcame the barriers of cancer cell specificity and off-target impacts.

1.3.1. First-generation inhibitors

In 1987, two years after comprehending the link between cancer cell drug resistance
and Pgp expression (Gupta 1985), verapamil, a calcium channel blocker was shown to have
Pgp inhibitory potential as a secondary target (Cano-Gauci et al., 1987). Verapamil
competitively inhibits Pgp and represents a first-generation Pgp modulator. However, one
of the major obstacles in the clinical application of verapamil is the fact that it needs to be
administered in micromolar concentration to inhibit Pgp, whereas, it inhibits calcium
channels in picomolar concentrations. Observed cardiac toxicities over verapamil
administration overthrew the consideration of this drug as Pgp inhibitor in clinical settings
(Ozols et al. 1987). Trifluoperazine, a calmodulin antagonist, cyclosporine, an
immunosuppressant and other antihypertensives such as quinidine and reserpine,
yohimbine, antiestrogenic tamoxifen and toremifene, and antineoplastic vincristine all
belong to first-generation MDR modulators, which were ultimately suspended as clinically

utilized MDR inhibitors on similar grounds as verapamil.

1.3.2. Second-generation inhibitors

The second generation comprises mainly first-generation drugs modified to diminish
their off-target effects. Dexverapamil, valspodar, and other drugs were placed in this
category. These drugs unfortunately also failed to be better contenders, as their chiral
optimization rendered them to become substrates of cytochrome P450 (CYP4503A4)
(Darby et al., 2011). Hence, their concurrent administration with chemotherapeutic drugs
disturbed metabolic mechanisms and interfered with the pharmacological properties and

clearance of the therapeutic drug (Darby et al., 2011).
1.3.3. Third-generation inhibitors

Tariquidar and other third-generation drugs were frequently associated with adverse
drug reactions due to overlapping affinity of Pgp and CYP4503A4 (Yu 1999). However,

more recent studies have demonstrated that the co-administration of tariquidar with
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vinorelbine (Abraham et al. 2009) did not produce a similar toxicity profile in patients
undertaking chemotherapy with Pgp substrate drugs doxorubicin/docetaxel (Pusztai et al.
2005). Moreover, a structure-activity investigation has produced derivatives of tariquidar
with nearby negligible ability to interact with CYP4503A4, while retaining Pgp inhibition
(Labrie et al. 2007).

Although significant scientific efforts focused on the development of Pgp inhibitors,
most of them were dismissed on the grounds of safety, efficacy and disappointing
performance in clinical trials (Chung et al. 2016). Table 3 provides a non-exhaustive list of

non-clinical and clinical Pgp inhibitors.
Table 3: List of Pgp inhibitors used for clinical and non-clinical purposes

Category Inhibitors

Non-clinical cyclosporin, elacridar, ketoconazole, quinidine, reserpine,
ritonavir, tacrolimus, valspodar, verapamil and zosuquidar

Clinical amiodarone, carvedilol, clarithromycin, dronedarone,
itraconazole, lapatinib, lopinavir, propafenone, quinidine,
ranolazine, ritonavir, saquinavir, telaprevir, tipranavir and
verapamil

14. Alternate strategies to overcome Pgp mediated drug resistance

Since achieving a sufficient intracellular concentration of the therapeutic drug is the
major issue with Pgp-related MDR cancer cells, alternate methods that deliver drugs to
cancer cells bypassing Pgp recognition proved to be a promising approach. Nanocarriers or
nanoparticles such as liposomes, polymers, colloidal gold, and nanocrystals represent
modern drug delivery systems by virtue of their capacity to bind drugs through adsorption,
internalization, conjugation and chelation (McNeil, 2009; Milane et al., 2011). They offer
a flexible platform owing to their high surface-to-volume ratio and ability to carry different
payloads like drugs, DNA and RNA. For instance, siRNA loaded dextran nanocarriers
demonstrated to decrease by 100-fold the ICso concentration of doxorubicin in Pgp
overexpressing osteosarcoma cells (Susa et al. 2010). Doxorubicin encapsulated in
liposomes showed a high degree of intracellular accumulation and thus a great capacity to
evade Pgp (Sadasivan et al., 1991; Thierry et al., 2017). Another study revealed a successful
treatment option using payload strategy (paclitaxel and lonidamine) to circumvent

multidrug-resistance (Milane, Duan, and Amiji 2011). Superhigh-magnetization
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nanocarriers produced with a highly magnetic Fe3O4 core and a poly-[N-(1-butyric
acid)]aniline shell have also been used to tackle Pgp-mediated MDR (Hua et al. 2011). A
recent study had evaluated a copolymer of polystyrene oxide-polyethylene oxide as drug
delivery nanocarrier in Pgp expressing multidrug-resistant cells (Cambon et al., 2013a;
Cambon et al., 2013b), where the copolymer was shown to have comparable drug retention

effect but no dire side effects in contrast to verapamil.

Molecules involved in MDRI1 regulation and stability offer another approach to evade
multidrug resistance in cancer. Compared to normal cells, regulation of Pgp expression in
cancer cells involves complex molecular pathways. This complexity is largely associated
with transformation associated features like unusual oxidative stress, glucose deprivation,
hypoxia and metabolic acidosis. It had been demonstrated that both Protein kinase C (PKC)
and Protein kinase A (PKA) phosphorylate Pgp at several serine residues (Chambers et al.,
1993; Orr et al.,, 1993). These phosphorylation events are important in modulating the
stability and enhancing drug translocating capacity of Pgp. Chemical inhibitors of PKC
isoforms successfully demonstrated Pgp inhibition and restored drug sensitivity in MDR
cells (Bates et al., 1992; Chambers et al., 1992). Several kinases like RassMAPK, JNK, p38
MAPK, PKA and PKC-related proteins, and PI3K, which are all implicated in
tumorigenesis, also play a paramount role in Pgp expression. Therefore, strategies have
been adopted to attain Pgp inhibition through attenuation of these signal transduction

pathways (Callaghan et al., 2014).

Besides, there are several other stages of Pgp turnover like trafficking and recycling,
ubiquitin-proteasomal degradation and glycosylation, which can well be harnessed to

contend MDR in cancers (Katayama, Noguchi, and Sugimoto 2014).

1.5. Nanomaterials in cancer treatment

Any particulate substance that has at least one dimension less than 100 nm is called
nanoparticle (NP) (Laurent et al. 2008) and the science that deals with nanomaterials is
nanotechnology. Nanoparticle synthesis is mainly executed by two conventional methods
called bottom-up and top-down approaches. Under controlled thermodynamic conditions
nanoparticles generally attain spherical shape upon synthesis. Recent advancement of
preparation methods have greatly improved the feasibility to synthesize non-spherical
nanoparticles such as rods, tubes, triangles, diagonals, round surfaces, cubes and pyramids

as well. Several physicochemical properties like electronic, optical, magnetic, mechanical
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and thermal properties are largely contingent on nanoparticle shape and size. Nanoparticles
are broadly classified as carbon-based nanoparticles e.g. fullerene and carbon nanotubes,
ceramic nanoparticles, polymeric nanoparticles e.g. nanospheres and nanocapsules, lipid-
based nanoparticles, semiconductor nanoparticles and metal nanoparticles e.g. silver,

cuprous and gold nanoparticles.

Nanomaterials due to their unique physical and chemical properties and their special
interactions with biological systems hold great potential in the field of cancer biology. One
of the foremost merits of nanomaterials in cancer diagnosis and treatment is their natural
tumor targeting ability (solid tumors) via the enhanced permeability and retention effect
(EPR effect) due to unusual permeability of intra-tumoral neovasculature. By angiogenesis,
newly formed tumor blood vessels tend to be abnormal and leaky compared to normal
vasculature (Cho et al., 2008; Ruoslahti et al., 2010). Hence, nanoparticles leaked through
the fenestrations of the abnormal vasculature can accumulate in the tumor tissue. Thus,
EPR effect forms a basis for passive targeting of cancer tissue by nanomaterials. Moreover,
the large surface area of nanomaterials provides an advantage to customize their surface
with biomolecules and ligands to specifically target cancer cells along with coated or
conjugated payloads (Figure 2). The uniqueness of nanomaterials lies in their role as drug
carriers and mediators of drug targeting, which is an apt combination for highly effective
cancer therapy (Abdulkarim et al., 2012; Maria de Souza Antunes et al., 2011; Praetorius
et al,, 2008). Some nanomaterials that are of particular importance in cancer therapy
encompass gold nanoparticles (AuNPs), polymeric nanoparticles, micelles and liposomes,

magnetic nanoparticles, quantum dots (QDs) and carbon nanotubes (CNT).
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Figure 2: Passive and active targeting by nanoparticles (Yang et al., 2014)

1.5.1. Silver nanoparticles (AgNPs)

Although elemental Ag is associated with toxicity in animals and humans, colloidal Ag
has been used for its medical values since ages. AgNPs are among the commonly produced
and utilized nanoparticles today, where the production has reached more than 320 tons per
year worldwide (Nowack et al, 2011). The biological activity of AgNPs has been
extensively studied in recent years, thus their unique antibacterial, antifungal and antiviral
features have already been characterized in details. At the same time, it was suggested that
AgNPs might have a potential in cancer therapy owing to their prominent anti-proliferative
and cytotoxic features (Ronavari et al., 2018; Tran et al., 2013). The majority of the
biological properties of AgNPs depend on their size, on the coating material and the surface
charge. AgNPs release Ag ions from their surface, which is the prime determinant of their
biological value (Limbach et al., 2007; Lubick, 2008; Park et al., 2010). Studies have
suggested that these released Ag ions are responsible for the toxicity of AgNPs (Limbach
et al.,, 2007; Lubick, 2008; Park et al., 2010), since Ag ions trigger the production of
superoxide radicals and other ROS, which in turn induce the expression of stress response-
related genes and cellular apoptosis. However, other reports suggest that AgNP-induced

toxicity is not solely dependent on Ag ion release but it might be the result of other, Ag
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ion-independent molecular events elicited by AgNPs. Numerous in vitro and in vivo studies
addressing the toxicity of AgNPs demonstrated that the size of AgNPs is one of the key
determinants behind their cytotoxicity and other biological properties. In one such in vivo
study authors have reported that regardless of the coating material, AgNP size regulates
their organ targeting and cytotoxic features with 10 nm AgNPs being more toxic compared
to 40 nm and 100 nm AgNPs (Recordati et al. 2016). In another study, mice treated with
10 nm AgNPs showed higher toxicity and impacted cell proliferation with a greater extent
compared to 60 nm and 100 nm counterparts (Y. M. Cho et al. 2018). In general, smaller
AgNPs tend to have more deleterious effects compared to larger sized AgNPs owing to
their high surface to volume ratio, a faster rate of cellular internalization and a much broader
organ targeting efficiency (Ahamed, AlSalhi, and Siddiqui 2010). Nevertheless, a wide
array of molecular pathways are maneuvered by AgNPs, which feature is immensely
valuable in cancer management since these can be exploited in cancer treatment
(Gurunathan et al., 2009; Kawata et al., 2009; Kim et al., 2013; Kovécs et al., 2016; Simard
et al., 2016; Stegpkowski et al, 2014).

1.5.2. AgNPs induce the formation of reactive oxygen species (ROS)

Reactive oxygen species (ROS) are byproducts of cellular oxygen metabolism
primarily generated in mitochondria. Uncontrolled production of ROS culminates in severe
cellular consequences by damaging DNA, vital proteins and lipids leading to apoptosis
(Franco et al., 2009). In eukaryotes a range of anti-oxidant mechanisms encompassing
enzymatic systems including superoxide dismutase (SOD), catalase, glutathione peroxidase
(GPx), glutathione S-transferase (GST) and peroxiredoxins, as well as nonenzymatic
components such as glutathione (GSH) and several vitamins (Franco et al. 2009) ensure to
keep a balanced redox status and normal intracellular physiology. One of the well-studied
biological properties of AgNPs is their potential to induce the formation of massive
amounts of reactive oxygen species (ROS). A number of in vitro and in vivo studies have
ascertained that AgNPs induce ROS generation also in cancer cells and cause apoptosis
(Abdal Dayem et al., 2017; Chae et al., 2009; Choi et al., 2010; Griffitt et al., 2009; Posgai
etal., 2011; Rahman et al., 2009). It was also reported that AgNP exposure leads to elevated
lipid peroxidation (Arora et al., 2009), protein carbonylation (Haase et al. 2011), increased
GSH levels (Arora et al., 2009; Farkas et al., 2011), it induces oxidative stress-related genes
like heme oxygenase-1, metallothionein-2A (Miura et al., 2009) and the expression of

redox-sensitive genes such as MAPK, Nrf-2 and NF-kB (Eom et al., 2010; Nishanth et al.,
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2011), and raise the activity of antioxidant enzymes like SOD and catalase (Kim et al. 2009)

in several cancer cell lines.

Several deranged cellular mechanisms in cancers compromise mitochondrial function
and anti-oxidant systems (Yang et al., 2018), therefore, high ROS generation is an
inevitable cosequence and represent one of the common hallmarks of cancers. It has been
known that unregulated ROS generation is strongly linked to various aberrations in DNA
integrity including base damage, DNA single-strand breaks, and DNA double-strand
breaks, rearrangement of DNA sequence, DNA lesions and gene amplification, which are
all associated with the activation of proto-oncogenes and inactivation of tumor suppressor
genes finally leading to cancer (Levine et al. 2017). Despite their negative effects, ROS are
key constituents in regulation of signalling pathways involved in cell survial and death
such as MAPK/Erk1/2, PI3K/Akt and IKK/NF-kB (Liou et al., 2010). Therefore, cancer
cells maintain a certain threshold level of ROS for maximum survival benefit, so any further
elevation in ROS levels can overturn this balance and lead to cancer cell death. In fact,
many chemotherapeutic strategies are designed to further elevate ROS generation in cancer,
which irreparably damages tumor cells and culminates in apoptosis (Trachootham et al.,
2009). Hydrogen peroxide a potent ROS generator induces apoptosis in Evil transformed
cells indicating a vulnerability of cancer cells to elevated ROS generation (Roy et al. 2010).
We recently reported that AgNPs induce cytotoxicity mediated through mitochondrial
stress in osteosarcoma cells independent of their p53 status (Kovacs et al., 2016). Therefore,
optimized use of AgNPs alone (Jeyaraj et al., 2013; Kovacs et al., 2016) or as an adjuvant
along with chemotherapeutic drugs (Guo et al., 2015) might provide an appealing cancer

chemotherapeutic strategy.

1.5.3. AgNPs exert anti-proliferative effects

From initiation to culmination, cell proliferation is precisely regulated at several points
such as growth factor receptors, signal transduction pathways, cell cycle check points and
pro- and anti-apoptotic regulators. Factors that intervene in any of the above-mentioned
regulatory points would have a negative impact on proliferation. Unregulated proliferation
is a fundamental phenomenon in cancers, which is achieved by gaining control over those

regulatory mechanisms through genetic aberrations.

Cell cycle check points are set to keep the cell cycle progressing error-free. A

multifactorial regulation orchestrated by DNA mutation proofreading DNA polymerases,
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DNA repair mechanisms and DNA damage sensory systems ensure to maintain the
integrity of DNA that is passed onto the next generation. Whereas, cells with irreparably
damaged DNA undergo apoptosis blocking the transfer of mutations. Tumor suppressor
protein p53 is one of such DNA damage regulated apoptosis inducers. Loss of function
mutations in p53 are well known for their carcinogenic potential. AgNPs induce DNA
double-strand breaks and chromosomal aberrations (Ahamed et al., 2008; Asharani et al.,
2009). Hui Kheng Lim et al. have noticed that the AgNP-induced DNA damage is more
prominent in those cells that lack DNA dependent protein kinase (DNA-PK) (Lim et al.,
2012). In a recent study, the authors have reported the antiproliferative effect of different
sizes of AgNPs in pancreatic ductal carcinoma (Zielinska et al., 2018), and in addition, they
observed elevated p53 and pro-apoptotic Bax levels and lowered anti-apoptotic Bcl-2
levels. Asha Rani et al. have found that AgNP-induced intracellular calcium transients
trigger significant cellular stress and anti-proliferative effects (Asharani et al., 2009).
Another study demonstrated a multimode anticancer activity of AgNPs through inhibition
of cell proliferation, elevated DNA damage, decreased DNA damage repair and induction

of apoptosis (Asharani et al., 2012).

Reorganization of the cytoskeleton is an important phenomenon during cell cycle
(Hohmann et al., 2019). Aberrations in cytoskeletal organization have significant
involvement in cell proliferation (Hohmann et al. 2019), migration (Roche 2018) and
apoptosis (Povea-Cabello et al. 2017). Some recent reports showed negative impacts of
AgNPs on cytoskeletal dynamics (Cooper et al., 2015; Kang et al., 2016). Therefore, further
studies in this direction are suggestive to formulate an appealing intervention to manage

cancers.

1.5.4. Anti-angiogenic property of AgNPs

Constantly growing mass of solid tumors face a major hurdle at their core due to limited
or complete lack of nutrients and of oxygen supply (Folkman 1971). Tumors without
vasculature would not grow beyond 2 mm’ (Muthukkaruppan et al., 1982) and
consequently undergo cell death (Parangi et al. 1996). Therefore, angiogenesis, the growth
of new blood vessels is indispensable for successful cancer growth and dissemination to
distant places (metastasis). Among many factors, VEGF and bFGF are particularly
important in cancer-induced angiogenesis (Mousa 1998). Silver nanoparticles, produced by

green synthesis have been shown to exhibit anti-angiogenic properties in embryonated
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chicken model (Bahara et al., 2014; Khandia et al., 2015) emphasizing the potential use of
silver nanoparticles as anti-angiogenics is cancer therapy. Gurunathan and colleagues have
reported the angiogenesis inhibitory potential of silver nanoparticles via inhibition of
PI3K/Akt signalling pathways in bovine retinal endothelial cells induced with VEGF
(Gurunathan et al. 2009) and eventually apoptosis in tumor tissue due to underdevelopment

of neovasculature (Kalishwaralal et al. 2009).

1.5.5. AgNPs trigger endoplasmic reticulum stress

In addition to the above-explained cytotoxic mechanisms, AgNPs can also induce cell
death by other mechanisms such as endoplasmic reticulum stress (Mao et al., 2016).
Endoplasmic reticulum (ER) with its unique intraluminal environment (i.e. redox state and
calctum concentration) operates optimal protein folding and homeostasis. Therefore,
perturbations of any kind that impede its protein folding machinery lead to ER stress and
eventually to “unfolded protein response” (UPR). UPR is primarily an adaptive response,
it attempts to minimize the number of proteins that enter the ER to attain folding under
these circumstances and it also upregulates ER chaperones like Grp78/Bip and Grp94 that
assist in improving protein folding. UPR also activates proteins related to the process called
Endoplasmic Reticulum Associated Protein Degradation (ERAD) such as proteasomal
degradation and autophagy (Rashid et al. 2015) that helps in relieving the burden of
unfolded and aggregated proteins on ER, and proteins related to cell survival and apoptosis
inhibition as well. Constitutive ER stress turns into UPR as a maladaptive response that
activates programmed cell death mechanisms by upregulating ER stress regulated cell death
mediator GADD153/CHOP (Oyadomari et al., 2004). ROS are the key drivers of ER stress
(Cao et al.,, 2014), therefore mounting evidence indicates ER stress as one of the
indispensable cellular consequences associated with AgNPs treatment (Asharani et al.,
2009; Zhang et al. 2012). However, ROS-independent mechanisms have also been reported
with AgNPs treatment (Christen et al., 2013).

1.5.6. AgNPs against multidrug resistance

There have been several reports proving the effective application of nanoparticles in
multidrug-resistant cancers to improve the outcome of chemotherapy. Doxorubicin loaded
poly-(alkyl-cyanoacrylate) nanoparticles proved to successfully and effectively deliver
doxorubicin by masking it from Pgp recognition (Pepin et al., 1997; Vauthier et al., 2003).

Systemic administration of camptothecin-polymer IT-101 showed a quite appealing
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increment in drug sensitivity in H69 small-cell lung cancer, Panc-1 pancreatic cancer,
MDA-MB-231 breast cancer and TC71-luc Ewing's sarcoma mouse cancer xenografts
(Schluep et al. 2006). In addition to drug loaded polymeric nanoparticles, nanoparticles
conjugated with drugs along with ligands that target cell surface receptors have also been
proved efficient in bypassing drug recognition of Pgp (Lee et al., 2005; Sahoo et al., 2004;
Suzuki et al., 2008). Bypassing Pgp’s drug recognition is the key mechanism behind the
success of all those explained nanoparticle-mediated drug delivery strategies. However,
only a few reports showed so far any direct effect of AgNPs on Pgp function or expression.
As a first-ever available evidence, the authors demonstrated an effective inhibition of Pgp
efflux activity by TAT-modified AgNPs of 8 nm size, and implied a physical blockade of
the 3 nm diameter Pgp channel by AgNPs (Liu et al. 2012). In a recently published report
from our lab, we show evidence of inhibiting Pgp expression in MDR cells treated with
AgNPs (Kovécs et al., 2016). In this study, we revealed that 28 nm AgNPs downregulate
Pgp transcript and protein levels and thereby inhibit Pgp-mediated drug efflux in multidrug-
resistant Colo 320 cells. These reports infer that molecular mechanisms underlying Pgp
inhibitory capacity of AgNPs depend on their size. Therefore, in the present study, we
examined Pgp inhibitory potential of two differently sized AgNPs in multidrug-resistant
breast adenocarcinoma cells and verified various molecular mechanisms affected by

AgNPs that underlie their Pgp inhibitory activity.

Page | 25



2. AIMS OF THE STUDIES

Specific goal of the present thesis was to study the size-dependent effect of silver
nanoparticles in inhibiting P-glycoprotein efflux function in multidrug-resistant breast cancer
cells in vitro. Our special focus was to unravel the molecular and cellular mechanisms that have
been influenced by AgNPs to realize the inhibitory action on P-glycoprotein efflux activity.
For this, we synthesized quasi-spherical citrate coated silver nanoparticles of two different sizes
and used them to treat P-glycoprotein overexpressing MCF-7/KCR cells that were developed

from MCF-7 breast cancer cells as a multidrug-resistant cancer model.

Thus, the aims of the present thesis are:

1. To examine which of silver nanoparticles (smaller or larger diameter) are more efficient
in inhibiting drug efflux via Pgp in MDR breast cancer cells.

2. To study the capacity of AgNPs to sensitize multidrug-resistant breast adenocarcinoma
cells to drug-induced cell death.

3. To verify if transcriptional and/or translational modulation of Pgp levels are involved
in the AgNP-induced molecular mechanisms in MDR cancer cells

4. To examine the connection of Pgp inhibition to mitochondrial damage associated with
the ROS generating potential of AgNPs.

5. To relate the Pgp inhibitory potential of AgNPs to their ER stress inducing capacity.

Page | 26



3. MATERIALS AND METHODS

3.1. Cell culture

The MCF-7 human breast adenocarcinoma cell line was purchased from ATCC. The drug-
resistant MCF-7/KCR cell line was developed from MCF-7 under doxorubicin selection
pressure from 10 nM to 1 uM (Kars et al., 2006; Molnar et al., 2008). Cell lines were
maintained and treatments were applied in RPMI-1640 (LONZA) medium supplemented with
10% FBS (EuroClone), 2 mM glutamine (Sigma) and 1ml penicillin—streptomycin (10”7 U/L)
solution (BIOSERA INC.) at 37 °C, 5% CO: and 95% humidity. To maintain the drug-resistant
phenotype, MCF-7/KCR cells were cultured in media with and without 1 uM doxorubicin
(MedChemExpress) for 1 week each. Before experiments, MCF-7/KCR cells were grown in
doxorubicin-free medium. Cell cultures were maintained by regular passaging with 5 x trypsin

(ThermoFisher) until 15 passages.

3.2 Synthesis and characterization of AgNPs

Citrate-capped silver nanoparticles were synthesized according to Wan et al. with
modifications (Wan et al. 2013). Briefly, to obtain 5 nm AgNPs, 75 mL water and 20 mL 1%
citrate solution (Sigma-Aldrich) were mixed and heated, then 1.7 mL of 1% AgNO; solution
(Sigma-Aldrich) and 2 mL of 0.1% NaBH, solution (Sigma-Aldrich) were added under
vigorous stirring at 70 °C. The resulting AgNPs were used as starter seeds for larger AgNPs in
a stepwise growth approach by adding 2 mL of 1% citrate solution, 75 mL water and 2 mL of
1% AgNOs in three subsequent cycles. Morphology and size distribution of the synthetized
nanoparticles was characterized by transmission electron microscopy using FEI Tecnai G2 20x
microscope at 200 kV acceleration voltage and by Dynamic Light Scattering using Malvern

Zetasizer Nano instrument.

3.3. Rhodamine 123 accumulation assay

Cells were seeded at a density of 2 x 10° cells/well in 6-well plates and incubated for 24
hours at 37 °C, 5% CO> and 95% humidity. On the next day cells were washed twice with PBS
and were treated in triplicates with either 5 nm or 75 nm AgNPs in 150 uM concentration for
65 hours or with verapamil in 40 uM concentration for 2 hours. All the treatments were given
in RPMI-1640 complete cell culture media containing 10% FBS, 2 mM glutamine and 1mL
penicillin—streptomycin (107 U/L) solution. After the treatments, cells were washed twice

thoroughly with PBS to wash off AgNPs and were resuspended in serum-free RPMI-1640
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medium containing 10 pM of Rhodamine 123 (RH123, Sigma-Aldrich) and cells were
incubated with this solution for 2 hours at 37 °C, 5% CO2 and 95% humidity in dark. Then
cultures were washed with PBS and were trypsinized to collect cells. Cells were washed again
with ice cold PBS to remove debris and trypsin, then were resuspended in 500 pL ice cold PBS
and were light protected until they were taken to flowcytometry (FACS) analysis. RH123
fluorescence of at least 10,000 cells/ sample were measured by FACS using FACSCalibur™

platform. Data were analysed by FlowJo V10 software. Results were obtained from triplicates.

3.4. Preparation of plasma membrane and cytoplasmic fractions

MCF-7/KCR cells were seeded in 100 mm cell culture dishes at a density of 2 x 10°
cells/dish. 24 hours post-seeding cells were treated with 75 nm AgNPs in 150 uM concentration
for 65 hours. Both the control and the treated MCF-7/KCR cells were collected in TNM buffer
(10 mM Tris—HCI (pH 7.4), 10 mM NaCl, 1.5 mM MgCl,) and were homogenized using glass
beads. All chemicals and glass beads were purchased from Sigma. Lysates were centrifuged at
2000 x g, the supernatant was collected and centrifuged at 8000 x g at 4 °C using Sorvall-RC-
28S centrifuge. The supernatant was considered as cytoplasmic fraction. The pellet containing
the membrane fraction was resuspended in 1 mL ice cold TNM buffer and was layered on TNM
buffer containing 36% sucrose. Samples were centrifuged (Sorvall-WX-Ultra80) at 100,000 x
g, at 4 °C overnight. The interphase was collected and was subjected to protein precipitation
using trichloroacetic acid. After centrifugation at 18,000 x g, the pellet was washed with
acetone and dissolved in 2xLaemmli Buffer (130 mM Tris HCl (pH 6.8), 10% B-
mercaptoethanol, 4% SDS, 20% glycerol, 0.01% bromophenol blue, all chemicals were from

Sigma), which was considered as plasma membrane fraction.

3.5. Immunoblotting

MCF-7/KCR cells were seeded to 6-well plates at a density of 10° cells/well and were
treated with 5 nm or 75 nm AgNPs in 150 uM concentration or with positive controls such as
10 uM rapamycin (autophagy) (Sigma), 2 mM DTT (ER stress) (Sigma) and 10 ug/mL M627
(apoptosis). After the treatment whole cell extracts were prepared using freshly prepared RIPA
lysis buffer (50 mM Tris (pH:7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 and 1 x
PIC). To detect cytoplasmic cytochrome c protein levels cells were lysed in sonication buffer
(50 mM Tris, 2 mM EDTA, 0.5 mM DTT, 50 mM NaCl, 1 x PIC). Mitochondrial fraction was
sedimented by centrifuging at 16,000 x g and supernatants were collected. The protein

concentrations were measured using the Bradford method. 25 pg of protein from whole cell
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lysates, cytoplasmic or plasma membrane fractions were diluted with MilliQ water, mixed with
equal volume of 2 x loading buffer (100 mM Tris-Cl (pH 6.8), 4% SDS, 0.2% bromophenol
blue, 20% glycerol and 200 mM B-mercaptoethanol) and heated at 95°C for five minutes.
Prepared protein samples were resolved either or on 12% SDS-PAGE (for cytochrome ¢ and
LC3), 10% SDS-PAGE (for Pgp, Grp94, Grp78, GADD153, EDEM and Na/K-ATPase) along
with protein molecular weight marker (Thermo Fisher Scientific) at 100V for 1 hour 30
minutes. Resolved protein samples were transferred to nitrocellulose (PVDF for LC3 western
blots) membrane (Amersham) at 150 mA. Successful protein transfer was confirmed with
Ponceau red staining. Membranes were blocked with 5% non-fat dry milk in TBST (20 mM
Tris, 150 mM NaCl and 0.05% Tween20) for 2 hours and washed thrice with TBST.
Membranes were incubated overnight with primary antibodies (Table 4) diluted in TBST
containing 1% non-fat dry milk. After overnight incubation, membranes were washed thrice
with TBST and species-specific HRP-conjugated secondary antibodies (DAKO) diluted in
TBST containing 1% non-fat dry milk were applied for 2 hours at room temperature.
Membranes were washed 3 times with TBST and were developed with ECL reagent
(Millipore). Membranes were visualized by C-DiGit Blot Scanner (LI-COR). Densitometry
was performed using ImageJ software. The presented images are representative blots from

three individual experiments.

Table 4: List of antibodies used in western blots

Antibody Manufacturer Cat No Dilution
Grp94 Santa Cruz sc-13119 1:1500

Grp78 Santa Cruz sc-376768 1:250
GADDI153 Santa Cruz sc-7351 1:200
P-glycoprotein Santa Cruz sc-55510 1:500
EDEM Santa Cruz sc-377394 1:200
Cytochrome ¢ Abcam ab13575 1:500

LC3-A/B Cell Signalling 12741 1:2000

Na'/K" ATPase Santa Cruz sc-21712 1:200
o-tubulin eBioscience 14-4502-82 1:1000
3.6. Cell viability assay and ICs¢ determination

MCF-7/KCR cells were seeded to 96-well plates at a density of 10* cells/well and were left
to grow for 24 hours. Next day, cells were treated either with 5 nm or 75 nm AgNPs in 50, 100,
150, 200, 250, 300, 350, 400 and 450 uM concentration for 24 and 48 hrs. For combinational
treatment cells were treated with 150 uM AgNP. After 48 hours, the medium was replaced by
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a medium containing 150 uM of 75 nm AgNPs and 10, 20, 30, 40, 50, 60, 70 and 80 uM of
doxorubicin and cells were incubated for further 24 hours. To avoid doxorubicin adsorption
onto AgNP surfaces we first mixed AgNPs in the complete medium and added doxorubicin 1
hour later. Following treatments, cells were washed with PBS and were incubated with serum
free RPMI-1640 medium containing 0.5 mg/mL MTT reagent (Sigma). Plates were placed in
CO2> incubator for 2 hours for formazan crystals to be formed. After the incubation the medium
was removed and cells were washed with PBS. Formazan crystals were solubilized in 100 pL
DMSO (MOLAR Chemicals) and gently stirred for complete solubilisation of crystals.
Absorbance was measured at 570 nm using a Synergy HTX microplate reader (BIOTEK®).
Measurements were repeated three times using 4 independent biological replicates.
Absorbance values of the untreated control samples were considered as 100% viability and the
absorbance values were normalized to the control. ICso values were determined from the
rationality curves using GraphPad prism software by selecting Log (inhibitor) vs normalized

response-variable slope option.

3.7. Apoptosis detection

MCF-7/KCR cells were seeded at 2x10° cells/well density in 6-well plates. On the
following day cells were treated with 75 nm AgNPs at 150 uM concentration and were
incubated with these particles for 48 hours. After 48 hours, changed to the medium containing
150 uM of 75 nm AgNPs and 20 uM doxorubicin and cells were incubated for further 24 hours.
Positive control was treated with 20 uM doxorubicin and 4 uM verapamil for 24 hours. We
also treated a separate set of cells with 20 uM doxorubicin alone for 24 hours. Cells were
collected by scraping in ice cold PBS. Dead Cell Apoptosis Kit containing AnnexinV-FITC
and propidium iodide (Life Technologies) was used according to the manufacturer’s
recommendation. Fluorescence intensities of at least 10,000 cells/sample were measured by
FACSCalibur™ and data were analysed by FlowJo V10 software. Experiments were repeated

three times using at least three independent biological replicates.

3.8. JC-1 staining

JC-1 1s a ratiometric dye that exhibits mitochondrial membrane potential dependent
accumulation. JC-1 aggregates in healthy mitochondria and fluoresces in red, whereas JC-1
monomers diffused in the cytoplasm exhibit green fluorescence. Red-to-green fluorescence
ratio of JC-1 indicates mitochondrial health and changes due to modulated mitochondrial

membrane potential. To measure mitochondrial membrane potential via JC-1 staining, cells
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were seeded onto cover slips placed into 24-well plates (10° cells/well). Before seeding
coverslips were coated with 2% gelatine (Sigma). On the next day cells were treated with 150
pM of 5 nm or 75 nm AgNPs for 48 h or with apoptosis inducer M627 (12H-
benzo {alpha}phenothiazine) (Varga et al. 2005) in 50 pg/mL concentration for 24 h. JC-1 is a
Pgp substrate, hence before JC-1 loading, 40 uM of the Pgp inhibitor verapamil was added to
the samples. After an hour cells were washed and incubated with RPMI-1640 medium
containing 10 pg/mL JC-1 (Life Technologies) for 15 min. Cover slips were inversely mounted
in Fluoromount™ (ThermoFisher) on glass slides and JC-1 fluorescence was visualized by
OLYMPUS BXS51 microscope equipped with Olympus DP70 camera using the same
exposition time for all samples. Image analysis was performed by Image] software.

Experiments were repeated three times using three independent biological replicates.

3.9. Detection of ROS

2'7'-dichlorofluorescein diacetate (DCFDA) staining method was used to detect ROS
production upon both 5 nm and 75 nm AgNP treatments. Cells were seeded at 10° cells/well
density onto 2% gelatine coated cover slips placed in 24-well plates. On the next day cells were
treated with 150 uM of AgNPs for 48 h, then were incubated with RPMI-1640 medium
containing 10 uM DCFDA (Sigma-Aldrich) in dark for 20 min. Cover slips were mounted on
glass slides, and DCF fluorescence was visualized by OLYMPUS BX51 microscope equipped
with Olympus DP70 camera using the same exposition time for all samples. Fluorescence
intensity measurements were performed using Imagel software. Measurements were repeated

three times.

3.10. Reverse transcription and real-time RT-PCR

MCF-7/KCR cells were seeded at 2x10° cells/well density in 6-well plates. 24 hours post
seeding cells were treated with 5 nm and 75 nm AgNPs at 150 uM concentration for 48 hours.
Positive control samples were treated with 2 mM dithiothreitol (DTT) for 48 hours. After the
treatment cells were washed with PBS and collected by trypsinization. Total cellular RNA was
prepared using RNeasy® Mini Kit (QIAGEN) according to the manufacturer’s
recommendation and stored at -80°C until further experiments. Two microgram RNA was
reverse transcribed using Oligo d(T)is (TagMan® Reverse Transcription kit, Applied
Biosystems) in 40 pL reaction mixture. Reverse transcription was performed on thermocycler
(Applied Biosystems) using the program 25°C (10 min), 37°C (30 min), 95°C (5 min), 4°C
(indefinite). The synthesized cDNA was stored at -20°C until further experiments. Optimal
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primer sets for target genes were designed using primer blast (https://www.ncbi.nlm.nih.gov)
and were ordered from ThermoScientific. Sequence of all the primers is listed in Table 5.
Primers were dissolved in DEPC water (SERVA) to obtain 1 mM stock concentration. These
primer stocks were further diluted with DEPC water to 5 uM working concentration and stored
at -20°C. Quantitative real time PCR reactions were performed on PicoReal™ Real-time PCR
(Thermo Scientific) using SYBR Green qPCR Master Mix (Thermo Scientific) with an input
of 1 uL cDNA. Each primer was used at 200 nM concentration. Relative transcript levels were
determined by the AACt analysis using GAPDH as reference gene. Experiments were repeated

three times using three biological replicates.

Table 5: List of sequence of primers used in quantitative real-time PCR

Primer Forward Reverse
Grp94 | 5°-CAGTTTTGGATCTTGCTGT-3’ 3’.CAGCTGTAGATTCCTTTGC-5’
(hp78 ‘ 5’-TGTTCAACCAATTATCAGCAAACTC-3’ 3’-TTCTGCTGTATCCTCTTCACCAGT-5’
G%[LD]53‘ 5’-GGAGCATCAGTCCCCCACTT-3’ 3’-TGTGGGATTGAGGGTCACATC-5’
EDEM ‘ 5’-TTGACAAAGATTCCACCGTCC-3’ 3’-TGTGAGCAGAAAGGAGGCTTC-5’
GAPDH ‘ 5’-TGCACCACCAACTGCTTAGC-3’ 3’-GGCATGGACTGTGGTCATGAG-5’
3.11. Cytoplasmic calcium release measurements

MCF-7/KCR cells at 5x10° density were seeded to coverslips (Sarstedt) coated with 2%
gelatine, placed in wells of 24-well plates inserted with coated coverslips, which formed the
base of a perfusion chamber during real-time confocal microscopic analysis. 24 hours post
seeding cells were treated with 75 nm AgNPs at 150 uM concentration for 65 hours. Fluo4-
AM is a Ca®*-sensitive fluorescence dye, which is a substrate of P-glycoprotein. To maintain
Fluo4-AM inside the cells we added a Pgp inhibitor Quinidine. We did not apply verapamil
since it is an inhibitor of voltage-dependent calcium channels, which would influence calcium
release measurements. 1 hour before the experiment we added Quinidine (Sigma) in 4uM
concentration to cells preloaded with Fluo4-AM (Sigma) at 5 uM for 20 min at 37 °C. The
chamber was mounted on the stage of a Zeiss LSM880 confocal laser scanning microscope and
cells were bathed with standard HEPES solution (140 mM NaCl, 5 mM KCI, 10 mM HEPES
acid, 1 mM CaCl,, 1 mM MgCl,, 10 mM glucose) for 5 minutes and switched to 100 uM
carbachol (Sigma) in HEPES for 2 minutes at 37°C at 5-6 mL/min perfusion rate. All
experiments were performed using a Plan-Apochromat 40X/1.4 oil immersion objective. In
each experiment real-time calcium release was measured from a pre-set 6—10 region of interests

(ROIs)/ cell. Changes in intracellular Ca** concentration were determined by excitation at 488
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nm, with emitted light monitored at 516 nm. Fluorescence signals were normalized to initial
fluorescence intensity (F/FO) and expressed as relative fluorescence (AF/F0), where AF

indicates the changes in fluorescence intensity and FO is the baseline level.

3.12. Transmission electron microscopy

10° cells were grown on 0.4 pum pore size polyester membrane inserts (Corning) for
transmission electron microscopy (TEM) analysis. Next day samples were treated with 5 nm
and 75 nm silver nanoparticles. 24 hours after AgNPs treatment cells were washed gently with
PBS and fixed for 2 hours in 4% glutaraldehyde and then in 2% gelatin. The samples were
embedded into epoxy resin (Epon 812, EMS, PA 19440) and sliced into 70 nm sections and
collected on mesh grids. Samples were then stained with 25% uranyl acetate and 1% lead
acetate. These TEM preparations were examined with 100 kV accelerating voltage in Philips
CM10 electron microscope equipped with Megaview G2 digital camera (ITEM, Olympus Soft
Imaging Solution GmbH, Miinster) located at University of Szeged Institute of Pathology.
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4. RESULTS

4.1. Characterization of the synthesized silver nanoparticles and the cell lines
a b
304 5nmAgNP  °?] 75 nm AgNP
n 5112 ) 75.3418.1
[ ]
2 |20
~ 301
Q
ks 20
5 101
t 104
>
Z | o 04
0 2 4 6 § 0 S0 100 150 200 250

Average diameter (nm)

30- =— 5 nm AgNP
= 75 nm AgNP

Number (%)
@

1 10 100 1000
Particle diameter (nm)

Figure 3: Characterization of silver nanoparticles. (a) Representative TEM micrographs of the
synthesized citrate-coated AgNPs. (b) Size distribution and particle diameter of AgNPs by TEM image
analysis and (c) by DLS.

Citrate coated silver nanoparticles of two different sizes were synthesized by using the
method described in the section 3.2. The successful synthesis was verified by TEM and the
particle size distribution was analysed both by TEM image analysis and dynamic light
scattering (DLS) measurements. The representative figures (Figure 3a-c) indicate quasi-

spherical silver nanoparticles with mean sizes of 5 nm and 75 nm diameter.

To examine the biological properties of AgNPs, cells were treated with AgNPs diluted in
cell culture media supplemented with FBS. Nanomaterials adsorb various biomolecules such
as proteins on their surface leading to the formation of a protein corona. This protein corona

contributes to colloidal stability thus influences aggregation and biological properties of
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AgNPs (Bélteky et al. 2019). In order to test nanoparticle colloidal stability in serum containing
cell culture media, AgNP aggregation grade was measured in DMEM with 10% FBS and in
water as a reference, using dynamic light scattering in a time dependent manner. We observed
the changes in the average hydrodynamic diameter (Z-average) and zeta potential of the
samples throughout the 2-hour measurement. The results demonstrate that both 5 nm and 75
nm AgNPs showed similar tendencies in forming biomolecular corona in serum containing cell

culture media indicative of their colloidal stability (Figure 4).
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Figure 4: Hydrodynamic diameter and zeta potential of AgNPs. Average hydrodynamic diameter
(Z-average) and zeta potential values of 5 nm (upper panels) and 75 nm (lower panels) silver
nanoparticles in DMEM + 10% FBS (Green) and in water as reference (Blue)

In order to verify the effects of these two differently sized AgNPs, in the present study we
used two human cell lines: MCF-7 breast adenocarcinoma and the Pgp overexpressing,
multidrug-resistant MCF-7/KCR cell line, which was developed from MCF-7 cells through
prolonged exposure to gradually increasing doses of doxorubicin from 10 nM to 1 uM (Kars et
al., 2006). Although the precise mechanism underlying MDR1 overexpression in MCF-7/KCR

cells is not completely known, transcription provoking histone H3 lysine 9 acetylation at the
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MDR1 promoter has been reported in these cells (Toth, Boros, and Balint 2012), nevertheless,
additional mechanisms can’t be ruled out. To verify Pgp expression and efflux activity in MCF-
7/KCR cells we performed western blot and RH123 efflux assay, respectively, and compared
these features with those of the drug sensitive MCF-7 cells. RH123 is a fluorescent dye and is
a substrate of Pgp, its intracellular accumulation reflects Pgp efflux function (Forster et al.,
2012). FACS histograms (Figure 5a) of RH123 loaded cells indicate that total intracellular
accumulation of RH123 in MCF-7/KCR cells is significantly lower than in MCF-7 cells
complying with enhanced efflux of Pgp substrates by MCF-7/KCR cells. A first-generation
Pgp inhibitor verapamil effectively inhibited the exclusion of RH123 indicating that the
elevated efflux activity of MCF-7/KCR cells is mainly the result of Pgp overexpression.
Western blot images (Figure 5b) clearly show that MCF-7/KCR cells express a massive amount
of Pgp, while the drug-sensitive MCF-7 cells lack or express very low amount of this ABC

transporter (below the detection level of western blot).
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Figure 5: Characterization of multidrug-resistant MCF-7/KCR cells. (a) Histogram of Rhodamine
123 (RH123) retention in MCF-7 and MCF-7/KCR cells. (b) Representative Western blot of P-
glycoprotein levels in MCF-7 and MCF-7/KCR cells.
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4.2. Silver nanoparticles induce size-dependent cytotoxicity in breast cancer
cells

In order to verify the cytotoxic potential of both sized AgNPs on MCF-7 and MCF-7/KCR
cells, we performed MTT viability assay with various concentrations of AgNPs for 24 and 48h.
The ICso values (Table 6) obtained from MTT cell viability assay data indicated that toxicity

depended on the nanoparticle size, on the length of the treatment time, as well as on the cell

type.
Table 6: Table of ICso values calculated from MTT assay
24 HOURS 48 HOURS
5nm AgNP 75 nm AgNP (uM) 5 nm AgNP 75 nm AgNP
MCF-7 212+£1.0 2842+ 1.1 179.4£1.0 2222+ 1.1
MCF-7/KCR 244.1£1.0 414.7+1.2 2329+ 1.1 2599+ 1.1

In agreement with previously reported observations (M. V. D. Z. Park et al. 2011;
Miethling-Graff et al. 2014) drug-resistant cells showed more resistance to AgNP-induced
cytotoxicity than their drug sensitive counterparts. This result is not surprising since drug-
resistant cells develop efficient cellular stress management mechanisms. As it is shown in
Table 6., 5 nm AgNPs were more cytotoxic than 75 nm AgNPs to both MCF-7 and MCF-
7/KCR cells. Naturally, 48h treatment resulted in higher degree of cell death indicated by
decreased ICso values of respective treatments. Largest difference in 1Cso between 24 and 48h
treatments (414.7£1.2 and 259.9+1.1 respectively) was observed in MCF-7/KCR cells treated
with 75 nm AgNPs.
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4.3. 75 nm AgNP treatment inhibits Pgp efflux activity but does not affect
protein levels in drug-resistant cells.
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Figure 6: Rhodamine 123 efflux activity of drug-resistant MCF-7/KCR cells under AgNP
treatment. (a) Histograms of Rhodamine 123 accumulation and (b) mean Rhodamine 123 fluorescence
of verapamil-treated, 5 nm or 75 nm AgNP-treated MCF-7/KCR cells. Values are the means + standard
deviations of three independent experiments (****P < (.0001, Fisher’s LSD test)

We exposed MCF-7/KCR cells to 5 nm or to 75 nm AgNPs and detected intracellular
accumulation of RH123 by flow cytometry (Figure 6a, b). Administration of Pgp inhibitor
verapamil resulted in elevated retention of RH123 in drug-resistant cells. Exposure of MCF-
7/KCR cells to 5 nm AgNPs showed intracellular RH123 fluorescence intensities comparable
to control cells. Remarkably, administration of 75 nm AgNPs inhibited significantly the efflux
activity of MCF-7/KCR cells (Figure 6a, b). These results certainly indicate that functional

inactivation of Pgp efflux relies largely on nanoparticle size.

Biological effects of silver nanoparticles are highly dependent on their ability to internalize
(Asharani et al., 2009). Therefore, we intended to verify their internalization potential by TEM
analysis in MCF-7/KCR cells. For this purpose, AgNPs were applied on the drug-resistant
MCF-7/KCR cells.
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5 nm AgNP

75 nm AgNP

Figure 7: Silver nanoparticle internalization. Transmission electron microscopic images show
internalization of AgNPs in drug-resistant MCF-7/ KCR cells.

The representative TEM micrographs (Figure 7) demonstrate the successful uptake of both
sized silver nanoparticles by MCF-7/KCR cells. 5 nm particles were observed mainly in
membrane-coated bodies while 75 nm AgNPs were found mainly in the cytoplasm of the cells.

No AgNPs were found in nuclei, mitochondria or within the endoplasmic reticulum.
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Figure 8: Pgp protein expression level in MCF-7/KCR cells after AgNP treatment. (a) Pgp protein
levels in multidrug-resistant cells treated with 5 nm or 75 nm AgNPs determined by western blot. (b)
Densitometric quantitation of Pgp western blots. Values are the means + standard deviations of three
independent experiments (Fisher’s LSD test).

Our group has previously reported (Kovacs, et al., 2016) that treatment of MDR colon
adenocarcinoma cells with 28 nm AgNPs led to downregulation of Pgp expression. With
reference to this finding we hypothesized that a similar attenuation in Pgp protein expression
may account for the inhibitory effect of AgNPs on Pgp efflux activity. Therefore, this premise
was tested by analysing the Pgp protein levels of MCF-7/KCR cells treated with differently
sized AgNPs. Surprisingly, we found no changes in Pgp protein levels of 5 nm or of 75 nm
AgNP-treated cells compared to untreated counterparts (Figure 8a, b). Therefore, we concluded
that the observed reduction in RH123 efflux following 75 nm AgNP treatments is not coupled
to attenuated Pgp protein expression in MCF-7/KCR cells.
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4.4. Inhibition of Pgp by 75 nm AgNPs sensitizes drug-resistant cells to
doxorubicin-induced apoptosis
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Figure 9: Sensitizing effect of 75 nm AgNPs to doxorubicin-induced cell death. (a) Cytotoxicity of
doxorubicin and of doxorubicin and 75 nm AgNP combination in MCF-7/KCR cells. (b) Representative
dot plots of AnnexinV/PI staining, and (c) number of apoptotic drug-resistant cancer cells following 75
nm AgNP and/or doxorubicin treatment or verapamil administration. The values are the means +
standard deviations of three independent experiments (*P < 0.03 ****P < (.0001, Fisher’s LSD test)

MCF-7/KCR is an in vitro drug resistance model, which was developed to resist cytotoxic
effects of doxorubicin at high doses (Kars et al. 2006). As 75 nm AgNPs inhibited Pgp efflux
activity, this treatment should also sensitize MCF-7/KCR cells to doxorubicin-induced killing.
To test this idea MCF-7/KCR cells were seeded at 10* cells/well in a 96 well plate. Next day,
cells were treated with 150 uM of 75 nm AgNPs. After 48 hours, the medium was replaced by
a medium containing 150 uM of 75 nm AgNPs and doxorubicin at various concentrations and
were incubated for further 24 hours. Following treatments MTT assays were performed and

results were compared to cytotoxicity in MCF-7/KCR cells receiving similar concentration
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range of doxorubicin alone for 24 hrs. Our results (Figure 9a) indicate that after co-treatments
with AgNPs doxorubicin cytotoxicity is significantly higher compared to that observed for cells

receiving doxorubicin treatment alone.

To examine whether the observed cytotoxicity upon 75 nm AgNP + doxorubicin
administrations is the result of apoptosis, MCF-7/KCR cells were seeded at 2x10° cells/well
density in 6-well plates. On the following day cells were treated with 75 nm AgNPs at 150 uM
concentration for 48 hours. After 48 hours, the medium was replaced with a medium containing
150 uM of 75 nm AgNPs and 20 uM doxorubicin and cells were incubated for further 24 hours.
A combination of the Pgp blocker verapamil at 4 uM and doxorubicin at 20 uM was applied
as a positive control for 24 h to assess the apoptotic effect of doxorubicin in MCF-7/KCR cells.
After the treatments, cells were collected and stained with AnnexinV-FITC/PI followed by
flow cytometry. The number of apoptotic cells calculated from representative dot plots (Figure
9b, c) indicated that doxorubicin treatment alone in this concentration induced only slight
apoptosis, which was drastically enhanced when this drug was given in combination with 75
nm AgNPs. Although we have not observed higher Pgp inhibition by 75 nm AgNPs compared
to verapamil (Figure 6), the magnitude of apoptosis induction in this combinational treatment
is equivalent to that of verapamil treatment. This disparity can be explained by the fact that the
response to a drug is exponential to its dose only until a certain extent and any further increase
in dose fails to improve the response, thus yielding a typical S-shaped dose-response curve.
Therefore, elevated intracellular drug amounts will not lead to a corollary elevation in its
effects. Our results verify that 75 nm AgNPs sensitize drug-resistant MCF-7/KCR cells to
doxorubicin-induced apoptosis. Nevertheless, these experiments do not reveal whether the
induced apoptosis is caspase-dependent or independent. Since MCF-7 cells do not express
functional caspase 3 (Janicke 2009), which is a key executioner caspase, the involvement of
caspase 3 in the mechanism of the induced apoptosis can be ruled out. However, the
involvement of other caspases such as caspase 6, 7 and 9 in the execution of apoptosis without

caspase 3 in MCF-7 cells (Liang et al., 2001) cannot be dismissed.
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4.5. AgNPs induce oxidative stress and mitochondrial damage
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Figure 10: AgNPs induce mitochondrial damage in MCF-7/KCR cells. (a) Fluorescence
microscopic images of drug-resistant MCF-7/KCR cells loaded with JC-1 dye without and with
verapamil pre-treatment. (b) Representative image of 5 nm AgNP-, 75 nm AgNP-, or the apoptosis
inducer M627-treated MCF-7/KCR cells after JC-1 staining. JC-1 aggregates show red and JC-1
monomers green fluorescence. (¢) Aggregated-to-monomeric JC-1 ratio (red-to-green fluorescence
ratio) was determined by image analysis. Values are the means + standard deviations of three
independent experiments (*P < 0.03 ***P < 0.0002, Fisher’s LSD test)

Inhibition of Pgp efflux activity by 75 nm AgNP treatment, without compromising the Pgp
expression was quite intriguing, which prompted us to investigate the underlying cellular

mechanisms. As a member of ABC transporters, Pgp-mediated drug transport against a
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concentration gradient is an energy-driven process fuelled by ATP hydrolysis. As cellular
power houses, mitochondria generate the majority of ATP. Based on this we hypothesized that
as AgNPs can induce mitochondrial damage (Ma et al. 2015), this might result in lowered
cellular ATP amount, which may ultimately lead to a compromised export of substrates from
drug-resistant cancer cells. A similar feature of a novel compound RY 10-4 was reported, as its
Pgp inhibitory potential was partially attributed to its cellular ATP diminishing capacity (Xue
et al., 2014).

To examine whether the functional integrity of mitochondria is maintained upon AgNP
treatments, we performed JC-1 staining. MCF-7/KCR cells were treated with 5 nm or 75 nm
AgNPs or with the apoptosis inducer M627. Since, JC-1 is a substrate of Pgp, cells were treated
with verapamil prior to JC-1 loading. Figure 10a shows differences in JC-1 retention before
and after verapamil treatment in MCF-7/KCR cells and verifies the application of verapamil
before JC-1 staining. M627 treatment induced significant mitochondrial damage implied by
decreased amount of JC-1 aggregates (red fluorescence) and increased JC-1 monomers (green
fluorescence) compared to control cells (Figure 10b, c¢), leading to the lowest calculated red-
to-green fluorescence ratio. Both sized AgNPs manifested destructive capacity towards
mitochondria inferred by reduced red-to-green fluorescence ratio compared to control samples
(Figure 10b, c). It is noteworthy, that according to our results 5 nm AgNPs were significantly

more detrimental to mitochondria than 75 nm counterparts.
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Figure 11: Cytoplasmic cytochrome c protein level in AgNP-treated MCF-7/KCR cells. Western
blot of cytochrome ¢ in MCF-7/KCR cells after 5 nm, 75 nm AgNP or M627 treatments. (b)
Densitometric quantitation of Cyt ¢ western blots. Values are the means + standard deviations of three
independent experiments (¥****P < 0.0001, Fisher’s LSD test)
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Cytochrome ¢ (Cyt c) is a key component in mitochondrial electron transport chain. It is
normally residing in the inner mitochondrial membrane and is released into cytoplasm during
mitochondrial damage (Ott et al., 2002). Cyt ¢ binds with Apafl in the cytoplasm to initiate
apoptosis (Cai et al., 1998). Therefore, cytoplasmic localization of Cyt ¢ further strengthens
the evidence of mitochondrial damage and of apoptosis. In agreement with JC-1 results,
treatments with either AgNPs resulted in mitochondrial damage verified by the release of
cytochrome c into the cytoplasm of MCF-7/KCR cells (Figure 11a, b). However, we found that
exposure to 5 nm AgNPs had a more pronounced effect compared to 75 nm AgNPs, since

smaller nanoparticles caused a similar impact as it was observed following M627

administration (Figure 11a, b).

Internalized AgNPs release silver ions (Cortese-Krott et al., 2009; Shim et al., 2017). Silver
ions are potent inducers of oxidative stress, which is strongly coupled to mitochondrial
dysfunction (Kowaltowski et al., 2001). Additionally, silver ions can also cause direct
mitochondrial damage and denaturation of proteins (Xu et al.,, 2019). Therefore, we

investigated the ROS generating potential of our AgNP samples.
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Figure 12: AgNPs induce ROS generation in MCF-7/KCR cells. (a) Fluorescence microscopic
images of DCFDA-stained, AgNP-treated MCF-7/KCR cells. (b) Mean DCF fluorescence intensity
determined by image analysis. Values represent the mean + standard deviation calculated from 25 cells
from two independent experiments (**P < 0.002 ****P < 0.0001, Fisher’s LSD test)
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MCF-7/KCR cells were treated with 150 uM of 5 nm and 75 nm AgNPs for 48 hrs and
stained with DCFDA. Representative images and mean fluorescence intensity values (Figure
12a, b) show that both sized AgNPs induce significant ROS production compared to untreated
control, however, 5 nm AgNPs are more potent in this respect than 75 nm AgNPs.
Nevertheless, it is not clear whether silver ions cause the observed mitochondrial damage
directly or it is mediated through ROS generation. These evidences collectively prove the point
that mitochondrial damage triggered by 75 nm AgNPs is not the underlying cause of its Pgp
inhibitory action in MCF-7/KCR cells because 5 nm AgNPs exhibit higher mitochondrial
destructive potential than 75 nm AgNPs.

4.6. 75 nm AgNP treatments cause depletion of ER calcium stores and ER
stress

Endoplasmic reticulum (ER) is the primary site of protein assembly and homeostasis
especially of glycoproteins. The highly reductive and calcium rich ER lumen ensures
continuous functioning of ER protein quality control mechanisms, like the calnexin/calreticulin
cycle. Calnexin and calreticulin are ER resident calcium binding lectins which ensure the
precise folding and oligomerization of glycoproteins in the ER (Araki et al., 2012; Rutkevich
et al., 2011;Williams et al., 2006). Perturbance in its homeostasis triggers ER stress which
further disturbs the protein folding machinery and leads to the activation of the evolutionarily
conserved unfolded protein response (UPR) and ER-associated degradation (ERAD) (Araki et
al, 2012; Rutkevich et al., 2011; Wang et al., 2003).

AgNPs are reported to have the ability to induce ER stress and disturb cellular calcium
homeostasis (Asharani et al., 2009; Zhang et al., 2012). Therefore, we examined whether
AgNPs can induce ER stress and activate unfolded protein response (UPR) in drug resistant
cancer cells. MCF-7/KCR cells were treated with 5 nm or 75 nm AgNPs or received ER stress-
inducing dithiothreitol (DTT) treatment as a positive control. Using RT-qPCR and western
blots we verified transcriptional (Figure 13a) and translational (Figure 13b, c) elevation of ER
stress markers such as resident ER chaperones Grp94 and Grp78/Bip, as well as of the ER
stress-provoked pro-apoptotic mediator GADD153. Although results indicate a significant
transcriptional elevation of all the three ER stress markers, only GADD153 manifested an
elevated amount of the translated product. This discrepancy is not so surprising as MCF-7 cells
have deregulated UPR, therefore, have high basal levels of GRP94 and GRP78 (Gazit et al.,

1999), hence further increases in their protein levels are not always possible during ER stress.

Page | 46



a b

Grp94 5 nm AgNP - u -
101 . 75 nm AgNP - g + (kDa)
8 1 Grp94 [ | vl S S | - 04
. GIP78/Bip b | s s W - 78
4 | Fdkk —
GADD153 P T— a— - 30
b
a-tubulin | S — - 2
0
Grp78/Bip
10- Kokdkok C 5-
L |
e |8 £ 4
2 E
s | °1 i 2 3
Rk c
E T k2
8 a]
3 | o1 o
2 .
U
0 0l
5nm AgNP
3 <
whEd
2 <
1
0 -
DTT : + -
5nm AgNP s . + =
75 nm AgNP - - - +

Figure 13: 75 nm AgNP treatment leads to ER stress. (a) Relative mRNA levels of ER stress markers
in MCF-7/KCR cells treated with 5 nm or 75 nm AgNPs or with the ER stress inducer DTT. (b)Protein
levels of ER stress markers detected by immunoblot. (¢) Densitometric quantitation of GADD153
protein levels. The values represent the mean + standard deviation calculated from three independent
samples (*P < 0.03 ****P < (0.0001, Fisher’s LSD test).

ER stress activates autophagy in order to clear out aberrantly folded protein burden (Rashid

et al., 2015). Hence, autophagy activation provides a further strong evidence for ER stress
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induction. Therefore, we examined autophagy activation in MCF-7/KCR cells following 5 nm

and 75 nm AgNP treatments.
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Figure 14: 75 nm AgNPs induce autophagy. Representative western blots show changes in LC3-I and
LC3-II levels following 48-hour treatments with 5 nm, 75 nm AgNPs or with Rapamycin. (b)
Densitometric quantitation of LC3-II western blots. Values are the means + standard deviations of three
independent experiments (***P < (0.0002 ****P < (0.0001, Fisher’s LSD test)

MCF-7/KCR cells were treated with either 5 nm or 75 nm AgNPs or Rapamycin (positive
control). We checked the amount of autophagy marker LC3 through western blot. Treatments
with 5 nm AgNPs did not induce autophagy as the protein levels of LC3-1 and LC3-II were
comparable to those of the untreated control cells (Figure 14a, b). On the other hand, 75 nm
AgNPs triggered autophagy in drug-resistant MCF-7/KCR cells to a significantly higher extent
than what was observed in untreated control and in 5 nm AgNP-exposed adenocarcinoma cells.
We concluded that the capacity of autophagy induction in Pgp overexpressing drug-resistant
MCEF-7/KCR cells depends on the nanoparticle size, where 75 nm AgNPs trigger autophagy,

however, 5 nm AgNPs do not.

Depleted ER calcium is a frequent cause of ER stress (Xu et al., 2005), therefore we headed
to measure calcium release from ER with an external chemical stimulus using carbachol, which
molecule stimulates IP3 receptors to release ER-stored calcium. This is based on the premise
that if AgNP treatment leads to ER calcium depletion, an exposure to carbachol would result
little or no calcium release into the cytoplasm compared to control cells with unstressed ER.
Calcium released into the cytoplasm is immediately sensed by the pre-loaded calcium binding
fluorescent dye Fluo-4, which enables real-time detection of calcium flux. In order to verify

this calcium flux, control and 75 nm AgNP-treated MCF-7/KCR cells were first loaded with
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Fluo-4 and exposed to 100 uM carbachol. Calcium flux was measured from at least 5 pre-
defined region of interests (ROIs). As Fluo-4 is a substrate of Pgp, we pre-treated the samples
with the Pgp inhibitor quinidine (this time not with verapamil, as it may influence calcium flux)

before measurements.
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Figure 15: 75 nm AgNP treatment depletes ER calcium stores. (a) Fluorescent calcium imaging of
untreated and 75 nm AgNPs-treated MCF-7/KCR cells upon carbachol administration. Pictures were
taken before and 1 min after carbachol exposure. (b) Histogram of real-time calcium imaging from at
least 5 ROIs (Region of interest) and (c) Representative bar graph of cytoplasmic calcium released on
carbachol exposure. The values represent the mean + standard deviation calculated from three
independent experiments (*P < 0.03, Fisher’s LSD test)

Fluorescent microscopic images and the associated histogram generated from real-time
calcium release measurements prove that MCF-7/KCR cells treated with 75 nm AgNPs failed

to respond to carbachol, indicating that ER calcium stores are already critically depleted or are
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below the detectable concentration in Pgp-overexpressing drug-resistant cancer cells treated

with 75 nm AgNPs (Figure 15a-c).

These experimental results conclude that 75 nm AgNPs, but not 5 nm AgNPs induce ER
stress in MCF-7/KCR cells. Although, it is yet not clear whether ER calcium loss is leading to
ER stress or ER stress (due to other factors) is leading to calcium loss. Nevertheless, the present
experimental results prove that treatment of drug-resistant cells with 75 nm AgNPs depletes

ER calcium levels (Figure 15a-c), which is the probable reason for ER stress induction.

4.7. 75 nm AgNPs disrupt cellular Pgp distribution

Unfavourable overloading of unfolded/misfolded proteins represent the primary
consequence of ER stress, where cells find a solution in activating ER-associated protein
degradation (ERAD) wired through UPR. ER degradation enhancing o-mannosidase-like
protein (EDEM) is an important candidate in transporting glycoproteins to degradation
machinery that have failed through several futile attempts of calnexin/calreticulin cycles to
impart proper folding (Wang et al., 2003). Therefore, transcriptional and/or translational
activation of EDEM indicates ERAD activation (Wang et al., 2003; Xu et al., 2005). Under
such circumstances a reduction in the total Pgp levels is expected. However, our attempts to
see EDEM activation through qPCR and western blot in MCF-7/KCR cells treated with 5 nm
or 75 nm AgNPs, or with ER stress-inducing DTT (positive control) indicated no significant
elevation in the transcribed and translated product of EDEM with nanoparticle treatment but
only upon DTT treatment (Figure 16a-c), suggesting that ERAD has not been activated in cells
treated with AgNPs. This is in agreement with unattenuated Pgp protein levels observed in 75

nm AgNP-treated MCF-7/KCR cells (Figure 8a, b).

EDEM itself 1s a glycoprotein and processed by calnexin/calreticulin cycle to mature and
transport improperly folded glycoproteins for degradation (Wang et al., 2003). At critically low
ER calcium levels, accelerated substrate degradation is thwarted due to inability of EDEM to
bind calnexin (Wang et al., 2003). Therefore, unfolded proteins do not enter the degradation
machinery but accumulate intracellularly. Since it was clear from calcium release experiments
(Figure 15a-c) that treatment with 75 nm AgNPs depleted critically the ER of calcium in MCF-
7/KCR cells, we hypothesized that 75 nm AgNP treatments might lead to accumulation of
misfolded/ unfolded Pgp in the ER or in the cytoplasm or both. Hence, a reduced number of
Pgp on the plasma membrane might be the reason behind the observed Pgp efflux inhibition

upon 75 nm AgNP treatment.
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Figure 16: 75 nm AgNP treatment disrupts Pgp protein distribution between the plasma
membrane and cytoplasm of MCF-7/KCR cells. (a) Relative mRNA and (b) protein levels of EDEM,
a misfolded glycoprotein-binding protein in MCF-7/KCR cells treated with AgNPs. (¢) Densitometric
quantitation of EDEM western blots. (d) Pgp protein levels determined from the plasma membrane
(Nat/K+ ATPase-positive) and cytoplasmic fractions (GAPDH-positive) of control and 75 nm AgNP-
treated MCF-7/KCR cells (M-Plasma membrane; C-Cytoplasm). (¢) Densitometric quantitation of Pgp
western blots. Values are the means + standard deviations of three independent experiments (***P <
0.0002 ****p < (.0001, Fisher’s LSD test)

To strengthen this argument, we treated MCF-7/KCR cells with 75 nm AgNPs and
determined the Pgp protein distribution between the plasma membrane and the cytoplasm.
Plasma membrane and cytoplasmic fractions were verified for their purity by detecting Na'/K"-

ATPase and GAPDH, respectively. Our results indicate that the amount of Pgp in the plasma
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membrane (M) was lower and concomitantly, cytoplasmic fraction (C) of Pgp was higher after
75 nm AgNP treatment (Figure 16d, e). These data verify that the intracellular distribution of
Pgp is disturbed by 75 nm AgNP treatment which explains the decreased Pgp transport activity

without downregulating its expression.
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5. DISCUSSION AND CONCLUSION

Overexpression of the plasma membrane-localized ABC transporter P-glycoprotein (Pgp)
is often the primary reason for the development of intrinsic or acquired multidrug resistance
(MDR) in cancers (Gottesman et al., 2015). Pgp yields resistance by an efflux mechanism
driven by ATP hydrolysis, where several structurally and functionally diverse chemotherapy
drugs are exported from the cells without permitting to exert their cytotoxic activities (van
Veen et al. 1998). Highly chemoresponsive solid tumors might turn multidrug-resistant due to
extreme induction of Pgp expression and function (van Veen et al. 1998). Hence, inhibiting
Pgp efflux activity is a long-standing goal in order to improve the efficacy of anti-neoplastic
therapeutic strategies. In recent years in the clinical and experimental oncotherapy silver
nanoparticles have obtained a special attention by virtue of their versatile biological properties
(Avalos et al. 2014). In fact, our research group has also reported experimental data about
silver nanoparticles of 28 nm size inhibiting Pgp activity and sensitizing multidrug-resistant
colon cancer cells by downregulating Pgp expression both transcriptionally and translationally
(Kovacs et al., 2016). Based on these observations, our present study aimed to unravel the
nanoparticle diameter-dependent Pgp inhibitory property of AgNPs in multidrug-resistant
breast adenocarcinoma cells, relating this fundamental property of drug-resistant cancer cells
to nanoparticle size as well as connecting it to the possible molecular mechanisms elicited by

differently sized AgNPs to inhibit Pgp.

Treatments using AgNPs effectively killed MCF-7/KCR cells and the extent of AgNP
induced cytotoxicity depended on their size, as 5 nm AgNPs were more toxic than 75 nm
AgNPs (Table 6). Smaller sized AgNPs (< 10 nm ) by releasing higher amount of silver ions
due higher surface area usually exhibit higher cytotoxicity than larger AgNPs (Sriram et al.
2012). Reports from others also suggested higher cytotoxicity of smaller sized AgNPs (< 10
nm) in vitro (Soares et al. 2016) and in vivo (Y. M. Cho et al. 2018) compared to larger sized
AgNPs (> 50 nm). Impressively, not only the cytotoxic potential but the Pgp efflux inhibiting
propensity of AgNPs also proved to be dependent on nanoparticle size. However, regarding
this feature, the 75 nm AgNPs, but not the 5 nm AgNPs were potent, since only larger
nanoparticles inhibited Pgp efflux activity in drug-resistant MCF-7/KCR cells (Figure 6a, b)
despite leaving the protein expression of Pgp unaffected (Figure 8a, b). This result emphasizes
the fact that for efficiently interfering in Pgp action as well as obtaining the required degree of

cytotoxicity, a proper AgNP size must be selected. Suitably sized AgNPs should be capable of
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reversing MDR in cancer cells and sensitize MDR cancer cells to the applied drugs. In order to
verify this hypothesis, we co-treated MCF-7/KCR cells with 75 nm AgNPs and doxorubicin,
and found that the cytotoxicity and the apoptotic potency of doxorubicin, a Pgp substrate,
applied usually to treat breast cancers, was significantly raised in the presence of 75 nm AgNPs
(Figure 9a-c). This is an important finding, because MCF-7/KCR cells were developed on
doxorubicin selection pressure, yet these cells are less resistant to doxorubicin when 75 nm
AgNPs are co-administered with the drug doxorubicin. In previous investigations our group
showed a similar drug sensitizing effect of effect AgNPs co-treated with several different
chemotherapeutic agents in MDR Colo 320 colon adenocarcinoma cancer cells (Kovacs et al.,

2016).

As 75 nm AgNPs are quite large, they probably do not inhibit Pgp efflux by simple physical
blockade or clogging, therefore other, presumably some indirect molecular and cellular
mechanisms must be responsible for the observed inhibitory feature executed by these AgNPs.
Our first idea was to test, whether elevated ROS production and the associated mitochondrial
damage upon AgNP treatments (Carlson et al. 2008; Y. Xue et al. 2018) could lay in the
background, since under such circumstances the ATP levels are diminished, which could result
in decreased Pgp drug efflux activity. Our results demonstrated that 75 nm AgNPs were less
potent inducers of ROS (Figure 12 a, b) and could also damage mitochondria to a smaller extent
(Figure 10b, c and 11a, b) than 5 nm AgNPs. Therefore, we concluded that ROS mediated
mitochondrial dysfunction is not the underlying reason for reduced Pgp efflux function in drug-

resistant MCF-7/KCR cells treated with 75 nm AgNPs.

The endoplasmic reticulum is the principal location for protein folding and is a major site
of cellular calcium storage. ER luminal calcium is essential for the undisturbed functioning of
the ER protein folding machinery assisted by calnexin and calreticulin (D. B. Williams 2006).
Moreover, the proper function of most ER chaperones is contingent on calcium availability.
Perturbations of any kind such as glucose deficiency, depletion of ER calcium levels etc. cause
disorder in ER protein homeostasis and would ultimately serve as signals for ER stress which
in turn responds by activating unfolded protein response (UPR). The major consequences of
ER stress are slower protein folding and reduced protein targeting (C. Xu et al., 2005). Hence,
we hypothesized that by inducing ER stress in drug-resistant cells, 75 nm AgNPs might
decrease the amount of Pgp reaching the plasma membrane, where it must exhibit its efflux
function. Our work provided proofs of ER stress induction, as 75 nm AgNPs, but not 5 nm

AgNPs triggered the expression of ER stress markers (Grp94, Grp78/Bip, GADD153) in MCF-
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7/KCR cells (Figure 13a-c). Furthermore, we showed evidence that the ER calcium stores were
critically depleted when MCF-7/KCR cells were treated with 75 nm AgNPs (Figure 15a-c).
These results are in agreement with previous research reports proving the ability of AgNPs to
induce ER stress and disturb calcium homeostasis (Zhang et al. 2012; P V Asharani, Hande,
and Valiyaveettil 2009). We further validated the involvement of ER stress underlying the
observed Pgp inhibition by 75 nm AgNP by examining Pgp distribution between the plasma
membrane and the cytoplasm of MCF-7/KCR cells. We found that plasma membrane Pgp
levels were significantly decreased in MCF-7/KCR cells treated with 75nm AgNPs, whereas
Pgp levels in the cytoplasm increased (Figure 16d, e). This result was quite surprising because
terminally mis-folded proteins are usually directed to proteasomal or autophagic degradation
but do not accumulate in the cytoplasm. Along this line we examined and proved the activation
of autophagy (He et al., 2009; Meusser et al., 2005) in MCF-7/KCR cells treated with 75 nm
AgNPs (Figure 14a, b). Calnexin and calreticulin are ER-resident lectins, which bind native
glycoproteins and make several attempts to ensure their proper folding before leaving the ER
(Araki et al., 2012). Nevertheless, some proteins remain misfolded and are therefore destined
to degradation with the help of EDEM (ER degradation-enhancing o-mannosidase like
protein), which plays a key role in transporting terminally misfolded glycoproteins to
degradation. Therefore, EDEM upregulation under ER stress indicates successful streamlining
of misfolded proteins from ER to the site of degradation (Wang et al., 2003). However, both
EDEM upregulation and conveying the misfolded glycoproteins to degradation is impossible
under conditions of critically low ER calcium levels, since EDEM is also a glycoprotein and
requires the folding machinery of the ER for proper folding (Wang et al., 2003). Based on this
information, and on our own results about calcium depletion of the ER (Figure 15a-c) we
examined EDEM expression in MCF-7/KCR cells under 75 nm AgNP treatment. Our results
prove that EDEM is not activated either transcriptionally or translationally under 75 nm AgNPs

treatment (Figure 16a-c).

Our findings imply that intracellular Pgp distribution is disturbed and misfolded Pgp
accumulates in the cytoplasm due to 75 nm AgNP-induced ER stress. This will ultimately lead
to lower amounts of functioning Pgp transporters in the plasma membrane, thus to a reduced

Pgp drug efflux.
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The key findings of the present study are that

* 75 nm AgNPs inhibit Pgp efflux activity and sensitize multidrug-resistant MCF-7/KCR
cells to doxorubicin-induced apoptosis without causing significant changes in Pgp

expression.

* AgNPs size-dependently induce oxidative stress, autophagy and mitochondrial damage
in multidrug-resistant MCF-7/KCR cells.
* 75 nm AgNPs deplete ER calcium stores and induce ER stress, which eventually reduce

the plasma membrane targeting of Pgp, thereby it ultimately leads to MDR reversal.
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7. SUMMARY

Chemotherapy is among the most effective treatment modalities in cancer management and
is preferentially applied to treat several types of cancer. Despite its effectiveness chemotherapy
often induces the development of drug resistance in cancer cells. Resistance to a particular
compound /drug is undoubtedly easier to deal with, whereas resistance to numerous other
structurally and functionally dissimilar drugs - termed multidrug resistance (MDR)- is
extremely problematic. MDR cells are often unresponsive to most of the clinically utilized
drugs which are usually effective in inducing cytotoxicity in a successful chemotherapy setting.
Overexpression of P-glycoprotein (Pgp) is a key element in the development of MDR in cancer
cells. Therefore, inhibition of Pgp activity could be the ultimate solution to improve the
survival of patients and to raise the success rate of conventional chemotherapy. Despite,
numerous scientific efforts to develop Pgp inhibitors, most of them proved to be either
ineffective or exerted serious side effects under in vivo circumstances and were eventually

dismissed on the basis of safety, efficacy and disappointing performance in clinical trials.

Silver nanoparticles (AgNPs) have been extensively studied in recent years, thus their
unique physicochemical, antibacterial, antifungal and antiviral features are already
characterized in details. However, at the same time these singular biological features were
examined, it was also suggested that AgNPs might have a potential in cancer therapy owing to
their remarkable anti-proliferative, cytotoxic and apoptosis inducing features. Exposure to
AgNPs can lead to the accumulation and aggregation of misfolded proteins, activation of
endoplasmic reticulum (ER) stress and unfolded protein response (UPR) in cells. Previously
published reports from our lab and by others suggest that AgNPs are able to target the MDR-
related biological profile of tumor cells, namely modulate the expression and the efflux activity
of Pgp, but the molecular background of the reduced transport activity and its dependence on
the nanoparticle diameters remain open questions for future studies. Therefore, the main goal
of our present study was to investigate whether the actual AgNP size would influence the
AgNP-induced molecular mechanisms and the inhibitory actions on P-glycoprotein in

multidrug-resistant breast cancer cells.

Citrate-capped silver nanoparticles of two largely different sizes (5 nm and 75 nm diameter)
were synthetized and were applied on drug-sensitive MCF-7 and drug-resistant MCF-7/KCR
breast adenocarcinoma cells. Our results indicated that the AgNP-induced cytotoxicity

depended on the nanoparticle size, where smaller particles i.e. 5 nm AgNPs were more toxic

Page | 71



than larger counterparts. AgNPs effectively eliminated MCF-7/KCR cells, but according to the
expectations, these multidrug-resistant cells were less susceptible to the cytotoxic effects of
both 5 nm and 75 nm AgNPs compared to MCF-7 cells. Although we did not observe changes
in the Pgp protein expression upon exposing MCF-7/KCR cells to either 5 nm or 75 nm AgNPs,
nevertheless, only 75 nm AgNPs were capable to reduce drug efflux activity of Pgp in the
tested MCF-7/KCR cells. This finding indicates that inhibition of Pgp-mediated drug efflux
depends on AgNP size. Then multidrug-resistant MCF-7/KCR cells were treated with 75 nm
AgNPs and with the Pgp substrate drug doxorubicin in combination and the cytotoxic and
apoptosis-inducing potency of doxorubicin was examined under such circumstances and
compared with the efficiency of individual doxorubicin treatments. These experiments proved
that exposing MDR cancer cells to 75 nm AgNPs sensitizes them for doxorubicin-induced

apoptosis.

Inhibition of Pgp efflux activity by 75 nm AgNPs could be the result of mitochondrial
dysfunction. Thus we investigated the possibility of AgNP-induced mitochondrial damage and
ROS production, which ultimately influence drug transport activity, mainly by reducing the
cellular ATP levels required to drive Pgp efflux. However, our results indicated that 75 nm
AgNPs were less potent than 5 nm AgNPs in triggering ROS generation and damaging
mitochondria. Therefore, oxidative stress-related mitochondrial dysfunction is probably not a
major reason behind the attenuated Pgp activity in 75 nm AgNP-treated drug-resistant MCF-
7/KCR cells.

Endoplasmic reticulum (ER) apart from being the most fundamental reservoir of cellular
calcium ions, is also a major assembly site of secretory and integral membrane proteins. Under
ER stress conditions the protein folding machinery is interrupted and the transition of calcium
from the ER to the cytoplasm is observed. Pgp is also a glycoprotein and needs to attain proper
folding in the ER to be targeted to the plasma membrane which is its site of action. Therefore,
we hypothesized that by inducing ER stress in drug-resistant cells, 75 nm AgNPs might affect
the number of properly folded Pgp targeted the plasma membrane, thereby leading to decreased
Pgp function. Our results showed that 75 nm AgNPs, but not 5 nm AgNPs induced ER stress
in MCF-7/KCR cells which was coupled with the depletion of ER calcium levels. Furthermore,
plasma membrane Pgp levels were significantly decreased, whereas cytoplasmic Pgp levels

increased in MCF-7/KCR cells treated with 75 nm AgNPs compared to untreated control.
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Our study revealed that larger sized AgNPs are potent tools for modulating Pgp activity
and sensitizing multidrug-resistant breast cancers to anticancer agents. This is a highly relevant
finding as it renders AgNPs attractive candidates in rational design of therapeutically useful

agents for tumor targeting.
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8. OSSZEFOGLALO

A sejtek kontrollalatlan osztdédésa rakot okozhat. A joindulati daganatok kisebb, mig a
rosszindulatu daganatok kifejezetten nagy kockazatot jelentenek a gazdaszervezet szamadra,
utobbiak elsdsorban a jelentésen megnovekedett proliferdcios aktivitdsuk és attétképzési
hajlamuk miatt, hiszen képesek az elsddleges keletkezési helyiikrdl a szervezet mas teriileteire
migralni és ott jabb daganatot kialakitani. A kemoterdpia a rdkos daganatok kezelésének egyik
hatékony terapias lehetdsége, mely tobbféle tumor tipus eliminaldsdnak céljara elonydsen
bevethetd. Azonban a rékos sejtek gyakran rezisztencia kialakulasdval reagdlnak a
kemoterapids kezelésre. Noha az egyetlen hatéanyaggal szemben kialakult rezisztenciat
viszonylag konnyebben 4t lehet hidalni, a multidrog-rezisztencia (MDR), azaz mikor a sejtek
nemcsak az adott gyogyszerrel szemben, hanem mas, szerkezetileg és funkcionalisan eltérd
hatdsmechanizmusu gyogyszerekkel szemben is egyarant ellendllova valnak, sulyos akadalyt
jelent a kemoterapia soran, mivel ezek a rezisztens rakos sejtek nem reagéalnak a gyogyszer/ek
altal indukalt toxikus hatdsokra megfelelden. Az MDR kialakuldsat nagyon gyakran a P-
glikoprotein  (Pgp) pumpafehérje korosan megemelkedett kifejez0désével hozzak
Osszefliggésbe. Ezért belathatd, hogy a Pgp miikodésének gatlasa nem csak megoldast jelenthet
a rezisztencia lekiizdésére, de nagymértékben novelheti a hagyomanyos kemoterdpia
sikerességét. Bar jelentds tudomanyos erdfeszitések iranyultak ilyen Pgp-inhibitorok
fejlesztésére, ezek mindegyike kudarcba fulladt, mert a kifejlesztett gatloszerek egyike sem
volt bevethetd rakos betegek kezelésére, hiszen a klinikai vizsgélatok soran ezeknek a

molekuldknak a teljesitménye messze elmaradt az elvartaktol.

Az utobbi években az eziist nanorészecskéket (AgNP) széles korben tanulmanyoztak, igy
egyedi fizikai-kémiai, antibakteridlis, gombaellenes és antiviralis tulajdonsagaikat mar
részletesen jellemezték. Ugyanakkor az eredmények alapjan azt is feltételezni lehetett, hogy az
kiemelkedd antiproliferativ, citotoxikus és proapoptotikus tulajdonsagaiknak kdszonhetéen. A
sejtekben az AgNP kezelést kovetden felhalmozodhatnak és aggregalodhatnak a hibasan
feltekeredett fehérjék, endoplazmatikus retikulum (ER) stressz és ehhez kapcsoloddan sériilt
fehérjevalasz (unfolded protein response, UPR) indukalodhat. A csoportunk €s masok altal
kozolt adatok alapjan feltételezhetd, hogy az AgNP-k képesek modositani a tumorsejtek MDR
fenotipusat, feltehetdleg tigy, hogy moduldljdk a Pgp expressziojat €s efflux aktivitisat.

Viszont ennek a jelenségnek, igy a csokkent transzportaktivitdsnak a hatterében meghuzodé
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molekuldris mechanizmusok, valamint hogy ezek milyen modon fiiggnek az alkalmazott
nanorészecskek méretétdl tovabbra sem ismertek. Ezért jelen tanulmanyunk fo célja annak
felderitése volt, hogy az eziist nanorészecskék mérete befolyasolja-e a rakos sejtek MDR
fenotipusat meghatdroz6 molekularis folyamatokat és igy a P-glikoproteinre kifejtett gatld

hatasokat multidrog-rezisztens emldrakos sejtekben.

Ennek a célnak az érdekében két kiilonbozé méretii (5 nm €s 75 nm atmérdjli), nagyjabol
gomb alaku, citrattal bevont eziist nanorészecskét tartalmazo kolloidot allitottunk el és
ezekkel kezeltiink gyogyszer-érzékeny MCF-7 és multidrog-rezisztens MCF-7/KCR emld
adenokarcinoma sejteket. Eredményeink azt mutattdk, hogy az AgNP altal kivaltott
citotoxicitas fiigg a nanorészecskék méretétdl, mivel az 5 nm-es AgNP-k mérgezdbbek voltak,
mint a 75 nm-es részecskék. Az AgNP-k ugyan hatékonyan elpusztitottdk az MCF-7/KCR
sejteket, de a varakozasoknak megfelelden, ezek a sejtek sokkal ellenallobbak voltak mind az
5 nm, mind a 75 nm-es AgNP citotoxikus hatasaival szemben, mint a gydgyszer-érzékeny
MCF-7 sejtek. Erdekes médon nemcsak a citotoxicitds, hanem a Pgp efflux aktivitasanak
gatlasa is fliggdtt az alkalmazott nanorészecskék méretétdl, mivel az 5 nm-es részecskékkel
ellentétben, a 75 nm-es AgNP-k képesek voltak csokkenteni a Pgp transzport funkciojat a
multidrog-rezisztens MCF-7/KCR sejtekben, annak ellenére, hogy a Pgp fehérje
mennyiségében nem tortént valtozas a nanorészecske kezelés hatdsara. Bebizonyitottuk azt is,
hogy a doxorubicin (mely szintén szubsztratja a Pgp transzporternek) citotoxikus és apoptdzist
indukald hatékonysaga jelentdsen megnd a multidrog-rezisztens MCF-7/KCR sejtekben, ha a
doxorubicint 75 nm-es AgNP-kel egyiitt alkalmazzuk. Ez az eredmény arra utal, hogy a 75 nm-

es AgNP-k érzékenyitik a MDR rakos sejteket a doxorubicin altal indukalt apoptdzisra.

A 75 nm-es AgNP kezelés gatolta a Pgp efflux aktivitasat, annak ellenére, hogy a Pgp
pumpa expresszidja nem valtozott. Ezt az eredményt meglehetdsen érdekesnek talaltuk, ami
arra késztetett minket, hogy megvizsgéljuk, vajon az AgNP kezelés kivalt-e mitokondrialis
karosodast vagy szabadgyOk termelést. Ezeknek az eseményeknek barmelyike végsd soron
befolyéasolhatja a Pgp membrantranszporter miikodését, elsésorban a sejtek ATP termelésének
csokkenése révén, mivel a megfeleld ATP jelenléte elengedhetetlen a Pgp efflux aktivitasahoz.
Eredményeink azonban azt mutattak, hogy a 75 nm-es AgNP-k kevésbé voltak képesek ROS
termelést vagy mitokondrialis karosodast kivaltani, mint az 5 nm-es AgNP-k. Ezért az oxidativ
stressz vagy a mitokondrialis diszfunkcio nem tud magyardzatot adni a 75 nm-es AgNP-kel
kezelt multidrog-rezisztens MCF-7/KCR sejtek esetében tapasztalt Pgp aktivitas csokkenésére.

Az endoplazmatikus retikulum (ER) a legfontosabb helyszine a szekrécios és integrans
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membranfehérjék Osszeszerelddésének és feltekeredésének. Ha ER stressz indukalodik, az
megzavarja a protein feltekeredés mechanizmusanak egyensulyat. Ezért feltételeztiik, hogy a
75 nm-es AgNP-k ER stresszt valtanak ki multidrog-rezisztens sejtekben, ezaltal csokken a
megfelelden feltekeredett Pgp pumpa mennyisége a plazmamembranban, ahol a
transzportereknek ki kell fejtenitik aktivitasukat. Eredményeink azt mutattdk, hogy az 5 nm-es
AgNP-k nem, viszont a nagyobb méretii, atlagosan 75 nm-es részecskék jelentds ER stresszt
indukalnak az MCF-7/KCR sejtekben, ami rdadasul az ER kalcium raktarainak kimertilésével
tarsul. Kimutattuk azt is, hogy a plazmamembranban taldlhat6 Pgp mennyisége szignifikansan
csokken, viszont ezzel parhuzamosan, a citoplazmatikus Pgp szintje nétt a 75 nm-es AgNP-kel

kezelt MCF-7/KCR sejtekben a kezeletlen kontrollhoz képest.

Vizsgalataink tehat arra engednek kovetkeztetni, hogy a nagyobb méretii AgNP-k
hatékonyan modulaljdk a MDR-ért nagymértékben felelos ABC transzporter, a Pgp efflux
aktivitasat és ezaltal képesek érzékenyiteni a multidrog-rezisztens emlérakos sejteket a
kemoterapids hatoanyagok altal kivaltott citotoxikus hatasokra. Ennek a jelenségnek a
hatterében valdszintileg ER stressz €s ennek folyomanyaként, a megfelelden feltekeredett, a
funkcidjat ellatni képes Pgp fehérjék sejten beliili disztribucidjanak zavara allhat. Ezek alapjan
az eziist nanorészecskek igéretes eszkozei lehetnek a multidrog-rezisztens rakos sejteket célzo
terapias megkozelitések szamara, példaul a hagyomdnyos hatéanyagokkal kombinacidban

lehetne bevetni a megfelelé méretii nanorészecskéket.
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