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Abstract  

The resistance to tamoxifen, a drug used in the adjuvant therapy for hormone 

sensitive breast cancer, represents a major clinical obstacle. Although various 

mechanisms leading to tamoxifen resistance have been described and intensively 

studied, a significant number of patients still become resistant to the treatment and 

eventually relapse. 

Tamoxifen therapy has been shown to enrich tumors with cancer stem cells 

(CSCs), which are naturally resistant, and have self-renewal ability and the potential to 

form secondary tumors. Metabolic rewiring, altered iron metabolism and upregulation 

of ATP-binding cassette (ABC) transporters have been shown to be important in the 

maintenance of CSC phenotype. Therefore, we investigated these mechanisms as 

possible contributors to tamoxifen resistance in vitro in two tamoxifen resistant (Tam5R) 

cell lines that we established. 

We show that Tam5R cells have dramatically disassembled and less active 

mitochondrial supercomplexes (SCs) and higher level of mitochondrial superoxide, 

together with a fragmented mitochondrial network. Such dysfunction of mitochondria 

results in the AMP-activated protein kinase (AMPK) activation and metabolic rewiring 

towards glycolysis. Importantly, cells lacking functional mitochondria are significantly 

more resistant to tamoxifen, supporting a role of mitochondria in tamoxifen resistance.  

Further, our analysis revealed significant changes in proteins participating in 

iron uptake, storage, export and iron sensing as well as in iron-sulfur (Fe-S) cluster 

assembly and hypoxia response in Tam5R cells. In addition, less incorporation of 55Fe 

into Fe-containing mitochondrial proteins was detected. Therefore, we propose that 

altered iron trafficking and utilization in Tam5R cells may be linked with the resistant 

phenotype. 

Finally, the expression profile of ABC transporters, well described contributors 

to multidrug resistance, was altered in Tam5R cells, with similar change in protein level 

of ABCC5, ABCG1 and ABCF2 in both cell lines, thereby suggesting their possible role 

in tamoxifen resistance.  

 

Key words: breast cancer, tamoxifen resistance, mitochondria, iron metabolism, ABC 

transporters 
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Abstrakt  

Rezistence k tamoxifenu, léčivu používaném v adjuvantní terapii při hormonální 

léčbě rakoviny prsu, představuje závažný klinický problém. Přestože byly popsány a 

intenzivně studovány různé mechanismy vedoucí k rezistenci k tamoxifenu, u značného 

počtu pacientů se objeví rezistence na terapii a následná recidiva. 

Ukázalo se, že léčba tamoxifenem obohacuje nádory o nádorové buňky podobné 

kmenovým bunkám, které jsou přirozeně rezistentní a mají schopnost sebeobnovy a 

potenciál vytvářet sekundární nádory. Metabolická plasticita, změněný metabolismus 

železa a zvýšená exprese ABC transportérů jsou další factory důležité při udržování 

fenotypu rakovinných kmenových buněk. Z tohoto důvodu jsme zkoumali výše 

uvedené mechanismy v dvou in vitro modelech tamoxifen rezistentních buněčných linii 

(Tam5R), které jsme zavedli.   

Ukazujeme, že Tam5R buňky mají dramaticky rozložené a méně aktivní 

mitochondriální superkomplexy a vyšší hladinu mitochondriálního superoxidu spolu s 

fragmentovanou mitochondriální sítí. Taková dysfunkce mitochondrií vede k aktivaci 

AMPK signální dráhy a metabolickému posunu směrem ke glykolýze. Navíc buňky bez 

funkčních mitochondrií (ρ0 buňky) jsou signifikantně více rezistentní k tamoxifenu, což 

podporuje úlohu mitochondrií v rezistenci k tamoxifenu.  

Naše analýza odhalila signifikantní změny u Tam5R v proteinech účastnících se 

příjmu železa, jeho skladovaní, exportu, regulaci jeho vnitrobuněčné hladiny a dále 

proteinů podílejících se na skládání železo-sirných (Fe-S) klastrů a odpovědi buněk na 

hypoxii. Kromě toho jsme detekovali méně zabudovaného 55Fe do mitochondriálních 

proteinů obsahujících železo. Naše data tak ukazují, že změny v metabolismu železa a 

jeho utilizaci by mohly být spojeny s rezistentním fenotypem. 

Dále jsme popsali změny v expresním profilu ABC transportérů, proteinů 

přispívajících k mnohočetné lékové rezistenci. Popsali jsme identické změny na úrovni 

proteinu u ABCC5, ABCG1 a ABCF2 v obou rezistentních líniích, což ukazuje na jejich 

možnou roli v rezistenci k tamoxifenu. 

 

Klíčová slova: rakovina prsu, rezistence k tamoxifenu, mitochondrie, metabolismus 

železa, ABC transportéry 
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Abbreviations 

2-DG    2-deoxyglucose 

2-NBDG  2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-

deoxyglucose 

3-BrOP    3-bromo-2-oxopropionate-1-propyl ester 

4-OH tamoxifen          4-hydroxytamoxifen 

AAs     amino acids 

ABC transporters      ATP-binding cassette transporters 

Acetyl-CoA   acetyl coenzyme A 

ACO1    aconitase 1 (cytosolic) 

ACO2     aconitase 2 (mitochondrial)  

ACS2    acetyl-CoA synthetase 

ALA    aminolevulinic acid 

ALDH1    aldehyde dehydrogenase 1 

AMPK    AMP-activated protein kinase 

AV/PI     annexin V/ propidium iodide 

BCA    bicinchoninic acid 

BCRP     breast cancer resistance protein 

BCSC                         breast cancer stem cell/breast cancer stem-like cell 

BNE     blue native electrophoresis 

BSA     bovine serum albumin 

CCCP     carbonyl cyanide m-chlorophenyl hydrazone 

CDH2     cadherin 2 

CFTR     cystic fibrosis transmembrane conductance regulator 

CI-CV     mitochondrial respiratory complex I - complex V 

CSC                            cancer stem cell/cancer stem-like cell 

Ctrl     control 

CXCR4    C-X-C chemokine receptor 4  

CYBRD1    cytochrome b reductase 1 

CYP                             cytochrome P450 

DCF-DA    2′,7′-dichlorofluorescein diacetate 

DCYTB                       duodenal cytochrome B 

D-loop    displacement loop 

DMEM   Dulbecco's Modified Eagle Medium 
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DMT1  divalent metal transporter 1 

DRP1     dynamin- related protein 1 

EGFR                          epidermal growth factor receptor 

EMT     epithelial-mesenchymal transition 

EPAS1  gene coding for endothelial PAS domain-containing 

protein 1 

ER                                estrogen receptor 

ERE                          estrogen response element 

ETC     electron transport chain 

FADH2    flavin adenine dinucleotide (reduced) 

FBS     fetal bovine serum 

FBXL5    F-Box and Leucine Rich Repeat Protein 5 

Fe2+                             ferrous iron 

Fe3+                              ferric iron 

Fe-S clusters               iron-sulfur clusters 

FPN                             ferroportin 

FtMt                mitochondrial ferritin 

FXN                frataxin 

GLRX5               glutaredoxin 5 

GLUT-1               glucose transporter 1 

GPER1                       G-protein coupled estrogen receptor 1 

GPX1               glutathione peroxidase 1 

GSH               glutathione 

GSSG                glutathione disulfide 

HEPH                         hephaestin 

HER2                          human epidermal growth factor receptor 2 

HFE    hemochromatosis protein 

HIF                hypoxia inducible factor 

HKII     hexokinase 2 

hr-CNE    high resolution clear native electrophoresis 

HRE    hypoxia responsive element 

Hsp90   heat shock protein 90 

i.p    intraperitoneal 

IDH2    isocitrate dehydrogenase 2 
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IRE   iron responsive element 

IRP1  iron responsive protein 1 

IRP2  iron responsive protein 2 

ISCU     iron-sulfur cluster assembly enzyme  

LDH-A   lactate dehydrogenase A  

LDH-B    lactate dehydrogenase B  

LIP   labile iron pool 

LYRM4    LYR motif-containing protein 4  

MDR     multidrug resistance 

MFRN1    mitoferrin 1 

MFRN2    mitoferrin 2 

miRNA   microRNA 

MRP     multidrug resistance protein 

mtDNA    mitochondrial DNA 

NADH    nicotinamide adenine dinucleotide (reduced) 

NADPH   nicotinamide adenine dinucleotide phosphate 

NBD     nucleotide binding domain 

NFS1    nitrogen fixation 1 (S. cerevisiae homolog) 

NRF2     nuclear respiratory factor 2 

NTBI     non-transferrin bound iron 

OCR     oxygen consumption rate 

OPA1    optic atrophy 1 

OXPHOS    oxidative phosphorylation 

PAF     platelet activating factor 

PCBP1   poly(rC)-binding protein 1 

PCBP2   poly(rC)-binding protein 2 

PDK1     pyruvate dehydrogenase kinase 1 

PFK2     phosphofructokinase 2 

PR  progesterone receptor 

QSOX1    quiescin sulfhydryl oxidase 1 

RFU     relative fluorescent unit 

RIPA   radioimmunoprecipitation assay buffer 

ROS   reactive oxygen species 

RT    reverse transcription 
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S1P     sphingosine-1-phosphate 

SC     supercomplex (mitochondrial) 

SIRT3     sirtuin 3 

SLC11A2    gene coding for solute carrier family 11 member 2 (DMT1) 

SLC25A37 gene coding for solute carrier family 25 member 37 

(MFRN1) 

SLC39A14    gene coding for solute carrier family 39 member 14 (ZIP14) 

SLC40A1    gene coding for solute carrier family 40 member 1 (FPN)  

SOD2    superoxide dismutase 2 

SOX2     SRY-box transcription factor 2 

STEAP3    six transmembrane epithelial antigen of the prostate 3 

SUR1    sulfonylurea receptor 1 

SUR2    sulfonylurea receptor 2 

Tam5R  tamoxifen resistant 

TCA cycle    tricarboxylic acid cycle 

Tf     transferrin 

TfR1     transferrin receptor 1 

TMD     transmembrane domain 

TOM20  mitochondrial import receptor subunit TOM20 homolog 

UTR     untranslated region 

VDAC1   voltage-dependent anion-selective channel protein 1 

WCL     whole cell lysate 

ZIP14     zinc transporter 14 
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Introduction  

Cancer represents the second leading cause of death globally, responsible for an 

estimated 9.6 million deaths in 2018 [1]. Female breast cancer is the most commonly 

diagnosed cancer worldwide with high incidence (24.2% of all new cases in women) and 

mortality rates (15%) [1]. Despite the progress in development of new screening and 

treatment strategies, some patients do not respond to the therapy, or some initially 

respond but develop resistance and relapse [2].  

Emerging evidence suggests that the existence of cancer stem cells (CSCs) within 

the tumor may represent one of the factors limiting successful treatment [3]. CSCs form 

a subpopulation of cells with self-renewal capacity, undifferentiated phenotype and the 

propensity to drive tumor growth de novo. Their slow-proliferating rate makes them 

naturally chemo- and radio-resistant, since cancer therapies are mainly targeted to 

rapidly proliferating cells [4]. Another characteristic of CSCs is a high iron storage and 

increased labile iron pool (LIP) as a result of altered iron trafficking and reduced iron 

utilization [5, 6]. Similarly, overexpression of ATP-binding cassette (ABC) transporters 

which are able to export various types of drugs has been documented in CSCs, 

contributing to their resistant phenotype [7]. Moreover, the importance and role of 

metabolic alterations in the maintenance of the CSC phenotype is becoming appreciated 

[8]. Indeed, CSCs show increased metabolic plasticity that helps them respond to 

changing tumor microenvironment and ensure their survival [9].  

The main goal of the present work was to analyze the mechanisms that may 

contribute to the tamoxifen resistant phenotype. The thesis is divided in four parts, each 

consisting of a short introduction relevant to the presented topic, results and discussion. 

The first part introduces tamoxifen resistant (Tam5R) breast cancer cell lines as an 

experimental model for studying the phenomenon of tamoxifen resistance. The second 

chapter discusses the role of mitochondria together with metabolic and bioenergetic 

changes in Tam5R breast cancer cells as possible contributors to drug resistance. The 

results presented in this chapter are published in my first author paper in Free Radical 

Biology & Medicine. The third part analyzes the alterations in iron metabolism and iron 

utilization in Tam5R cells and links these data with the resistant phenotype. Some of my 

results were included as a supplementary data in my Oncotarget co-author paper. The 

final part describes the gene expression profile of ABC transporters in Tam5R cells, 

together with the assessment of protein level of selected ABC transporters, and proposes 

their possible role in tamoxifen resistance (unpublished data).  
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Aims 

The main aim of this project was to elucidate the possible roles of mitochondria, 

iron metabolism and ABC transporters in tamoxifen resistance.  

 

Specific aims 

1) Establishing MCF7 and T47D cell lines resistant to 5 µM tamoxifen (MCF7 Tam5R and 

T47D Tam5R) and evaluation of their resistance as well as cancer stem-like properties 

 

2) Analysis of various aspects of mitochondrial function in Tam5R cells: 

 Determination of the amount, assembly and enzymatic activity of mitochondrial 

SCs  

 Assessment of the mitochondrial mass 

 Analysis of the mitochondrial network  

 Analysis of the mitochondrial and cellular redox systems 

 Metabolic analysis (glycolytic status, respiration) 

 Assessment of the tamoxifen resistance in the model of mitochondrial DNA 

(mtDNA) deficient MCF7 ρ0 cells 

 

3) Determination of the iron metabolism in Tam5R cells 

 Expression profiling of iron metabolism related genes and determination of the 

protein level of selected candidate genes 

 Assessment of hypoxia-related genes in Tam5R cells 

 Measurement of 55Fe level and incorporation into proteins in WCL, and cytosolic 

and mitochondrial fractions 

 

4) Assessment of gene expression and protein level of ABC transporters in Tam5R cells 

 

 

 

 

 

 



15 
 

Materials and Methods 

 

Cell culture 

Human breast cancer cell lines MCF7 (ATCC® HTB-22™) and T47D (ATCC® HTB-

133™) were purchased from ATCC (Manassas, VA, USA). Both control (Ctrl) and 

tamoxifen resistant (Tam5R) cell lines were maintained in Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2mM L-glutamine 

and antibiotics (streptomycin 100µg/ml; penicillin 100U/ml). In addition, Tam5R cell 

lines were cultivated in the presence of 5 µM tamoxifen (Sigma-Aldrich).  

MCF7 ρ0 cells were prepared by long term cultivation with ethidium bromide [10]. 

Once established, they were cultured as Ctrl cells with the addition of 1 mM pyruvate 

and 50 μg/mL uridine.  

 

Assessment of the number of viable cells 

The evaluation of the effect of tamoxifen on the number of viable Ctrl and Tam5R 

cells was performed by crystal violet staining. Briefly, 1 x 104 cells were seeded in 96 well 

plates and let to attach overnight. Tamoxifen was added in increasing concentrations (1-

25 µM) and cells were incubated for additional 48 hours. Afterwards, cells were fixed 

with 4% paraformaldehyde, washed with PBS and stained overnight with crystal violet 

(0.05% in water). Finally, cells were washed with PBS and crystals solubilized with 1% 

SDS. Absorbance was recorded at 595 nm by using a Tecan Infinity M200 microplate 

reader. IC50 values for each condition were calculated by interpolating in a dose-response 

curve, using the GraphPad Prism 6.0 software and a nonlinear regression of log 

[tamoxifen] vs. normalized response with variable slope. 

 

Flow cytometry 

Flow cytometry was performed via BD LSRFortessa™ flow cytometer (BD 

Biosciences). Each measurement contained at least 10,000 events and data were analyzed 

by Kaluza software.  

 

Cell death assessment 

Double staining by annexin V/propidium iodide (AV/PI staining) was used to 

assess the cell death after incubation of cells with increasing concentrations of tamoxifen 

(5-15 µM) for 48 hours. After collecting the cells, fluorescence was detected by flow 
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cytometry at 488nmEx/530nmEm for AV and 561nmEx/610nmEm for PI. Results are shown 

as % of dead cells (sum of AV+/PI-, AV-/PI+  and AV+/PI+ cells). 

 

Mitochondrial mass measurement 

Total mitochondrial mass was assessed by immunostaining with an antibody 

against outer mitochondrial import receptor subunit TOM20 homolog (TOM20; sc-

17764, Santa Cruz Biotechnology). After fixation with 4% paraformaldehyde, cells were 

permeabilized with saponin and washed with PBS. Next, cells were incubated with 

TOM20 antibody (1:500) for 1 hour followed by incubation with the secondary antibody 

Alexa Fluor™ 488 (A-11001, ThermoFisher scientific; 1:500) for 1 hour. The cells were 

collected and fluorescence was detected by flow cytometry at 488nmEx/530nmEm. 

 

Mitochondrial superoxide and cellular ROS determination 

For the detection of the mitochondrial superoxide level we used the MitoSOXTM 

probe (ThermoFisher Scientific). For the determination of cellular reactive oxygen 

species (ROS), 2′,7′-dichlorofluorescein diacetate (DCF-DA; Sigma-Aldrich) was used. 

Cells were incubated for 20 min with 2.5 µM MitoSOX or 5 µM DCF-DA, collected and 

the fluorescence was detected by flow cytometry at 488nmEx/585nmEm and 

488nmEx/530nmEm, respectively. 

 

Glucose uptake 

Glucose uptake was measured by using the 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-

diazol-4-yl)Amino)-2-Deoxyglucose) probe (ThermoFisher Scientific). Cells were seeded 

in regular DMEM medium. The next day, the medium was replaced by glucose 

free/phenol red free medium and cells were incubated for another 24 hours. Then, 50 

µM of 2-NBDG probe was added for additional 20 min. Finally, cells were collected and 

fluorescence was measured by flow cytometry at 488nmEx/530nmEm.  

 

Oxygen consumption 

Oxygen consumption rate (OCR) was measured by a Seahorse Extracellular Flux 

(XFe96) analyzer (Agilent Technologies). In order to prevent detachment of cells during 

washing and measurement, culture plates were pre-coated with Poly-L-lysine. Cell 

seeding densities were optimized to 20,000/well for each cell line (MCF7 and T47D). The 

whole experiment including media supplement concentrations and washing procedures 
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followed the instructions from the manufacturer. The day after seeding, cells were 

washed with XF assay media and incubated with the same media supplemented with 10 

mM glucose, 1 mM pyruvate and 2 mM L-glutamine for 1 hour in a non-CO2 incubator. 

The injection protocol used was: port A: 1 µM oligomycin, port B: 0.5 µM carbonyl 

cyanide m-chlorophenyl hydrazone (CCCP) and port C: 1 µM rotenone and 1.8 µM 

antimycin A. The last injection (port D) was with Hoechst 33342 (2µg/ml; Sigma-

Aldrich) in PBS in order to assess the total cell number for normalization. For this 

purpose, the ImageXpress Micro XLS analysis system (Molecular Devices) was utilized 

(available in BIOCEV core facility).  

 

ATP measurement 

Total cellular ATP was measured using the CellTiter-Glo® Luminescent Cell 

Viability Assay kit (Promega) and the protocol followed manufacturer‘s instructions. 

One day after seeding, cells were incubated for 4 hours with either 25 mM or 50 mM 2-

deoxyglucose (2-DG, Cayman Chemicals) or normal media prior to the ATP 

measurement. ATP values were normalized to total protein content measured by the 

bicinchoninic acid (BCA) method (ThermoFisher Scientific). 

 

Lactate production 

Extracellular lactate was measured directly from the media by using the Lactate 

Kit (Trinity Biotech). The culture media and Lactate Standard were pipetted in triplicate 

in a 96 well plate. The amount of pipetted media was optimized to 5 µl in order to get a 

detectable signal. After the addition of Lactate Reagent (100 µl) and 10 min incubation, 

absorbance at 540 nm was measured by Tecan M200 infinity multiplate reader. All 

values were normalized to total protein content determined by the BCA method. 

 

Animal studies 

Athymic nude mice Crl:NU(NCr)-Foxn1nu(Charles River) were implanted with a 

slow-release estradiol pellet (60-day release of 12 μg per day; Innovative Research of 

America). After 3 days, mice were divided in two groups and injected subcutaneously 

with 2 × 106 MCF7 Ctrl or Tam5R cells, respectively. When tumors reached the volume 

of 30–50 mm3, each group was further divided into two subgroups and treated 

intraperitoneally (i.p.) with either tamoxifen (30 mg/kg weight) or vehicle (2.5% DMSO 

in corn oil, 100 μl per dose) twice per week for 2 weeks. Tumor volume was monitored 
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by the USI instrument Vevo770 (VisualSonics). All mice experiments were approved by 

the Czech Academy of Sciences and performed according to the Czech Republic Council 

guidelines for the Care and Use of Animals in Research and Teaching. 

 

Preparation of mitochondrial lysates and blue native electrophoresis 

Mitochondrial lysates were prepared by homogenization of cells with a Potter 

homogenizator in STE buffer (250 mM sucrose, 10 mM Tris, 1 mM EDTA) followed by 

differential centrifugation [11]. First, nuclei and cell debris were removed by 

centrifugation at 600 × g  for 15 min, then supernatant was further centrifuged at 10,000 

× g for 20 min in order to obtain a mitochondrial pellet. Isolated mitochondria were 

solubilized with digitonin for 45 min on ice (10 g of digitonin per 1 g of protein) and 

centrifuged at 20,000 × g for 40 min. The concentration of solubilized mitochondrial 

fraction was measured by the BCA method. 25 µg of mitochondrial proteins were loaded 

on Bis-Tris 3-12% NativePAGE™ gels (ThermoFisher Scientific). Blue native 

electropohresis (BNE) was used to determine the level and composition of mitochondrial 

respiratory complexes and ran at the following program: 25 V overnight followed by 

immunoblotting on PVDF membranes at 30 V for 2 hrs. Proper loading was determined 

by SDS-PAGE followed by immunoblotting against voltage-dependent anion-selective 

channel protein 1 (VDAC1). The list of used antibodies is shown in Supplementary Table 

1.  

 

In gel activity of mitochondrial complexes 

For assessment of the activity of mitochondrial respiratory complexes, high 

resolution clear native electrophoresis (hr-CNE) was used as described in [11]. 25 µg of 

solubilized mitochondria were separated in Bis-Tris NativePAGE™ gels. Gels were then 

incubated in appropriate complex assay buffers [11] and scanned. Proper loading was 

determined by SDS-PAGE followed by immunoblotting against VDAC1. 

 

Whole cell lysate preparation, SDS-PAGE and western blot 

Whole cell lysates (WCL) were prepared by resuspending the collected cell 

pellets in radioimmunoprecipitation assay buffer (RIPA) or cell lysis buffer (20 mM Tris-

HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % Triton-X100) supplemented 

with protease and phosphatase inhibitors. Protein concentration was determined by the 

BCA method. 50 µg of the cell lysate was loaded in SDS-PAGE gel and separated at 
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constant voltage (100 V), followed by blotting on nitrocellulose or PVDF membrane at 

constant 35 V for 2 h (or 20 V overnight for ABC transporters) using a Mini blot module 

(ThermoFisher Scientific). Membranes were then stained with 0.05% Ponceau S solution, 

scanned, washed three times with TBS/Tween 20 and blocked with 5 % non-fat milk for 

1 h. After blocking, membranes were again washed three times with TBS/Tween 20 and 

incubated with corresponding antibodies in 5 % bovine serum albumin (BSA) overnight 

(Supplementary Table 1). The next day, membranes were washed three times with 

TBS/Tween 20 and incubated with corresponding secondary antibody (Supplementary 

Table 1) in 1% milk for 1 h. After washing the membranes three times with TBS/Tween 

20,  proteins were visualized by using chemiluminiscent substrates WesternBrightTM 

Sirius (Advansta) or ClarityTM (BioRad) and chemiluminiscence was detected by the 

camera Azure c600 (Azure Biosystems).   

 

Aconitase in gel activity 

The activity of aconitase was assessed in gel as described in [12]. Briefly, collected 

cells were lysed in buffer containing 20 mM Tris-HCl, 137 mM NaCl, 1% Triton-X100, 

10% glycerol, 2 mM citrate and protease inhibitors. Protein samples (70 µg) were 

separated at 180 V in 8% Tris-Borate gels supplemented with 3.6 mM citrate at 4 °C. 

Then, gels were incubated for 2 h at 37 °C with 100 mM Tris (pH 8.0), 2.5 mM cis-aconitic 

acid, 5 mM MgCl2, 1 mM NADP+, 0.3 mM phenazine methosulfate, 1.2 mM MTT and 5 

U/ml isocitric dehydrogenase, protected from light. Gels were scanned and proper 

loading was determined by SDS-PAGE followed by western blot and immunodetection 

against β-actin.  

 

Mitochondrial to nuclear DNA ratio measurement 

Mitochondrial and nuclear DNA were isolated by resuspending approximately 

2 × 106 cells in DNAzol® (Molecular Research Center) according to the manufacturer’s 

instructions. For qPCR, we used 5x HOT FIREPol® EvaGreen® qPCR Supermix (Solis 

BioDyne). 5 ng of total DNA per reaction were used as template. Primer sequences 

designed for the analysis were: for mtDNA, MTRT1 forward: 

CACCCAAGAACAGGGTTTGT; MTRT1 reverse: TGGCCATGGGTATGTTGTTA; for 

nuclear DNA: human gDNA ValidPrime™ assay was purchased from TATAA 

Biocenter. Fold changes were calculated by 2–∆∆Ct method relative to MCF7 Ctrl. The 

analysis was performed via the GenEx software version 6. 
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RNA isolation and reverse transcription (RT) 

Total RNA was isolated using RNAzol RT (Molecular Research Center) 

according to manufacturer’s instructions. RNA quantity was measured with the 

Nanodrop spectrophotometer (ThermoFisher Scientific). Integrity of each RNA sample 

was assessed with the Agilent 2100 Bionalyser (Agilent Technologies). cDNA for 

Fluidigm qPCR was reverse-transcribed by the Maxima H minus reverse transcriptase 

kit (ThermoFisher Scientific) according to manufacturer’s instructions. cDNA for 

standard qPCR was reverse-transcribed by RevertAid RT Reverse Transcription Kit 

(ThermoFisher Scientific) using oligodT.  

 

Fluidigm qPCR 

 The Fluidigm qPCR experimental setup is described in [6]. All primers were 

designed in Primer BLAST. cDNA was pre-amplified (95°C for 60 s and 18 cycles of 95°C 

for 15 s and 4 min at 60°C) with the mix of all primers and contained 5 µl of iQ Supermix 

(Bio-Rad), 2 µl of diluted cDNA, 1.25 µl of pre-amplification primer mix in final 

concentration 25 nM and 1.25 µl of water. RT-qPCR was performed using the high-

throughput BioMark HD System (Fluidigm) with 96.96 Dynamic ArrayIFC for gene 

expression. 5 μL of sample pre-mix contained 1 μl of 20x diluted preamplified cDNA, 

2.5 μl of SsoFast EvaGreen Supermix (Bio-Rad), 0.25 μl of 20x SG sample loading reagent 

(Fluidigm) and 1.25 μl of water. 5 μl of assay pre-mix contained 2 μl of 10 μM 

primer/probe assays, 2.5 μl of 2x assay loading reagent (Fluidigm) and 0.5 μl of water. 

Thermal conditions for qPCR were: 98°C for 3 min, 35 cycles of 98°C for 5 s and 60°C for 

5 s. Raw data were subtracted from the gDNA control and efficiencies of individual 

assays were calculated from the serial dilutions of a mixed cDNA sample. Assays with 

insufficient efficacy or very high Cq values (>25) were excluded from the analysis. 

GenEx software version 6 was used to analyze the data. The missing values were 

replaced by the average value of the whole group. Normalization genes were identified 

by Normfinder. Data were normalized to several reference genes (GAPDH, POLR2A, 

RPLP0, HPRT1, PPIA and TBP). Statistical analysis was performed via GenEx software. 

The list of primers is available as Supplementary Table 2. 
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Standard qPCR 

5x HOT FIREPol® EvaGreen® qPCR Supermix (Solis BioDyne) was used in the 

standard qPCR assay. 5 µl of mastermix containing EvaGreen® qPCR Supermix, water 

and the primer mix (10 µM forward + 10 µM reverse) was pipetted into each well, 2.5 µl 

of diluted cDNA (10 ng of transcribed RNA) was added and centrifuged at 1,500 × g for 

5 min. Temperature profile used in the reaction was: 95 °C for 12 min, and 40 cycles of 

95 °C for 10 s, 60 °C for 20 s and 72 °C for 20 s. Data were analyzed by GenEx software 

and normalized to Normfinder selected reference genes (RPLP0, HPRT1, PPIA and 

OAZ1) 

 

Confocal microscopy 

For confocal imaging, cells were seeded in 35 mm dishes with 20 mm glass 

bottom (thickness of the glass bottom 0.16-0.19 mm; Cellvis) and let to attach overnight. 

Afterwards, cells were incubated for 2 minutes with 20 nM MitoTracker™ Deep Red FM 

(ThermoFisher Scientific) and immediately before imaging with 2 µg/ml Hoechst 33342. 

Confocal microscopy images were aquired using a 63x water immersion lens in a Leica 

SP8 confocal microscopy (Leica Microsystems) equipped with a heated humidified CO2 

incubator. Fluorescence was detected at 405nmEx/450nmEm for Hoechst and 

644nmEx/665nmEm for MitoTracker. Radial and object analyses were performed using 

the ImageJ software (National Institute of Health) as previously described in [13]. 

 

55Fe subcellular localization and autoradiography 

Cells were incubated with 50 nM 55Fe complexed with citrate (1:10; total activity 

0.5 µCi/ml; Lacomed) for 5 days, then collected by trypsinization, centrifuged at 300 x g 

for 5 min and counted. Approximately 1 x 106 cells were collected for WCL. The rest of 

the cells was resuspended in STE buffer to a concentration of 10 milion cells per 1 ml STE 

and homogenized by Balch homogenizer in order to obtain intact mitochondria [14]. 

Homogenized cells were centrifuged at 800 × g for 5 min at 4 °C to isolate nuclear fraction 

and the supernatant was further centrifuged at 10,000 × g for 20 min at 4 °C to separate 

mitochondrial and cytosolic fraction. WCL, and mitochondrial and cytosolic fractions 

were then used for the determination of subcellular localization of  55Fe by pipetting 

samples into 1 ml of ROTIScint scintillation fluid, and measured on a scintillation 

counter (with background correction). In parallel, the isolated fractions were mixed with 

4X native buffer (50 mM BisTris, 0.05% HCl, 10% w/v glycerol, 0,001% w/v Ponceau S, 
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pH 7.20) and 1 % digitonin together with protease inhibitors. 40 µg of total protein 

wwere separated by BNE overnight at 20 V using a light blue cathode buffer (0.02% 

Coomassie G-250). Next day, the gel was dried and exposed to a tritium Fuji imaging 

plate (GE Healthcare) for 2-7 days and visualized by the Typhoon instrument (GE 

Healthcare). 

 

Statistics 

The results are expressed as mean ± SD or ± SEM (as indicated in the figure 

captions) of at least 3 independent experiments. The comparison between experimental 

and control groups was performed by t-student test or by two-way ANOVA with 

Bonferroni‘s multiple comparisons test, using the GraphPad Prism 6.0 or the GenEx 

software. *p < 0.05 was established as the minimum significance level.  
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I. Breast cancer and tamoxifen  

 

I.1 Literature overview  

 

I.1.1 Breast cancer subtypes 

Tumors of the breast tissue are classified according to the expression of 

immunohistochemical markers: estrogen receptor (ER), progesterone receptor (PR), 

human epidermal growth factor receptor 2 (HER2) and the marker of proliferation Ki67 

[15].   

The pioneering works of Perou et al. [16] and Sorlie et al. [17] have described 

unique ‘molecular portraits’ of breast cancer by using large scale gene expression 

profiling. Five subgroups of so-called ‘intrinsic subtypes’ of breast cancer have been 

identified: luminal A (ER+, PR+, HER2-, Ki67-), luminal B (ER+, PR+, HER2-, Ki67+), HER2 

overexpressing (ER-, PR-, HER2+), basal like (ER-, PR-, HER2-) and normal-like (ER+, PR+, 

HER2-, Ki67-), each driven by unique transcriptional programs and different response to 

treatment. Luminal subtypes represent approximately 75% of all breast tumors. Their 

growth is usually slow and with better prognosis. On the contrary, HER2 overexpressing 

tumors together with triple negative basal tumors are highly proliferative with worse 

prognosis. Normal-like tumors share the same expression profile with luminal A 

tumors, but have worse predited outcome [18].  

 

 

 I.1.2 ER+ breast cancer treatment 

The primary systemic therapy for ER+ tumors is endocrine therapy, usually in 

combination with chemotherapy [19]. Tamoxifen represents the gold standard as an 

adjuvant treatment for patients with ER+ breast tumors. A 5 year duration of tamoxifen 

treatment is commonly used; however, 10-15 years is recommended [20, 21]. Tamoxifen 

is administered orally and is metabolized in the liver by cytochrome P450 (CYP) 

enzymes into several metabolites. Of those, N-desmethyl-4-hydroxytamoxifen 

(endoxifen) and 4-hydroxytamoxifen (4-OH tamoxifen) are the most abundant, and 

show an almost 100-fold higher affinity to ER compared to tamoxifen [22].  

ERs belong to a nuclear receptor family of transcription factors regulating diverse 

physiological processes connected with reproductive, neuroendocrine, skeletal and 
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cardiovascular systems and, in the context of this thesis, are important for mammary 

gland development [23]. Two main ER isoforms exist, ERα and ERβ, which are often co-

expressed in the cells and can form both homodimers and heterodimers [24]. In the 

absence of a ligand, ERs are sequestered by cytosolic chaperons such as heat shock 

protein 90 (Hsp90). When an estrogen ligand binds to the ER, it induces a conformational 

change that leads to release from chaperones and dimerization. These dimers then 

shuttle to the nucleus and bind to estrogen response elements (EREs) localized within 

the promoters of target genes. ERs bound to EREs recruit co-activator proteins which 

loose the chromatin structure within the DNA sequence and promote transcription. On 

the other hand, co-repressors that inhibit transcription are also recruited by ERs, and the 

net effect on transcription is dependent on cellular and promoter context. This type of 

ER signaling represents the ‘canonical’ pathway [25] (Figure 1).  

Furthermore, alternative ER signaling pathways have been described and are 

also summarized in Figure 1. The transcription of genes which do not contain EREs may 

be mediated by tethering of the ER to the promoters via other transcription factors [26]. 

ERs can also be regulated in a ligand independent way by extracellular signals, resulting 

in their direct phosphorylation and transcriptional activation [27]. Besides nuclear ERs, 

a membrane ER named G-protein coupled estrogen receptor 1 (GPER1) is responsible 

for non-genomic ER signaling. Activation of GPER1 leads to the activation of 

transduction mechanisms by producing second messengers and activation of protein-

kinase cascades [28, 29]. 
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Figure 1. Genomic and non-genomic ER signaling pathways. (A) Direct binding of the ERs to 

EREs and transcriptional activation. (B) Tethering of the ER to the promoters via transcription 

factors. (C) Ligand-independent ER signaling mediated by growth factor receptor signaling. (D) 

Non-genomic ER signaling resulting in the production of second messengers, phosphorylation of 

transcription factors and thus gene transcription (adapted and modified from [30]). 

 

The anti-cancer effect of tamoxifen is exerted mostly through ER signaling. The 

similarity in the structure and chemical composition between tamoxifen and the ER 

ligand estradiol allows tamoxifen to compete for the ER binding site. The conformational 

change induced by the interaction of tamoxifen with the ER results in the recruitment of 

co-repressors, followed by reduced transcription of the ER target genes, therefore 

inhibiting proliferation and survival of tumor cells (Figure 2). Such antagonist activity is 

observed in breast tissue; however, tamoxifen possesses also agonistic activity in uterus 

or bones. Due to this mixed agonist/antagonist activity, tamoxifen is referred to as a 

‘selective estrogen receptor modulator’ [31, 32].  

A 

  

  

B 

C 

D 
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Figure 2. Mechanism of action of tamoxifen in breast tissue. When unbound, ER is sequestered 

in the cytosol by cytosolic chaperones such as Hsp90. After entering the cell, tamoxifen competes 

with estradiol for the binding site in the ER. Binding of tamoxifen to the ER induces rapid 

dissociation of ER from Hsp90 and its translocation into the nucleus where it binds to the EREs 

in the target genes. Conformational change of the ER caused by tamoxifen binding blocks the 

recruting of the transcription machinery, including coactivators such as the steroid receptor 

coactivator-1 (SRC-1) or cyclin D1, which results in the inhibition of transcription (adapted from 

[31]).  

 

I.1.3 Mechanisms of tamoxifen resistance 

Although tamoxifen has extended the life expectancy of many patients, one of 

the major clinical problems remains the resistance to this drug. The resistance can be 

classified as either de novo, where tumors do not respond to the first line tamoxifen 

treatment, or acquired, which emerges during the treatment in spite of an initial 

response. Indeed, 30-50% of patients experience relapse due to acquired tamoxifen 

resistance [33]. 

Various mechanism of resistance have been described so far. Since tamoxifen 

interferes with ER signaling, the loss of ER expression is considered to be the main 

mechanism of the resistance and therapeutic failure [34]. The loss of expression of ER 

can be caused by epigenetic modifications within the promoters of genes coding for ERs 
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or by ER- cells overgrowing ER+ cells, resulting in the switch from ER+ to ER- phenotype 

[35-37]. Mutations in the genes coding for ERs without the loss of ER expression, or 

alternatively spliced ER variants, may play a role in the resistance as well [34]. For 

example, the ERα 36 kDa isoform has been reported to confer tamoxifen resistance by 

increasing the CSC population in breast tumors and potentiate metastatic processes [38, 

39]. 

Several microRNAs (miRNAs) such as miR-17, miR-221/miR-222, miR-27b, miR-

21, miR-342 or miR-301a have been identified and proposed to mediate tamoxifen 

resistance. By interfering with ER expression and signaling, miRNAs can promote the 

switch from hormone sensitive to hormone insensitive tumor, therefore diminishing the 

response to tamoxifen treatment [40-43]. 

Different types of polymorphisms in tamoxifen-metabolizing enzymes can 

impact the therapeutic outcome as well. Polymorphisms in the genes coding for the well 

characterized isozyme CYP2D6 have been linked to different individual serum 

concentrations of tamoxifen in patient samples undergoing adjuvant therapy, leading to 

tamoxifen resistance [44, 45]. 

Another important contributor to tamoxifen resistance is the crosstalk between 

ER signaling and different growth factor signaling pathways, resulting in the sustained 

proliferative ability of cells despite their non-functional ER signaling [46]. For instance, 

the crosstalk between ER and epidermal growth factor receptor (EGFR)/HER2 

pathways in tamoxifen resistant cells overexpressing HER2 leads to phosphorylation of 

both ER and HER2 in the presence of tamoxifen and activation of downstream protein-

kinase pathways, highly contributing to the resistant phenotype [47]. Indeed, HER2 is 

often overexpressed in tamoxifen resistant tumors and its expression negatively 

correlates with ER expression [48].  

An additional, well described mechanism of tamoxifen resistance involves 

overexpression of ABC transporters, and is discussed in detail in the chapter IV. 

 

 

I.1.4 Cancer stem cells 

The existence of CSCs, a subpopulation of cells with stem-like properties within 

the tumor, often underlies the failure of classical treatments. In fact, although 

conventional therapeutic strategies often lead to very efficient elimination of bulk tumor 
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cells, CSCs do not respond to the treatment and, over time, may give rise to secondary 

tumors [49].  

CSCs possess self-renewal ability (asymmetric division) producing two daughter 

cells, one of which is a copy of the original CSC and the second one can differentiate into 

multiple tumor cell types. Furthermore, non-CSCs can de-differentiate into CSCs, thus 

enriching CSC subpopulation and contributing to tumor heterogeneity [50]. 

Importantly, CSC characteristics could be linked to epithelial-mesenchymal transition 

(EMT), where upregulation of N-cadherin participating in the formation of cell-to-cell 

adhesions is a crucial marker of ongoing EMT [51]. Indeed, CSCs derived from breast 

tumor – breast CSCs (BCSCs) possess the ability to transit between two phenotypic 

states: epithelial-like (E) which is proliferative and has high expression of aldehyde 

dehydrogenase 1 (ALDH1), and mesenchymal-like (M) which is quiescent, highly 

invasive and can be recognized by CD44+/CD24- markers [52]. This shift is very 

reminiscent of the EMT program necessary for tumor dissemination and invasion, and 

further supports the role of BCSCs in cancer relapse and therapy failure [53]. Other 

markers routinely used to identify BCSCs are C-X-C chemokine receptor type 4 (CXCR4) 

or ABCG2 transporter (also known as breast cancer resistance protein BCRP) [54]. 

Tamoxifen therapy has been documented to enrich breast tumors with CSC 

populations with increased expression of markers such as SRY-box transcription factor 

2 (SOX2) [55] or CXCR4 [56] and can increase the mammosphere forming capacity [57], 

which is also in line with our observations [6]. For this reason, understanding the 

principles which underlie the BCSCs phenotype and accompany acquisition of 

tamoxifen resistance is needed for a targeted and effective therapy.  
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I.2 Results 
 

I.2.1 Evaluation of the resistant phenotype in established Tam5R cell lines 

The experimental model of tamoxifen resistant cells was established by 

cultivation of parental cell lines in the presence of increasing tamoxifen concentrations 

for over 6 months, resulting in the selection of cells capable of growing in the presence 

of 5 µM tamoxifen (Tam5R cells). Prior to performing any experiment, we evaluated our 

model of Tam5R cells. First, we measured the number of viable cells by crystal violet 

staining after their incubation with increasing concentrations of tamoxifen (1-25 µM) for 

48 hours. No significant differences were detected in lower tamoxifen concentrations (1-

7.5 µM) but resistance became evident at 10 µM in both Tam5R cell lines (Figures 3A and 

3B). A more profound effect was observed in T47D Tam5R cells at 12.5 µM tamoxifen, 

where the number of viable cells was almost comparable to untreated cells (93%), while 

the number of viable cells in parental T47D cells was greatly diminished (only 20% 

relative to untreated cells). The number of viable cells in the same tamoxifen 

concentration was around 88% in MCF7 Tam5R compared to 26% in MCF7 Ctrl cells 

(both relative to untreated cells). The calculated IC50 values for tamoxifen were 

approximately 10 µM in Ctrl cell lines and increased to about 15 µM in Tam5R cell lines 

(Figures 3A and 3B).  

Since the crystal violet staining method is not able to discriminate between 

cytostatic and cytotoxic effects of tamoxifen, we measured cell death by AV/PI double 

staining after tamoxifen treatment for 48 hours. A very similar trend was observed as no 

difference in cell death between Ctrl and Tam5R cell lines was detected up to 7.5 µM 

concentration (Figures 3C and 3D). Once again, a more profound effect was documented 

in the T47D cell line where in 10 µM concentration the percentage of dead cells was only 

7% in Tam5R cells compared to 68% in Ctrl cells. At the same concentration, MCF7 

Tam5R cells showed 12% dead cells compared to 38% in MCF7 Ctrl cells.  

In addition, we evaluated our experimental model of Tam5R cells in vivo. MCF7 

Ctrl and Tam5R cells were injected into athymic nude mice resulting in tumor formation 

(Figure 3E). Each group was further divided into 2 groups: one non-treated and one 

treated with tamoxifen (i.p.). The tumor growth was almost identical for both non-

treated groups. However, a difference was detected in tamoxifen-treated groups where 

tumors originated from MCF7 Ctrl cells responded by significantly reduced growth 

while tumors derived from MCF7 Tam5R cells responded less to the treatment and 
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continued to grow. By performing the aforementioned experiments we confirmed the 

tamoxifen resistance of our Tam5R model both in vitro and in vivo. 

 

 

 

 

Figure 3. Evaluation of the established experimental model of Tam5R cells. Dose-response 

curves for the number of viable (A) MCF7 and (B) T47D Ctrl and Tam5R cells after incubation 

with increasing concentrations of tamoxifen (1-25 µM) for 48 hours measured by crystal violet 

staining. IC50 values for tamoxifen in each cell line are shown inside the graphs. Results are 

expressed as mean viability ± SEM of at least 3 independent experiments. Cytotoxic effect of 

tamoxifen on (C) MCF7 and (D) T47D Ctrl and Tam5R cells after 48 hours incubation, measured 

by AV/PI double staining. Results are expressed as mean % dead cells ± SD of at least 3 

independent experiments. *p ≤ 0.05 relative to Ctrl cells. (E) Tumor growth curves in mice injected 

with 2 × 106 of either MCF7 Ctrl or Tam5R cells. When tumors reached ~ 30 mm3, mice were 

treated i.p.with tamoxifen (30 mg/kg weight) or vehicle 2 times per week for 14 days. The tumor 

sizes are expressed relative to day 0 (corresponding to the first day of treatment). Each group 

consisted of at least 5 animals. *p ≤ 0.05 relative to Ctrl 
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I.2.2 Tam5R cells exhibit cancer stem-like cell properties 

Cumulative evidence shows that tamoxifen resistant cells are enriched in BCSCs 

in vitro [55, 56, 58, 59]. Hence, we investigated if our model of Tam5R cells exhibits a 

similar phenotype. We tested the expression of several BCSCs markers (ABCG2, CD44, 

CXCR4, SOX2) as well as the EMT marker cadherin 2 (CDH2; coding for N-cadherin) by 

qPCR. Significant upregulation of ABCG2 (10.1-fold), CD44 (4.6-fold), CXCR4 (2.6-fold), 

CDH2 (14.8-fold) and SOX2 (2.5-fold) was detected in MCF7 Tam5R cell line compared 

to parental MCF7 cells (Figure 4A). T47D Tam5R cells showed elevated mRNA level of 

CXCR4 (2.6-fold) and SOX2 (17.7-fold) but significant downregulation of ABCG2 (-0.5-

fold), CD44 (-3.3-fold) and CDH2 (-20-fold) (Figure 4B).  

In addition, we assessed the protein level of the markers mentioned above by 

western blot (Figure 4C). Both Tam5R cells showed significantly increased level of SOX2, 

which corroborates the data from qPCR. Similarly, ABCG2 level was significantly higher 

in MCF7 Tam5R cells, and lower in T47D Tam5R cells compared to their normal 

counterparts. Moreover, T47D Tam5R cell line also showed decreased protein level of 

CD44 marker while this protein was not detectable in MCF7 cells. Protein level of CXCR4 

and N-cadherin was not detected in any cell line, possibly due to their very low level, 

and therefore they are not shown in the figure.  
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Figure 4. CSC and EMT markers in Tam5R cells. Relative gene expression of ABCG2, CD44, 

CXCR4, CDH2 and SOX2 (log scale) in (A) MCF7 and (B) T47D Ctrl and Tam5R cells measured 

by Fluidigm qPCR in MCF7 and standard qPCR in T47D cell line. Results are expressed as mean 

± SD of at least 3 independent samples. *p ≤ 0.05 relative to Ctrl cells. (C) Representative pictures 

of protein level of ABCG2, CD44 and SOX2 in MCF7 and T47D Ctrl and Tam5R cells assessed by 

western blot. Experiment was performed with 3 sets of independent samples with β-actin and 

Ponceau staining used as loading controls. n.d = not detected 
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I.3 Discussion 

We successfully established the model of tamoxifen resistant cells that are able to 

grow long-term in the presence of 5 µM tamoxifen. Similar tamoxifen concentrations (or 

even higher) were used by other researchers as well [60-62]. Of note, even though 

average serum concentrations of tamoxifen lie around 0.2-0.5 µM [63], in some patients 

tamoxifen has been reported to reach concentrations of up to 8 µM [64]. Such interpatient 

variability in serum tamoxifen level was proposed to be linked with the polymorphisms 

in the CYP2D6 gene encoding the key enzyme responsible for the bioconversion of 

tamoxifen into its active metabolite endoxifen [65-67].  

Phenol red free medium supplemented with charcoal stripped serum is an 

alternative approach used for the cultivation of tamoxifen resistant cells.  Phenol red acts 

a weak estrogen which potentiates ER signaling and thus interferes with the antiestrogen 

(tamoxifen) binding. Charcoal stripped serum is selectively deprived of hormones 

without losing other serum components. However, in our model we use medium 

containing phenol red supplemented with 10% FBS. We believe that this experimental 

setup represents more physiological conditions and better reflects the situation in 

patients who carry estrogens in their circulation. In addition, while some studies 

routinely use 4-OH tamoxifen, we cultivate Tam5R cells in the presence of tamoxifen as 

we did not see a more potent effect of 4-OH tamoxifen (data not shown).  

We confirmed the tamoxifen resistance of our experimental model, as Tam5R 

cells show higher viability as well as decreased cell death compared to parental cells 

when exposed to tamoxifen. Moreover, the model was evaluated also in vivo, where 

tumors originated from Ctrl cells slowed their growth during tamoxifen treatment while 

tumors derived from Tam5R cells continued to grow, thus mimicking the resistant 

phenotype seen in human patients.  

The next step was to determine whether our experimental model shows 

expression of CSC and EMT markers. We documented increased gene expression of 

several stem cell markers as well as EMT markers in MCF7 Ctrl and Tam5R cells by using 

Fluidigm qPCR [6]. Since T47D Tam5R cell line was generated later, the expression of 

stem cell and EMT markers was measured by standard qPCR as the sample size was too 

small to merit the use of a Fluidigm chip. 

Interestingly, the only detected stem cell marker elevated in both Tam5R cell lines 

was SOX2, which was increased on mRNA as well as on protein level, in line with 

previous reports [55, 59]. Even though CD44 level has been shown to be increased 
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tamoxifen resistant cells [68], we did not confirm such observations in our Tam5R 

models. We believe that conflicting results might be explained by different experimental 

models and cultivation conditions used in the studies.  

Elevated expression of ABCG2 has also been documented in tamoxifen resistant 

cells [56], which was confirmed in our MCF7 Tam5R cells, but not in T47D Tam5R cells. 

Different expression pattern between MCF7 Tam5R cells and T47D Tam5R cells may be 

explained by the study published by Liu et al., where they report the high inter-tumoral 

variation in the expression of breast cancer stem cell markers as well as the 

heterogeneous distribution of these markers in patient samples [69]. The same 

observations were shown for in vitro breast cancer cell lines, where the expression of 

each marker was rather unique for specific cell subpopulations [69]. Based on such 

observations it may be possible that even though our Tam5R cell lines do not show the 

same pattern of tested stem cell markers, they may be enriched with cell subpopulations 

expressing different markers. Of note, basal protein level of CD44 was increased in T47D 

cells compared to MCF7 cells, suggesting they might exhibit cancer stem-like phenotype 

even without tamoxifen treatment. Better characterization of CSC properties would thus 

require further experiments that would assess the ability of Tam5R cells to form spheres 

in vitro or to generate tumors in vivo. 

The EMT program which is important for the maintenance of stem cell 

population has been linked to tamoxifen resistance in some reports [59, 70, 71]. Even 

though the expression of one of the key EMT markers CDH2 was elevated in both Tam5R 

cells, no protein was detected by western blot, possibly either due to its low level or not 

properly functional antibody. The same applies for the detection of the CXCR4 marker 

(previously described to maintain stem-like cell phenotype of tamoxifen resistant cells 

[56]).  

Although additonal CSC markers such as octamer-binding transcription factor 4 

(Oct4) [59, 72], CD133 [59] and ALDH1 [38, 56, 72] have been shown to be upregulated 

in tamoxifen resistant cells and patients samples, they were not assessed in our 

experimental model as we do not have functional and validated antibodies.  

 

 

  



35 
 

II. Mitochondria and tamoxifen resistance 

 

II. 1 Literature overview  

 

II.1.1 Mitochondria 

Mitochondria are double-membrane organelles whose main function is energy 

production through the process of oxidative phosphorylation (OXPHOS). Therefore, 

they are often referred to as ‘powerhouses of the cell’ [73]. Moreover, they govern 

multiple other vital cellular processes such as cellular redox status through the 

production of ROS and their detoxification, cellular signaling, apoptosis, and calcium 

homeostasis [74, 75]. Notably, mitochondria are crucial organelles for the synthesis of 

Fe-S clusters and heme, that represent necessary cofactors for many proteins [76]. 

Mitochondria contain their own DNA (mtDNA) which is packed into mtDNA-

protein complexes called nucleoids. Human mtDNA is a double-stranded circular 

molecule with an approximate size of 16.5 kB, and encodes only 37 genes. 13 of them 

code for subunits of respiratory chain complexes, the remaining are 2 rRNAs and 22 

tRNAs which help translate mitochondrially coded polypeptides [77, 78] (Figure 5). 

More than 1000 proteins that participate in processes within mitochondria are nuclearly 

coded, translated on cytosolic ribosomes and subsequently transported into 

mitochondria via import machineries [79]. Therefore, the crosstalk between nucleus and 

mitochondria is strictly regulated and responds to both intra and extracellular changes 

in order to maintain cellular homeostasis [80].  
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Figure 5. The structure of the human mtDNA (schematic). The human mtDNA is a double-

stranded circular molecule consisting of heavy (H) and light (L) strands, with a total length of 

16,569 bp. It encodes 13 proteins that form the subunits of the respiratory chain complexes, 2 

rRNAs and 22 rRNAs. Human mtDNA also contains a non-coding region called displacement 

loop (D-loop), which regulates mtDNA replication (adapted from [81]).  

 

 

II.1.2 Mitochondrial metabolism 

As already mentioned above, mitochondria are central organelles in cellular 

metabolism and energy production. Mitochondria possess the necessary enzymatic tools 

to complete the oxidation of macronutrients such as sugars, lipids and proteins in order 

to produce ATP and generate metabolic substrates [74]. Sugars are metabolized in the 

process of glycolysis in the cytosol and enter the mitochondria in the form of pyruvate 

(under aerobic conditions) which is converted into acetyl coenzyme A (acetyl-CoA) by 

the pyruvate dehydrogenase protein complex. Metabolic degradation of fatty acids (or 

β-oxidation) occurs in the mitochondrial matrix and produces acetyl-CoA as its final 

product. The degradation of amino acids (AAs) is a more complex process assisted by 

multiple enzymes metabolizing AAs directly into pyruvate or acetyl-CoA [82]. Produced 
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acetyl-CoA enters the tricarboxylic acid (TCA) cycle in the mitochondrial matrix (also 

known as Krebs cycle or citric acid cycle). TCA cycle involves a series of reactions 

generating energy in form of ATP and GTP together with the reduced equivalents 

nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) 

which then serve as electron donors for mitochondrial complexes (described in chapter 

II.1.3) [83].   

 

II.1.3 Mitochondrial respiration 

One of the main metabolic processes occurring within mitochondria is 

mitochondrial respiration. This process requires molecular oxygen as the final acceptor 

of the electrons from the reducing equivalents generated by the TCA cycle and is 

coupled with the production of energy in the form of ATP [74]. 

Multi-subunit protein structures known as mitochondrial respiratory complexes 

[complex I (CI), complex II (CII), complex III (CIII) and complex IV (CIV)] form the 

electron transport chain (ETC) and are embedded (CI, CIII and CIV) or closely associated 

(CII) with the inner mitochondrial membrane [84]. Importantly, individual complexes 

are often assembled into higher order structures called supercomplexes (SCs). The most 

described organization of SCs is I1III2IV1-2, also called respirasome, which can perform 

all respiratory reactions [85-87]. The organization of respiratory complexes into SCs is 

tissue dependent and responds to cellular energy demands. It has been suggested that 

forming entities such as SCs increases the stability and activity of complexes [88]. 

NADH and FADH2 generated in TCA cycle donate electrons to the ETC, where 

they undergo a series of redox reactions to reach their final acceptor – molecular oxygen 

(Figure 6) [89, 90]. This process is coupled with proton pumping from the matrix into the 

intermembrane space through CI, CIII and CIV, thus creating a proton gradient which 

subsequently drives ATP synthesis in the process of OXPHOS via the F1F0 ATP synthase 

(or complex V; CV) [74, 91].  

Under physiological conditions, approximately 0.2-2% of electrons leak from the 

ETC and react directly with molecular oxygen, producing ROS - superoxide or hydrogen 

peroxide -  which are harmful for the cell [92]. The main sites for ROS production are 

considered to be CI and CIII. The level of ROS in the mitochondria is guarded by highly 

efficient antioxidant mechanisms, such as superoxide dismutase 2 (SOD2), catalase and 

the glutathione (GSH) and thioredoxin systems [92-94]. Of note, assembly of respiratory 

complexes into SCs also helps to reduce ROS generation [88].  
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Figure 6. Overview of the TCA cycle, ETC and OXPHOS within mitochondria. Pyruvate 

generated by the metabolism of macronutrients enters the TCA cycle in the form of acetyl-CoA 

which in the subsequent enzymatic reactions is oxidized back to oxaloacetate, producing high-

energy molecules GTP, NADH and FADH2. NADH then passes the electrons to CI and is oxidized 

to NAD+. CII gains electrons from FADH2 which is then oxidized to FAD. Transfer of electrons 

through ETC coupled with the pumping of the protons into intermembrane space generates the 

membrane potential which is utilized in the process of OXPHOS via CV (adapted from [74]). 

 

 

II.1.4 Mitochondrial dynamics 

Mitochondria undergo coordinated cycles of fission and fusion (collectively 

referred to as ‘mitochondrial dynamics’) in order to maintain their shape, size as well as 

their cellular distribution [95].  
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Mitochondrial fission is the process of division of one mitochondrion into two, 

functionally distinct mitochondria. The daugher mitochondria with high membrane 

potential posess high probability of subsequent fusion while mitochondria with low 

membrane potential and low respiration are targeted for the elimination by the process 

termed mitophagy, therefore maintaining the quality of mitochondria [96]. 

Mitochondrial fission is mediated by the GTPase dynamin-related protein 1 (DRP1) 

which is recruited at the outer mitochondrial membrane forming a ring-like structure. 

The GTP hydrolysis powers the mitochondrial constriction at this site and wrapping of 

endoplasmic reticulum and dynamin 2 recruitment finalize this process [95].  

Contrary to mitochondrial fission, mitochondrial fusion results in long tubular 

mitochondria and enables the exchange of the mitochondrial content in order to prevent 

the loss of essential mitochondrial components [97]. The fusion of outer mitochondrial 

membrane is facilitated by mitofusins (mitofusin 1 and mitofusin 2) while the optic 

atrophy 1 (OPA1) protein ensures the fusion of inner mitochondrial membrane [98].  

These events are not only important in processes such as apoptosis or cell 

division, but also mediate cellular response and adaptation to external stimuli and shape 

cellular metabolism in order to maintain a healthy mitochondrial network [99]. In 

addition, dysregulated mitochondrial dynamics is a common feature in many types of 

cancer, which utilize the processes of fission/fusion for their enhanced proliferation, 

migration, maintenance of higher ROS level as well as other metabolic adaptations [100]. 

 

 

II.1.5 Mitochondria and cancer 

A century ago, Oto Warburg observed that cancer cells not only uptake more 

glucose than normal cells, but also ferment the glucose molecule into lactate, instead of 

fully oxidizing it to CO2, even in the presence of oxygen. This phenomenon is known as 

aerobic glycolysis or the ‘Warburg effect’ and has brought attention to the role of 

mitochondria in tumorigenesis [101]. Originally, the high rate of glycolysis in tumor cells 

was attributed to defects in mitochondrial function which is compensated by increased 

ATP production from glycolysis [101]. However, these claims were in contrast with 

findings by Weinhouse et al., who proved that neoplastic tissues have normal OXPHOS 

when supplemented with NAD+ [102, 103]. After many years of research in this field, it 

is clear that although the Warburg effect can be the result of damaged mitochondria in 
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some cases, many cancers exhibiting Warburg effect have healthy mitochondria that are 

essential for their survival [104].  

Metabolic rewiring towards alternative pathways for energy production seems 

to be important for cancer cells in order to support proliferation, differentiation and 

growth, and to adapt to changing environments such as nutrient depletion, hypoxia or 

cancer treatment [104]. The metabolic alterations may vary depending on the subtype of 

cancer or tissue of origin (some tumors prefer OXPHOS, other are more glycolytic) [105].  

Furthermore, increased ROS level is a characteristic of many cancer cells and is 

usually a consequence of higher metabolic rates in mitochondria [106]. Elevated ROS are 

compensated by increased activity of antixodant defense systems under normal 

circumstances. ROS have critical functions in all stages of cancer: initiation, promotion 

and progression, and are known to activate several signaling pathways such as 

PI3K/Akt, MAPK or NF-κB, leading to cell survival, proliferation and enhanced 

invasivity and metastatic activity [106]. Importantly, increased ROS level in 

mammospheres [6], an in vitro model of CSCs, supports a possible connection between 

ROS and the CSC phenotype [107]. 

 

 

II.1.6 Mitochondria and cancer stem cells 

Metabolic plasticity is recognized as one of the hallmarks of cancer cells [108]. 

Similarly, undifferentiated CSCs have the ability to switch between different metabolic 

pathways. Such adaptability seems to be crucial for their phenotype and maintenance 

[109]. Interestingly, CSCs derived from distinct types of tumor show differential 

preferences for metabolic pathways and energy production. It has been shown that 

glycolysis is the main metabolic pathway for CSCs derived from glioblastoma [110], 

colon cancer [111], ovarian cancer [112] or osteosarcoma [113]. Concomitantly, increased 

glucose uptake, elevated protein level of glycolytic enzymes as well as enhanced lactate 

production together with decreased function of mitochondria are features of glycolytic 

CSCs [114]. In contrast with the previously mentioned reports, some authors claim that 

CSCs prefer OXPHOS for ATP production. This has been documented for CSCs of 

glioblastoma [115], lung [116] and ovarian origin [117].  

There is also controversial evidence regarding the preferential metabolic 

program of BCSCs. Several studies report significantly reduced BCSCs population upon 

glycolysis inhibition by 2-DG or 3-bromo-2-oxopropionate-1-propyl ester (3-BrOP) 
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suggesting their more glycolytic nature [118, 119]. On the contrary, some authors 

document increased dependence of BCSCs on OXPHOS [120-122]. Such contradition 

might be explained by culturing conditions where glucose-rich conditions favor 

glycolysis while glucose depletion forces the cells to utilize OXPHOS [123].  

 CSCs remain an obstacle in the successful treatment of many cancer types. 

Therefore, elucidating mechanisms regulating metabolic plasticity in CSCs could help to 

develop new targeting strategies directly aimed at their elimination or reprogramming. 

 

 

II.1.7 Mitochondria and tamoxifen resistance 

Tamoxifen is known to act throught the inhibition of ER signaling. Interestingly, 

several studies have documented that tamoxifen can also directly alter the function of 

mitochondria through the process of mtDNA synthesis and replication [124], respiration 

[124-126] or fatty acid oxidation [124]. Indeed, some of the complexes of the ETC have 

been reported as direct targets of tamoxifen [125, 126]. More specifically, Moreira et al. 

showed that the flavin mononucleotide site in the respiratory CI is a binding site for 

tamoxifen [125]. This fact was further confirmed by mitochondrial targeting of tamoxifen 

that enhances its potency, making it an effective treatment even in triple negative breast 

cancer cells, the underlying mechanism being CI inhibition and ROS production [127]. 

However, all mentioned reports were addressing only acute effects of tamoxifen and do 

not explore the metabolic changes after long-term tamoxifen exposure, which would 

mimic the situation in patients who receive tamoxifen for years. Although there have 

been some studies proposing a connection between metabolic reprogramming and 

tamoxifen resistance [128, 129], the reported data are contradictory and do not provide 

any deeper mechanistic insight. In our study, we present a more detailed overview of 

the role of mitochondria in the maintenance of a tamoxifen resistant phenotype [130]. 

We believe that exploring the bioenergetic changes in the model of tamoxifen resistant 

cells may shed light on the processes leading to tamoxifen resistance and bring some 

new perspectives and targets that might be utilized to effectively treat breast cancer.  
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II.2 Results 
 

The results presented in this chapter were published in:  

 

Tomková V, Sandoval-Acuña C, Torrealba N, Truksa J. (2019). Mitochondrial 

fragmentation, elevated mitochondrial superoxide and respiratory supercomplexes 

disassembly is connected with the tamoxifen-resistant phenotype of breast cancer cells. 

Free Radic Biol Med 143:510-521.  

 

In order to find out whether mitochondria play a role in tamoxifen resistance, we 

employed the model of Tam5R cells described in the previous chapter and analyzed 

various aspects of their mitochondrial structure, function and metabolism. 

 

 

II.2.1 Tam5R cells show decreased abundance, assembly and activity of 

mitochondrial SCs 

In order to address the effect of long-term tamoxifen treatment on the abundance 

and composition of mitochondrial respiratory SCs in Tam5R cells, we performed BNE 

on isolated mitochondrial samples, which allows determination of multimeric 

complexes in their native state. Figures 7A and 7B (upper panels) demonstrate a 

tremendous decrease in the amount of assembled canonical SC (respirasome) in both 

Tam5R cells compared to parental cells. Tam5R cell lines have also decreased assembly 

of lower forms of SCs, such as CIII2/CIV. While the T47D Tam5R cell line also shows a 

decrease in the level of fully assembled CII and CV, no significant changes in these 

complexes were observed in MCF7 Tam5R cells. In order to assess whether the activity 

of SCs and individual complexes is also diminished, we measured their enzymatic 

activity by hr-CNE (Figures 7A and 7B, lower panels). The presented results confirm the 

data observed by BNE, as the activity of all complexes in T47D Tam5R cells was 

impaired, while a diminished activity in MCF7 Tam5R cells was detected only in case of 

CI, CIII and CIV. Therefore, we conclude that Tam5R cell lines show a decrease in the 

amount, assembly and activity of mitochondrial SCs. 
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II.2.2 Tam5R cells show decreased oxygen consumption  

The assembly of individual mitochondrial complexes into SCs is necessary for 

the proper functioning of the ETC [88]. Since previous results revealed that Tam5R cells 

have disassembled mitochondrial SCs with diminished enzymatic activity, we assessed 

mitochondrial respiration in Tam5R cells by using a Seahorse XFe96 Analyzer. 

Basal OCR, which reflects the respiration of the cells under the conditions 

provided in the culture medium, dropped from 62 pmol/min/104 cells in MCF7 Ctrl to 

43 pmol/min/104 cells in MCF7 Tam5R cells. A less profound, yet still significant, 

difference was measured in the T47D cell line, which showed a decrease in the basal 

OCR from 40 pmol/min/104 cells in Ctrl to 29 pmol/min/104 cells in Tam5R cells. 

Similarly, the maximum respiratory capacity (measured after uncoupling OXPHOS by 

CCCP treatment) was significantly decreased in both Tam5R cell lines (from 72 

pmol/min/104 cells in MCF7 Ctrl cells to 36 pmol/min/104 cells in MCF7 Tam5R cells; 

from 37 pmol/min/104 cells in T47D Ctrl cells to 24 pmol/min/104 cells in T47D Tam5R 

cells; Figures 7C and 7D). No alterations in the respiration that is not linked to ATP 

production (after inhibiting complex V by oligomycin addition) were detected between 

Ctrl and Tam5R cell lines. In addition, no differences were observed in the non-

mitochondrial respiration, measured after inhibiting the ETC by the addition of rotenone 

and antimycin A.  
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Figure 7. Tam5R cells show ETC dysfunction. Representative pictures from BNE (upper panels) 

and hr-CNE (lower panels) of (A) MCF7 and (B) T47D Ctrl and Tam5R cells showing the amount, 

assembly and activity of mitochondrial respiratory SCs. Experiments were performed from at 

least 3 independent sets of samples and VDAC1 was used as a loading control. Seahorse XFe96 

flux analysis of OCR in (C) MCF7 and (D) T47D Ctrl and Tam5R cells. Average rates of basal, 

oligomycin inhibited and CCCP induced maximal respiration are shown as mean ± SD of at least 

3 independent experiments. *p ≤ 0.05 relative to Ctrl cells.  
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II.2.3 Tam5R cells have increased mitochondrial mass  

Next, we tested the hypothesis that Tam5R cells compensate the decreased 

respiration by an increase in mitochondrial mass. Since mtDNA content reflects to some 

extent the amount of mitochondria, we compared the mtDNA/nuclear DNA ratio 

between parental and resistant cell lines (Figure 8A). MCF7 Tam5R cells exhibited an 

almost 1.8-fold higher ratio while no significant difference was detected in T47D Tam5R 

cells compared to parental cell cells.  

To confirm those findings, we further assessed mitochondrial mass by 

immunostaining with the mitochondrial import receptor subunit TOM20 homolog 

(TOM20) with subsequent flow cytometry analysis (Figure 8B). Similarly to DNA ratio 

data, MCF7 Tam5R cells showed an almost 25% increase in fluorescence, while T47D 

Tam5R were not different from the parental ones. To investigate why T47D Tam5R cells 

do not increase their mitochondrial mass, we compared the basal level of mtDNA and 

TOM20 between parental cell lines. Results show that both parameters are higher in 

T47D cells compared to MCF7 cells (Figure 8B) and thus these cells contain significantly 

more mitochondria.  

 

 

 

 

Figure 8. Assessment of mitochondrial mass. (A) Relative mtDNA content in MCF7 and T47D 

Ctrl and Tam5R cells measured by qPCR. (B) Mitochondrial mass in MCF7 and T47D Ctrl and 

Tam5R cells measured by TOM20 immunostaining followed by flow cytometry. Data are 

presented relative to MCF7 Ctrl cells and correspond to the mean ± SD of at least 3 independent 

experiments. *p ≤ 0.05 relative to MCF7 Ctrl cells. RFU=relative fluorescence unit. 
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II.2.4 Tam5R cells have fragmented mitochondrial network 

Mitochondrial dynamics strongly regulates mitochondrial function as well as 

cellular metabolism [99]. Hence, we compared the structure of the mitochondrial 

network between Ctrl and Tam5R lines by confocal microscopy.  

The analysis of obtained images revealed that mitochondria of MCF7 Tam5R cells 

localized more to the cellular periphery, with a corresponding decrease in their 

perinuclear and medial localization (Figure 9A). Similarly, the localization of 

mitochondria in T47D Tam5R cells was rather medial and slightly radial while their 

perinuclear localization was significantly decreased (Figure 9B). Moreover, the number 

of individual mitochondria was markedly increased in both Tam5R cell lines (3.4- fold 

in MCF7 cells and 1.3- fold in T47D cells) compared to their parental counterparts. In 

addition, the average organelle size was smaller in Tam5R cells (2.2- fold in MCF7 cells 

and 1.8- fold in T47D cells; Figures 9C and 9D).  

On the same line, we analyzed the level and phosphorylation status of the key 

regulator of mitochondrial fission DRP1. Results show that although the DRP1 protein 

level was not altered, the phosphorylation of DRP1 at Ser637 (activating) was 

significantly enhanced in both Tam5R cell lines while the phosphorylation at Ser616 

(inhibiting) was hardly detectable (Figure 9E). 
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Figure 9. Tam5R cells have fragmented mitochondria. Representative confocal images of (A) 

MCF7 and (B) T47D Ctrl and Tam5R cells stained with MitoTracker Deep RedTM (green) and 

Hoechst (blue). Bar =10 µm. The quantification of total green fluorescence intensity in the 

perinuclear, medial and radial part of each cell is shown in graphs next. *p ≤ 0.05 relative to Ctrl 

cells. Analysis of mitochondrial number and average size, and cell area of (C) MCF7 and (D) T47D 

Ctrl and Tam5R cells. *p ≤ 0.05 relative to Ctrl cells. Analysis of images (A-D) was performed by 

the ImageJ software. Data are presented as mean values ± SD of at least 3 independent 

experiments, analyzing at least 50 cells from 5 images each. (E) Protein level and phosphorylation 

status of the DRP1 in MCF7 and T47D Ctrl and Tam5R cells evaluated by western blotting. The 

experiment was performed at least 3 times using independent samples. β-actin was used to assess 

proper loading. 
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II.2.5 Tam5R cells have elevated mitochondrial superoxide level accompanied 

by increased level of antioxidant enzymes 

Due to the strong link between ETC activity, mitochondrial fragmentation and 

ROS production [131], we hypothesized that SCs disassembly and mitochondrial 

fragmentation might be accompanied by an increase in mitochondrial ROS level in 

Tam5R cells. Indeed, the mitochondrial superoxide level was significantly elevated in 

MCF7 Tam5R (1.9-fold increase) as well as in T47D Tam5R cells (2.5-fold increase) 

compared to Ctrl cells (Figure 10A). In line with these findings, both Tam5R cell lines 

showed an increase in ROS detoxifying enzymes SOD2 and glutathione peroxidase 1 

(GPX1; Figure 10B). While MCF7 Tam5R cells also have increased level of the antioxidant 

enzyme catalase, this is not the case in T47D Tam5R cells (Figure 10B). Higher basal 

protein level of catalase in T47D cells compared to MCF7 cells together with noticeably 

higher basal level of mitochondrial superoxide and total cellular ROS may explain such 

difference (Figures 10A and 10C).  

In addition, to see whether an increase in superoxide level is a persistent change 

following the continuous exposure to tamoxifen, we cultivated MCF7 Tam5R cells 

without tamoxifen for several weeks and measured mitochondrial superoxide level. 

Even in the absence of tamoxifen, Tam5R cells exhibited significantly elevated 

superoxide level (Figure 10D).  
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Figure 10. Tam5R cells exhibit elevated ROS and protein level of antioxidant enzymes. (A) 

Quantification of mitochondrial superoxide level in MCF7 and T47D Ctrl and Tam5R cells using 

the fluorescent probe MitoSOXTM by flow cytometry. Results are expressed as % of MitoSOX RFU 

normalized to MCF7 Ctrl cells and represent the mean ± SD of at least 3 independent experiments. 

*p ≤ 0.05 relative to MCF7 Ctrl cells. # p ≤ 0.05 relative to T47D Ctrl cells. (B) Protein level of 

antioxidant enzymes catalase, SOD2 and GPX1 in MCF7 and T47D Ctrl and Tam5R cells 

evaluated by western blot. Numbers above each band represent the mean value of band 

intensities quantified by ImageJ from at least 3 independent samples. *p ≤ 0.05 relative to Ctrl 

cells. (C) Comparison of basal cellular ROS level in MCF7 and T47D Ctrl cells using the 

fluorescent probe DCF-DA by flow cytometry. (D) Quantification of mitochondrial superoxide 

level in MCF7 Ctrl, MCF7 Tam5R cells and MCF7 Tam5R cells cultivated without tamoxifen for 

4 weeks, using the fluorescent probe MitoSOXTM by flow cytometry. Results are expressed as % 

of either (C) DCF-DA or (D) MitoSOX RFU normalized to MCF7 Ctrl cells and represent the mean 

± SD of at least 3 independent experiments. *p ≤ 0.05 relative to MCF7 Ctrl cells.  

 

 

II.2.6 Tam5R cells have enhanced glycolysis, LDH-Alow/LDH-Bhigh phenotype 

and markedly activated mitochondrial aconitase 

Our previous results documented a decrease in SCs together with lower 

respiration rates in Tam5R cells. Since cancer cells show metabolic plasticity and tend to 

switch from OXPHOS to glycolysis once mitochondrial function is compromised [104], 

we investigated the glycolytic status in Tam5R cells. Figure 11 demonstrates that both 

Tam5R cell lines have increased glucose uptake (1.47-fold in MCF7 and 1.26-fold in T47D 
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Tam5R cells; panel A) as well as extracellular lactate (1.32-fold in MCF7 and 1.19-fold in 

T47D Tam5R cells; panel B) compared to parental cells. To assess the proportion of ATP 

produced by glycolysis, the cells were treated with the uncleavable analogue of glucose, 

2-DG (25 or 50 mM). We observed that the drop in ATP production was more profound 

in Tam5R cell lines (by 52% in MCF7 Tam5R vs. 35% in MCF7 Ctrl cells and by 59% in 

T47D Tam5R vs. 25% in T47D Ctrl cells; Figures 11C and 11D).  

To further expand our findings, we measured the protein level of glucose 

transporter 1 (GLUT-1) together with several important enzymatic regulators of 

glycolysis such as hexokinase II (HKII), phosphofructokinase 2 (PFK2) or pyruvate 

dehydrogenase kinase 1 (PDK1; Figure 11E). Tam5R cells exhibit elevated protein level 

of all aforementioned proteins. Moreover, the lactate dehydrogenase A (LDH-A)/ 

lactate dehydrogenase B (LDH-B) ratio, that affects the direction of the pyruvate ↔ 

lactate reaction, was decreased in both Tam5R cell lines, suggesting higher tendency to 

convert lactate to pyruvate.  

Similarly, in order to test the activity of the TCA cycle, we assessed the enzymatic 

activity and level of mitochondrial aconitase 2 (ACO2), which converts citrate to 

isocitrate. Increased activity and protein level (although not significant) of ACO2 was 

detected in MCF7 Tam5R and T47D Tam5R cells (Figure 11F). Despite the elevated 

activity of cytosolic aconitase 1 (ACO1) in MCF7 Tam5R cells compared to parental 

MCF7 cells, a decrease in ACO1 activity was observed in T47D Tam5R cells (Figure 11F).  
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Figure 11. Tam5R cells show increased glycolytic dependence. (A) Glucose uptake of MCF7 and 

T47D Ctrl and Tam5R cells measured by NBDG probe and flow cytometry. (B) Extracellular 

lactate level of MCF7 and T47D Ctrl and Tam5R cells. (A-B) Data are shown as relative values 

compared to MCF7 Ctrl cells and represent the mean ± SD of at least 3 independent experiments. 

*p ≤ 0.05 relative to corresponding Ctrl cells. ATP level in (C) MCF7 and (D) T47D Ctrl and Tam5R 

cells in the presence or absence of 2-DG (25 or 50 mM). Data are shown as % ATP level relative 

to each corresponding Ctrl condition and represent the mean ± SD of at least 3 independent 

experiments. *p ≤ 0.05 relative to Ctrl cells with similar treatment. (E) Representative pictures of 

the protein level of the glucose transporter GLUT-1 and the glycolytic enzymes HKII, PFK2, 

PDK1, LDH-A and LDH-B in MCF7 and T47D Ctrl and Tam5R cell lines evaluated by western 

blot. (F) In-gel activity (upper panels) and protein level (lower panels) of mitochondrial and 

cytosolic aconitase. (E-F) Numbers above each band represent the mean value of band intensities 

quantified by ImageJ from at least 3 independent samples normalized to β-actin. *p ≤ 0.05 relative 

to Ctrl cells. 
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II.2.7 Tam5R cells show increased phosphorylation of AMPK at Ser485/491 as 

well as increased level of SIRT3  

In order to characterize the signaling pathways that could play a role in the 

metabolic rewiring in Tam5R cells, we first focused on the AMPK, since it is a fuel-

sensing enzyme that has a major impact on cellular metabolism. Importantly, its activity 

is regulated by phosphorylation at different sites, resulting in either activation or 

inhibition [132]. When determining the phosphorylation status of AMPK we observed 

the phosphorylation at Ser485/491 to be significantly enhanced in both Tam5R cell lines 

(Figure 12A). In addition, the phosphorylation of Thr172 was decreased in T47D Tam5R 

and not changed in MCF7 Tam5R cells compared to parental cells (Figure 12A). 

Importantly, the phosphorylation pattern of downstream AMPK substrates was altered 

in both Tam5R cells, with an increase in phosphorylation of most substrates and a 

decrease in a few of them, suggesting overall activation of the kinase (Figure 12A).   

Other important metabolic sensors are NAD(+)-dependent deacetylases – 

sirtuins. The major deacetylase regulating mitochondrial function is mitochondrially 

localized SIRT3 [133]. After assessing the protein level of SIRT3 in Ctrl and Tam5R cells, 

we detected increased expression in both Tam5R cells compared to parental cells (Figure 

12B). 
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Figure 12. Tam5R cells exhibit AMPK activation and increased protein expression of SIRT3 

(A) The phosphorylation of AMPK at Ser485/491 and Thr172, total AMPK level and 

phosphorylation pattern of AMPK substrates in MCF7 and T47D Ctrl and Tam5R cells evaluated 

by western blot. (B) Protein level of the mitochondrial SIRT3 in MCF7 and T47D Ctrl and Tam5R 

cells evaluated by western blot. Numbers above each band represent the mean value of band 

intensities quantified by ImageJ from at least 3 independent samples normalized to β-actin. *p ≤ 

0.05 relative to Ctrl cells. 

 

 

II.2.8 MCF7 cells lacking mitochondrial DNA are resistant to tamoxifen  

To further demonstrate the relationship between tamoxifen resistance and 

diminished mitochondrial function, we used ρ0 cells. ρ0 cells lack mtDNA, resulting in 

the absence of mitochondrial respiratory complexes I, III and IV, thus being respiratory 

deficient. Since we observed a major decrease in mitochondrial SCs in Tam5R cells, we 

hypothesized that ρ0 cells may resemble the phenotype of Tam5R cells and should be 

resistant to tamoxifen. We measured cell death in MCF7 ρ0 cells after the incubation with 

10, 12.5 or 15 µM tamoxifen for 48 hours. Only 32% cell death was induced by 15 µM 
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tamoxifen in ρ0 cells in comparison with parental MCF7 cells which showed 75% cell 

death at the same concentration (Figure 13). Interestingly, MCF7 ρ0 cells were even more 

resistant to tamoxifen that MCF7 Tam5R cells (50% cell death in 15 µM tamoxifen), thus 

confirming our hypothesis.  

 

 

 

 
Figure 13. MCF7 ρ0 cells are resistant to tamoxifen. Assessment of cell death in MCF7 Ctrl, 

Tam5R and ρ0 cells after 48 hour incubation with tamoxifen, measured by AV/PI double staining. 

Results are expressed as mean % dead cells ± SD of at least 3 independent experiments. *p ≤ 0.05 

relative to Ctrl cells 
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II.3 Discussion 

  Tamoxifen represents one of the most used drugs in endocrine therapy for breast 

cancer [134]. Yet, the resistance to tamoxifen still remains a major clinical problem. Many 

patients are diagnosed either with de novo resistance and do not respond to the therapy 

from the beginning or acquire resistance to tamoxifen during the treatment and 

experience relapse [33]. 

Interestingly, besides the well described effect of tamoxifen on ER signaling, 

several reports document its effect on the mitochondrial function [124-126]. Although a 

possible link between tamoxifen resistance and mitochondria has already been proposed 

[128, 129], a deeper mechanistical insight into this topic is still missing. For this reason, 

the present work analyzed different aspects of mitochondrial function and metabolism 

in the in vitro model of tamoxifen resistant cells [130].  

Since several reports linking tamoxifen and mitochondria point out that the 

complexes of the ETC are direct targets of the drug, we first analyzed the composition 

of SCs in Tam5R cells. Our results not only show the expected decrease in the activity of 

all the forms of SCs but also revealed their decreased abundance and altered 

composition in Tam5R cells. In line with these findings, such disassembly of SCs was 

coupled with a drop in basal and maximal respiration rates in resistant cells, although 

interestingly, to a much lesser extent than we expected. Such discordance could indicate 

the ability of Tam5R cells to respire through individual complexes. Of note, similar 

changes in maximal respiratory capacity were observed in 4-OH tamoxifen resistant 

LCC2 cells by Radde et al. [129]; however, basal respiration was not changed in their 

model. Furthermore, Fiorillo et al. [128] reported increase in both basal and maximal 

respiration in Tam5R cells, which is not in agreement with our data. Conflicting results 

might be explained by different experimental models as well as different cultivation 

conditions (phenol red free medium, charcoal stripped serum, 4-OH tamoxifen) as 

already discussed in detail in chapter I.3.  

Since the decrease in the respiration in Tam5R cells was not as dramatic as we 

expected, we also speculated that Tam5R cells may compensate for deficient respiration 

through SCs by increasing their mitochondrial mass. Initially, we used the 

MitoTracker™ Deep Red FM probe to measure mitochondrial mass. Yet, we saw that in 

our setup, the labeling seemed to be dependent on mitochondrial membrane potential, 

which differed between Ctrl and Tam5R cells. Therefore, we decided to assess 

mitochondrial mass by measuring the amount of mtDNA and mitochondrial marker 
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TOM20 in Ctrl and Tam5R cells instead. Both experiments confirmed increased 

mitochondrial mass in MCF7 Tam5R cells, but no change in T47D Tam5R cells. A 

possible explanation is that since T47D parental cells have higher basal mitochondrial 

mass compared to MCF7 parental cells, they might have reached the achievable 

maximum and cannot further increase the amount of mitochondria. Therefore, we may 

speculate that MCF7 Tam5R cells partially compensate for their decreased respiration 

with increased mitochondrial mass while T47D Tam5R cells are not able to do so and 

probably still respire through individual CIV, as OCR measurement actually measures 

oxygen consumption by CIV.    

The observed disassembly of respiratory SCs could be linked not only with 

impaired respiration, but also with increased ROS production [135, 136]. In agreement 

with such observations, Tam5R cells showed elevated level of mitochondrial superoxide. 

Importantly, high mitochondrial ROS may lead to mtDNA mutations, which have been 

shown to enhance metastatic potential and tumorigenicity [137]. Since withdrawal of 

tamoxifen from the cultivation medium in MCF7 Tam5R cells for 28 days did not change 

the mitochondrial superoxide level, we propose that mitochondrial ROS play an 

important role in the maintenance of the resistant phenotype.  

Importantly, a connection between enhanced ROS production and mitochondrial 

fragmentation has also been reported [131, 138], being another characteristic of cancer 

stem-like cells and indicative of a more malignant phenotype [6, 139-142]. We 

documented a more fragmented mitochondrial network and decreased perinuclear 

mitochondrial localization in Tam5R cells, supported by an increase in the activating 

phosphorylation of DRP1, and a decrease in the inhibiting one. Even though such 

phosphorylation status is commonly connected with the inhibition of mitochondrial 

fission, some reports document increased fission under the same conditions [143, 144]. 

Mitochondrial fragmentation has also been reported to increase the migratory capacity 

of breast cancer cells, where mitochondrial accumulation at the edge of the cell provides 

energy utilized in the migration process [142, 145]. Although no experiments were 

performed in order to determine the migratory abilities of Tam5R cells, we can speculate 

that enhanced mitochondrial fission in Tam5R cells could be connected with an 

increased metastatic potential. Yet, this needs further experimental work.  

Furthermore, mitochondrial fission can be triggered by the AMPK activation 

[141, 146] and has been shown to promote a metabolic switch of cancer cells from 

OXPHOS to glycolysis [147]. Cancer cells often switch to alternative pathways to 
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produce energy and the metabolic intermediates used for anabolic reactions when their 

mitochondrial function is impaired. Such change is also important for the migration, 

invasion and metastasis [148]. In line with this notion, mitochondrial dysfunction 

(reflected by SCs disassembly, lower respiration and significant mitochondrial 

fragmentation) in Tam5R cells was accompanied by AMPK activation and increased 

glycolytic dependence. Even though the AMPK phosphorylation pattern observed in 

Tam5R cells is considered to inhibit AMPK activity, increased phosphorylation of 

downstream AMPK targets rather documented an activation of the pathway in our 

conditions. Moreover, acute tamoxifen treatment can activate AMPK and enhance 

glucose uptake, as reported in [149], supporting the possible role of AMPK in the 

regulation of the metabolic switch in Tam5R cells.  

Tam5R cells also showed a significantly lower LDH-A/LDH-B ratio, suggesting 

that the direction of the pyruvate↔lactate reaction is shifted to pyruvate. Thus, it seems 

that despite their increased lactate production, Tam5R cells do not convert all pyruvate 

to lactate and preferentially utilize pyruvate for other metabolic processes. Some of these 

processes might be anaplerotic reactions which can replenish metabolic pools of 

intermediates to fuel the TCA cycle [150]. For example, the conversion of pyruvate to 

oxaloacetate may increase mitochondrial biogenesis and prevent the damage induced 

by ROS [151]. The latter observation, together with the increased activity of 

mitochondrial aconitase in Tam5R cells, which converts citrate to isocitrate in the TCA 

cycle, could indicate that Tam5R cells employ a pyruvate/isocitrate cycle to produce 

nicotinamide adenine dinucleotide phosphate (NADPH) and α-ketoglutarate [152-154] 

which could serve as an additional antioxidant mechanism [155, 156].  

Similarly to AMPK, sirtuins are also important regulators of cellular metabolism. 

Indeed, AMPK and sirtuins can activate each other through posttranslational 

modifications such as phosphorylation or deacetylation [157-159]. Several members of 

the sirtuin family participate in the regulation of mitochondrial biogenesis or glycolysis 

[133]. Mitochondrially localized SIRT3 has been shown to regulate cellular metabolism, 

stress response and antioxidant defense mechanisms [160-163]. In agreement with an 

already published study [164], protein level of SIRT3 was increased in both Tam5R cell 

lines. Since SIRT3 has been shown to upregulate SOD2 and catalase expression and is 

also involved in the process of assembly of the ETC components [163], its increased 

expression may be a response to SCs disassembly and high mitochondrial ROS level. 
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Noteworthy, by activating isocitrate dehydrogenase 2 (IDH2; catalyzes reaction 

isocitrate → α-ketoglutarate ) [165] as well as acetyl-CoA synthetase 2 (ACS2; converts 

acetate into acetyl-CoA) [166], SIRT3 may play an important role in the metabolic 

rewiring of Tam5R cells [133]. In addition, higher protein level and activity of 

mitochondrial ACO2 in Tam5R cells produce isocitrate, which, after conversion to α –

ketoglutarate by IDH2, is transported via the citrate/α-ketoglutarate shuttle into the 

cytosol and can serve as starting carbon skeleton for further anabolic reactions [167]. 

In summary, we believe that, in parallel with a mitochondrial dysfunction, there 

is an increased flux through the first reactions of the TCA cycle in Tam5R cells in order 

to support the production of metabolic intermediates that serve as precursors for 

biosynthetic pathways. However, there is still a clear need for more comprehensive 

metabolomic analysis in order to fully understand the metabolic rewiring of Tam5R 

cells. 

Finally, a model of cells lacking mtDNA (ρ0 cells) was employed to answer the 

question whether the presence of dysfunctional mitochondria would affect the response 

to tamoxifen. MCF7 ρ0 cells do not contain functional mitochondrial respiratory 

complexes except intact CII, due to lack of the 13 protein subunits coded by mtDNA, 

and are thus respiration-deficient [10]. We hypothesized that they may exhibit a similar 

phenotype to our Tam5R cells. Interestingly, MCF7 ρ0 cells were actually even more 

resistant than MCF7 Tam5R cells, in line with the report that mtDNA depletion leads to 

tamoxifen resistance [168]. These data corroborate our hypothesis that low 

mitochondrial respiration and “dysfunction” of mitochondria support resistance to 

tamoxifen. 
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III. Iron metabolism and tamoxifen resistance 

 

III. 1 Literature overview 

 

III.1.1 The role of iron in biological systems 

Iron is an essential micronutrient necessary for the vast majority of living 

organisms. The biologically active iron is incorporated into proteins in the form of heme 

or Fe-S clusters [169]. Iron bound within heme is crucial for oxygen transport in 

erythrocytes (hemoglobin) and muscle cells (myoglobin) and plays an important role in 

the mitochondrial ETC (cytochromes) and ROS detoxification (catalase). Iron in the form 

of Fe-S clusters is present in proteins participating in DNA synthesis (DNA primase, 

DNA polymerase), production of ribonucleotides (ribonucleotide reductase), energy 

metabolism (mitochondrial aconitase) and in mitochondrial respiratory complexes I-III 

[170, 171]. 

On the other hand, free iron in cells is potentially toxic as it participates in Haber-

Weiss and Fenton reactions, generating the highly toxic hydroxyl radical along with 

other ROS, resulting in oxidative stress and subsequently damage of DNA, proteins or 

lipids [172]. High iron reactivity is attributed to its ability to easily donate and accept 

electrons and shuttle between reduced ferrous (Fe2+) and oxidized ferric (Fe3+) form 

[173].  

Approximately 1-2 mg of nutritional iron is absorbed daily in the proximal 

duodenum by enterocytes. The absorbed iron that is not used or stored within these cells 

is transferred across the duodenal mucosa into the blood stream and transported via 

transferrin (Tf) to recipient tissues [174]. A substantial amout of iron is utilized in the 

bone marrow for erythropoesis (hemoglobin synthesis) and is recycled by 

reticuloendothelial macrophages. Iron which is not further used in the cellular processes 

is stored in the recycling macrophages in the spleen or in hepatocytes, both representing 

important iron storage sites of the human body [175]. Only 1-2 mg of iron is lost daily, 

primarily through desquamation of epithelial cells in the skin and gut, or blood loss in 

women during menstruation. However, these processes are not regulated and therefore 

the systemic iron level needs to be mainly maintained through absorption and recycling. 

Hepcidin, a 25 AA peptide regulates systemic iron metabolism by governing both iron 

transport from enterocytes into the circulation and its release from macrophages and 

hepatocytes. The molecular mechanism underlying its function involves a direct 
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interaction of hepcidin with the iron exporter ferroportin (FPN), inducing its 

internalization and thus inhibiting its function [176]. Decreased amount of hepcidin has 

been connected with mutations in the gene coding for hemochromatosis protein (HFE), 

resulting in the iron overload disease hereditary hemochromatosis [177]. 

 

 

III.1.2 Cellular iron trafficking 

Since iron is a higly reactive element, maintaining its proper level and utilization 

within cells is crucial for maintaining cellular homeostasis. The representative scheme 

of cellular iron metabolism is shown in Figure 14.  

 

III.1.2.1 Iron uptake 

As already mentioned, transport of almost all non-heme iron through the 

bloodstream is mediated by the iron-binding protein Tf. The Tf-bound cellular iron 

uptake is facilitated by the transferrin receptor 1 (TfR1) localized in the plasma 

membrane of the recipient cells. A holo-Tf carrying two Fe3+ atoms binds to TfR1, which 

then undergoes clathrin-mediated endocytosis and is internalized within endosomes. 

An endosomal proton pump acidifies the endosomal environment, triggering the release 

of iron from Tf. Fe3+ is then reduced to Fe2+ form by ferrireductase six transmembrane 

epithelial antigen of the prostate 3 (STEAP3) and transported out of the endosome by 

divalent metal transporter 1 (DMT1) or the zinc transporter 14 (ZIP14). Finally, iron-free 

apo-Tf is delivered back to the cellular surface and secreted into the bloodstream to bind 

additional Fe3+ ions [175, 178]. 

 Under iron overload conditions, iron can also circulate in the plasma as non-

transferrin-bound iron (NTBI). In order to be taken up by cells, the NTBI is first reduced 

from Fe3+ to Fe2+ in the extracellular space by cytochrome b reductase 1 (CYBRD1; 

alternative name duodenal cytochrome B -DCYTB) and then transported into the cell via 

transporters ZIP14 [179] or DMT1 [180], representing an alternative pathway for iron 

uptake. 

  

III.1.2.2 Iron storage and utilization 

Acquired cellular iron initially enters the labile iron pool (LIP), which is 

characterized as a loosely bound, chelatable pool of redox active iron ions associated 
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with various types of ligands [181]. From LIP, iron is either utilized, stored or exported 

out of the cells.  

Cytoplasmic chaperons poly(rC)-binding protein 1 and 2 (PCBP1 and PCBP2) 

help deliver iron to the iron-storage protein ferritin [182]. This protein is composed of 24 

subunits of heavy (H) and light (L) chains forming a shell-resembling nanocage that 

allows the storage of around 4500 iron atoms mostly in the mineral form. H chains of 

ferritin possess ferroxidase activity, facilitating the conversion of Fe2+ to Fe3+, while L 

chains promote nucleation and storage of Fe3+. Iron stored as ferritin is bioavailable and 

can be easily transported out via pores in the nanocage [183].   

Iron from LIP is directed to mitochondria, central organelles for iron utilization, 

via mitoferrin 1 or 2 (MFRN1 or MFRN2) [184]. MFRN1 physically interacts with the 

ABCB10 transporter and therefore facilitates mitochondrial iron import [185]. An 

alternative mechanism termed “kiss and run” has been postulated, suggesting that iron 

can be delivered to mitochondria via direct contact of endosomes and mitochondria 

[186]. Once taken up, mitochondrial iron can be either stored in the form of 

mitochondrial ferritin (FtMt) [187], or utilized for heme or Fe-S clusters synthesis [184]. 

Fe-S cluster biogenesis inside mitochondria is a multistep process orchestrated 

by the iron-sulfur cluster assembly enzyme (ISCU) together with the accessory proteins 

nitrogen fixation 1 (S. Cerevisiae, homolog) cysteine desulfurase (NFS1), LYR motif-

containing protein 4 (LYRM4) and frataxin (FXN). Nascent Fe-S clusters are then 

released from the scaffold and either delivered to target mitochondrial apoproteins via 

chaperon systems with help of specialized transfer proteins such as glutaredoxin 5 

(GLRX5) [184], or used for the synthesis of so far unknown sulfur-containing compounds 

and exported from mitochondria for cytosolic and nuclear Fe-S cluster assembly  [188]. 

Heme biosynthesis is an 8-step biosynthetic pathway that occurs both in cytosol 

and in mitochondria. The first step is initiated in mitochondrial matrix and involves the 

synthesis of the heme precursor aminolevulinic acid (ALA) by ALA synthase. ALA is 

then transported to the cytosol where it undergoes a series of 4 reactions resulting in the 

formation of coproporphyrinogen III, which is translocated back into mitochondria. 

Coproporphyrinogen III is then oxidized to protoporphyrinogen IX and protoporphyrin 

IX. The terminal step includes the insertion of Fe2+into the protoporphyrin IX ring to 

produce heme, catalyzed by the enzyme ferrochelatase [189, 190].     
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III.1.2.3 Iron export 

Cells export Fe2+ iron via FPN. Subsequently, the ferroxidases hephaestin (HEPH) 

or serum ceruloplasmin convert Fe2+ to Fe3+, which can further bind Tf [191]. FPN is the 

sole known iron mammalian exporter, coded by the solute carrier family 40 member 1 

(SLC40A1) gene and its interaction with hepcidin regulates its abundance and iron 

transporter activity, thus playing a crucial role in systemic iron homeostasis [176]. 

 

 

Figure 14. Cellular iron trafficking. Two major pathways of iron uptake are shown in the picture. 

Iron bound to Tf enters the cell through TfR1 on the cell surface via receptor-mediated 

endocytosis. NTBI is reduced to Fe2+ form by ferrireductases and transported via DMT1, 

ZIP8/ZIP14 inside the cell. Acquired iron then enters LIP and is further directed to mitochondria 

for Fe-S clusters and heme synthesis, or is incorporated in other iron-containing proteins 

necessary in processes such as DNA synthesis and repair or cell cycle regulation. Iron which is 

not utilized is either stored in the form of ferritin or exported out of the cell via FPN (adapted 

from [175]). 
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III.1.3 Regulation of intracellular iron metabolism 

Maintaining balanced cellular iron level requires strict regulatory mechanisms. 

One of such mechanisms is the iron responsive protein/iron regulatory element 

(IRP/IRE) system. Iron responsive protein 1 (IRP1; encoded by ACO1 gene) and iron 

responsive protein 2 (IRP2; encoded by IREB2 gene) are cytosolic proteins which can 

sense intracellular iron level and regulate iron homeostasis. Under iron deficiency, IRP1 

and IRP2 bind to IREs in the 5´ or 3´ untranslated regions (UTRs) of the mRNAs which 

encode for proteins involved in iron uptake, storage and export [192].  

The localization of the IREs determines the final effect on the corresponding 

mRNA and protein level. IRPs bound to 5´UTR IREs prevent the translation of mRNAs 

by blocking the recruitment of ribosomes. On the contrary, binding of IRPs to 3´UTR 

IREs leads to mRNA stabilization by protecting it against degradation by endonucleases. 

These events ensure stimulation of iron uptake while decreasing iron storage and export.  

In iron replete cells, IRP1 binds a 4Fe-4S cluster and gains enzymatic aconitase 

activity, while IRP2 is proteasomally degraded via F-Box And Leucine Rich Repeat 

Protein 5 (FBXL5) [193]. Therefore, when intracellular iron level is high, IRPs are 

removed from IREs resulting in enhanced translation of mRNAs containing 5´UTR IREs 

and increased degradation of mRNAs bearing 3´UTR IREs [194] (Figure 15). This 

scenario thus leads to a lower  iron uptake and an increase in iron storage and export. 
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Figure 15. The control of cellular iron homeostasis by the IRP/IRE system. In iron-low 

conditions, IRP1 and IRP2 are active. Binding of IRPs to IREs localized in the 3’ UTR leads to 

mRNA stabilization while binding to IREs within 5’UTR of mRNA leads to translational 

repression. In such scenario, the cells increase iron uptake (↑ TfR1, ↑DMT1 expression) and 

decrease iron storage and export (↓FPN, ↓ferritin expression). Under high-iron conditions, IRPs 

do not bind to IREs. Instead, IRP2 is targeted for proteasomal degradation while IRP1 is 

converted to cytosolic aconitase by binding to a 4Fe-4S cluster. Subsequently, iron uptake is 

decreased and iron storage and export increased (adapted from [195]).  

 

 

 

The regulation of iron metabolism and hypoxia are intertwined. Indeed, IRPs not 

only respond to intracellular iron level but are also responsive to hypoxia [196, 197], 

since IRP1 contains hypoxia responsive elements (HREs) in its 5’UTR mRNA [198]. 

Furthermore, a hypoxic environment activates hypoxia-inducible factors (HIFs) which 

bind HREs in the promoters of their target genes, including some involved in iron 

metabolism such as Tf, TfR1 or ferritin [199]. In addition, HIF2α (also known as 
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endothelial PAS domain-containing protein 1 – EPAS1) is controlled by IRP1 via its 

5’UTR IRE, and plays a key role in erythropoesis and iron absorption [200]. 

Noteworthy, iron is a required cofactor for prolyl hydroxylases that mark HIFs 

for degradation under normoxic conditions [201]. Thus, regardless of oxygen status, low 

iron level results in diminished hydroxylation and stabilization of HIFs. This process is 

termed as a ‘pseudohypoxia‘ and has been connected with tumorigenesis [202].  

One of the proteins regulated by HIFs is quiescin sulfhydryl oxidase 1 (QSOX1) 

which is responsible for disulfide bond formation during protein folding in the Golgi 

aparatus [203]. QSOX1 is a human ortholog of the yeast ERV protein, which has been 

shown crucial for Fe-S cluster biogenesis in yeasts [204]. QSOX1 can also be secreted into 

extracellular space where it helps to remodel extracellular matrix [203]. Moreover, high 

protein level of QSOX1 seems to be connected with the CSC phenotype [6] and the 

invasivity of the cells [205, 206]. 

 

 

III.1.4 Iron metabolism and cancer 

Iron plays a dual role in cancer. As an essential growth factor, iron participates 

in regulating energy metabolism, proliferation, cell cycle and DNA replication. 

Therefore, the iron demand of cancer cells, which need to proliferate and replicate their 

DNA faster, is higher [207]. On the other hand, free iron promotes the formation of free 

radicals through Fenton reaction thus causing DNA mutations resulting either in cell 

death or malignant transformation [207].  

Many studies document reprogrammed iron metabolism in various types of 

cancer, with a palette of differentially regulated proteins that participate in iron 

metabolism [208]. Increased iron uptake mediated by elevated protein level of TfR1 has 

been confirmed for many types of cancer including breast and colon cancer [208-210]. 

Besides increased iron uptake, some cancer cells have increased expression of ferritin. 

Iron sequestered by ferritin is not able to participate in ROS formation, thus protecting 

cancer cells from oxidative damage, and it also represents an iron reservoir for times 

where iron is limited [211]. In agreement with this, iron efflux facilitated by FPN, and 

controlled by the hormone hepcidin, is often diminished in cancer, leading also to 

accumulation of iron in cancer cells [211]. 

Furthermore, it has been shown that people with chronic iron overload diesases 

such as hereditary hemochromatosis have increased risk of liver or colon cancer due to 
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excessive iron accumulation, thus confirming the importance of iron for cancer initiation 

and promotion [212]. Importantly, various strategies for iron deprivation to treat cancer 

have been intensively studied over the past years. By using iron chelators, gallium- 

based compounds functioning as iron mimetics, or antibodies against TfR1 it is possible 

to either deprive cancer cells of iron or interfere with their iron metabolism, thereby 

inhibiting DNA synthesis, and inducing cell cycle arrest and apoptosis [208, 213].  

Similarly to cancer cells, alterations in iron trafficking have been described in 

CSCs [214]. Level of TfR1 and its ligand Tf was reported to be increased in glioblastoma 

CSCs that uptake iron more effectively from extracellular environment [215]. Similar 

observations were published by Mai et al. in BCSCs [216]. In the study published by our 

laboratory, mammospheres showed activation of the IRP/IRE system resulting in 

increased iron uptake and decreased iron storage. Enzymatic activity of Fe-S cluster 

containing enzymes was diminished, together with reduced GSH level and increased 

ROS level. We also documented increased LIP, preferential mitochondrial iron 

accumulation and higher sensitivity to iron chelation, thus confirming the important role 

of redox balance and iron metabolism in the phenotype of BCSCs [6]. 

As already shown in the first part of this thesis, Tam5R cells exhibit stem-like cell 

properties making them reminiscent to BCSCs. To our knowledge, there is only one 

publication dealing with iron metabolism in tamoxifen resistant breast cancer cells [209]. 

However, it is focused only on TfR1, thus not bringing any detailed information about 

the iron metabolism in this resistant model. Given the importance of iron for cancer cells 

in general, we investigated the expression of genes that participate in iron uptake, 

trafficking, storage and utilization in our model of Tam5R cells. Taking into account the 

poor prognosis and more aggressive phenotype of Tam5R cells, understanding the 

principles and changes in their iron metabolism may lead to development of novel 

approaches resulting in a more effective and targeted cancer therapy. 
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III. 2 Results 

 

Some results presented in this chapter were published as supplementary data in:  

 

Rychtarcikova Z, Lettlova S, Tomkova V, Korenkova V, Langerova L, Simonova E, 

Zjablovskaja P, Alberich-Jorda M, Neuzil J, Truksa J. (2017) Tumor-initiating cells of 

breast and prostate origin show alterations in the expression of genes related to iron 

metabolism. Oncotarget 8(4): 6376–6398. 

  

The main purpose of the paper was to analyze iron metabolism in different 

models of CSCs, including MCF7 Tam5R breast cancer cells. In order to provide a more 

detailed overview of iron trafficking in these cells, we performed further experiments 

and included also another Tam5R cell line derived from T47D breast cancer cells. These 

latter results are unpublished. 

 

 

III.2.1 Tam5R cells show altered expression of iron metabolism-related genes 

and corresponding proteins 

In the original manuscript the expression profile of the genes related to iron 

metabolism was assessed in CSCs derived from various cancer cell lines as well as in 

Tam5R MCF7 cells. Genes with changes in expression higher than 1.55-fold in at least 

2/3 of the tested cell lines were selected for further analysis on protein level. The list of 

all tested genes is shown in the supplementary data of the original manuscript together 

with their protein level (Supplement, Oncotarget Supplementary Table 1, Supplementary 

Figure S5 and S6) [6]. To assess the alterations in the iron metabolism-related genes and 

proteins in Tam5R cells, we further expanded our analysis to T47D Tam5R cells. Thus, 

here we first show expression profile of genes related to iron metabolism in MCF7 Ctrl 

and Tam5R cells (Figures 16A and 17A) that were included in the Oncotarget manuscript 

and assessed by Fluidigm qPCR. The expression of identical genes was then evaluated 

in T47D Ctrl and Tam5R cells by standard qPCR (Figures 16B and 17B), with subsequent 

western blot analysis in both Ctrl and Tam5R cell lines (Figures 16C, 17C and 17D).  

When assessing the changes in genes and proteins related to iron uptake, we 

observed significant upregulation of TFRC gene (coding for TfR1) in MCF7 Tam5R cells 
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compared to MCF7 Ctrl cells; however, this was not confirmed on the protein level 

where we detected decreased TfR1 expression in MCF7 Tam5R cells. On the contrary, 

T47D Tam5R cells exhibited elevated protein level of TfR1 in comparison with parental 

T47D cells, even though TFRC expression was not changed. Despite the fact that mRNA 

level of other genes participating in iron uptake were not changed in MCF7 Tam5R cells, 

an increased amount of protein was observed in case of CYBRD1 and DMT1 (encoded 

by solute carrier family 11 member 2 - SLC11A2 gene), and a slight decrease in ZIP14 

level (encoded by solute carrier family 39 member 14 -SLC39A14 gene). CYBRD1, 

SLC11A2 and SLC39A14 genes were found overexpressed in T47D Tam5R cells 

compared to parental cells. Similarly, T47D Tam5R cells showed increased protein level 

of CYBRD1, DMT1 and decreased ZIP14 level. Finally, the mRNA level of SLC25A37 

(gene coding for MFRN1) was slightly increased in MCF7 Tam5R cells, although not 

significantly [6]. On the same line,  increased MFRN1 protein level was detected in both 

Tam5R cell lines.  

A significant upregulation of ABCB10 and GLRX5 coding for proteins 

participating in mitochondrial Fe-S cluster biogenesis was observed in MCF7 Tam5R 

cells, while their mRNA level was not changed in T47D Tam5R cells compared to Ctrl 

cells. Interestingly, opposite results were documented by western blot, where MCF7 

Tam5R cells showed downregulation of ABCB10 and GLRX5. On the other hand, T47D 

Tam5R cells exhibited increased ABCB10 level, while protein expression of GLRX5 was 

not assessed in these cells (functional antibody missing).  

Fluidigm qPCR data showed increased expression of the gene coding for ferritin 

light chain (FTL) in MCF7 Tam5R cells [6]. Similarly, the protein level of ferritin was 

upregulated in both Tam5R cell lines as documented by western blot analysis.  

Further analysis of the expression of genes involved in the regulation of iron 

export (HEPH, FPN) revealed no differences between MCF7 Tam5R cells and Ctrl cells, 

corroborated by no change in the protein level of FPN. Unfortunately, HEPH level was 

not detectable in MCF7 Tam5R cells. Different observation was documented in T47D 

Tam5R cells, which showed a dramatic increase in HEPH expression confirmed also by 

western blot analysis. Even though significant downregulation of FPN was measured  

by qPCR, no significant change on the protein level was observed.  

Next, assessment of the expression of hypoxia related genes EPAS1 (coding for 

HIF2α protein) and QSOX1 revealed their increased mRNA (although not significant in 

MCF7 Tam5R cells) and protein level in both Tam5R cell lines compared to their parental 
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counterparts. In addition, the analysis of the expression of genes involved in iron sensing 

and regulation (ACO1, IREB2) as well as in iron overload (HFE) revealed significant 

upregulation of ACO1 and HFE in Tam5R cell lines, while no differences were observed 

in case of IREB2 expression, even though its protein level was decreased in MCF7 Tam5R 

cells. Contrary to the qPCR data, protein expression of HFE was decreased in both 

Tam5R cells, while ACO1 was upregulated in MCF7 Tam5R cells and downregulated in 

T47D Tam5R cells.  
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Figure 16. Tam5R cells have altered expression of genes and proteins connected with iron 

uptake, storage and export. Relative expression of CYBRD1, SLC11A2, SLC39A14, TFRC, HEPH 

and FPN in (A) MCF7 and (B) T47D Ctrl and Tam5R cell lines. The expression was determined 

by Fluidigm chip qPCR in MCF7 cells and by standard qPCR in T47D cells. Data were analyzed 

and statistical significance calculated by GenEx software and normalized to selected 

housekeeping genes. * p < 0.05 relative to Ctrl cells. (C) Representantive pictures of the protein 

level of CYBRD1, DMT1, ZIP14, TfR1, Ferritin, HEPH and FPN in MCF7 and T47D Ctrl and 

Tam5R cells evaluated by western blot of 3 independent sets of samples. β-actin and Ponceau 

were used as loading controls.  
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Figure 17. Tam5R cells have altered expression of genes and proteins connected with 

mitochondrial iron import and utilization, iron sensing, iron overload and hypoxia response. 

Relative expression of ABCB10, GLRX5, ACO1, IREB2, EPAS1, OSOX1 and HFE in (A) MCF7 and 

(B) T47D Ctrl and Tam5R cell lines. The expression was determined by Fluidigm chip qPCR in 

MCF7 cells and by standard qPCR in T47D cells. Data were analyzed and statistical significance 

calculated by GenEx software and normalized to selected housekeeping genes. * p < 0.05 relative 

to Ctrl cells. (C) Protein level of mature ABCB10, ACO1, HIF2α, QSOX1, HFE and MFRN1 in 

MCF7 and T47D Ctrl and Tam5R cells evaluated by western blot of 3 independent sets of samples. 

β-actin was used as loading control. (D) Protein level of GLRX5 and IRP2 in MCF7 Ctrl and 

Tam5R cells from 2 sets of samples evaluated by western blot. β-actin was used as loading control 

(as published in [6]).  
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III.2.2 Tam5R cells show decreased incorporation of 55Fe into proteins 

In order to compare the iron incorporation into Fe-S cluster- or heme-containing 

proteins, we assessed their level in Ctrl and Tam5R cell lines. To do this, we incubated 

the cells with radioactive 55Fe and subsequently harvested them either for subcellular 

fractionation or for the preparation of WCL. Isolated proteins were separated under 

native conditions and iron containing proteins were then visualized by 55Fe 

autoradiography. Figure 18 shows a decrease in iron-containing proteins corresponding 

to SCs in the mitochondrial fraction of both Tam5R cell lines (Figures 18A and 18B). 

While MCF7 Tam5R cells show an increase in the band corresponding to ferritin in 

cytosol and WCL (Figure 18A), T47D Tam5R cells exhibit a very slight decrease in the 

ferritin in cytosol, no change in WCL and a slight increase in mitochondrial ferritin 

(Figure 18B).  

When we measured the total amount of 55Fe in WCL, and cytosolic and 

mitochondrial fractions, we observed an increase in 55Fe level  in WCL and cytosol and 

slightly lower mitochondrial 55Fe content in MCF7 Tam5R cells compared to MCF7 Ctrl 

cells. However, the difference was not significant in both cases. In line with this 

observation, T47D Tam5R cells showed slightly decreased 55Fe content in mitochondria 

and there was a trend towards higher 55Fe content in cytosol (Figure 18C).  
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Figure 18. Incorporation of 55Fe into proteins in WCL, cytosol and mitochondria. Representative 

pictures of autoradiography of proteins with incorporated 55Fe in the WCL, cytosol and 

mitochondria of (A) MCF7 and (B) T47D Ctrl and Tam5R cells. The experiment was performed 

with 2 independent sets of samples and normalized to protein content. (C) 55Fe content in WCL 

and subcellular fractions in MCF7 and T47D Ctrl and Tam5R cells, normalized per µg of protein.  
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III.3 Discussion 

 The relationship between breast cancer and iron metabolism has been well 

documented [217]. However, there is almost no data that would link alterations in iron 

metabolism and resistance to tamoxifen. The only report on this topic was published in 

2010 by Habashy et.al [209], who showed an association between increased TfR1 level 

with tamoxifen resistance and poor therapeutic outcome. Since such study did not 

provide any deeper insight into changes in iron metabolism that could be connected with 

acquisition and maintenance of the tamoxifen resistant phenotype, we decided to 

examine the mRNA and protein level of selected proteins which are involved in the 

regulation of cellular iron homeostasis.  

A significant difference in the expression of genes involved in iron uptake, iron 

sensing, iron export, iron overload, hypoxia and mitochondrial Fe-S cluster assembly 

was detected between parental and resistant cell lines, supporting an altered iron 

metabolism in Tam5R cells. Interestingly, the mRNA level of the tested genes showed a 

different pattern, with some genes being overexpressed only in MCF7 Tam5R or T47D 

Tam5R cell line. These differences are further discussed and suggest that Tam5R cells 

derived from a similar breast cancer subtype may utilize iron differently to reach the 

same goal. As mentioned before, although two different methods were used for the 

assessment of gene expression in MCF7 and T47D cells line, both measurements are 

valid and probably do not account for the observed difference in expression profiles. 

Importantly, the changes on the protein level between both Tam5R cells are quite 

constistent, suggesting that the regulation mostly occurs at the posttranscriptional level. 

 Increased iron uptake facilitated mainly through increased expression of TfR1 

has been reported in breast tumors, particularly in the in vitro model of tamoxifen 

resistant cells [6, 209] as well as in BCSCs [216]. In line with such observations, we 

detected increased protein level of TfR1 in T47D Tam5R cells; however, we saw 

decreased level of the same protein in MCF7 Tam5R cells. Since cells can take up iron 

also from NTBI, we looked at protein level of DMT1 and ZIP14 that participate in this 

process. We found increased protein level of NTBI transporter DMT1 as well as 

ferroxidase CYBRD1 (or DCYTB) in both Tam5R cell lines. These data thus suggest that 

it is likely that Tam5R cells employ NTBI uptake to fulfill their iron needs, in addition to 

transferrin-bound iron. This nicely points to the fact that cells can enhance their iron 

uptake via several ways.  
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 Increased iron uptake leads to increased intracellular LIP that can be stored 

inside ferritin. Its overexpression has been documented in various types of cancer, 

including breast cancer [218], being a signature of more aggressive and invasive 

phenotypes [219]. We observed elevated protein level of ferritin in both Tam5R cell lines, 

suggesting that Tam5R cells may store acquired iron in ferritin to supply processes such 

as proliferation or DNA damage repair mechanisms where iron plays an essential role 

as a cofactor. Furthermore, since increased ferritin has been linked to protection against 

ROS by sequestering free cellular iron [220], increased ferritin may protect Tam5R cells 

from ROS induced damage and provide them with a mechanism how to control their 

ROS level. Interestingly, it seems that MCF7 Tam5R cells incorporate more 55Fe into 

cytosolic ferritin while T47D Tam5R cells seem to rather use the mitochondrial one. Both 

cell lines thus store iron in different compartments. Given the fact that ferritin has been 

linked to ROS protection, it is possible that such difference could be partially responsible 

for higher total ROS level in T47D cells. 

We also observed a significant decrease in HFE in both Tam5R cell lines. The 

mutations in HFE gene result in excessive intestinal iron absorption and disease called 

hereditary hemochromatosis [221]. These mutations have been reported to increase the 

risk of cancer development, probably by inducing iron overload in the affected tissues 

[222-224]. However, the exact role of HFE in cancer has not been clearly described.  It is 

also possible that the detected decrease in HFE protein does not affect iron handling but 

rather helps cancer cells to evade immune response as HFE belongs to MHC Class I-like 

proteins [225]. 

Iron efflux plays an important role in tumor growth and metastasis. Decreased 

expression of FPN has been implicated in supporting the growth of breast cancer since 

it should result in iron accumulation within cells [226, 227]. Our data from Ctrl and 

Tam5R cell lines do not show any changes in FPN level, suggesting no changes in iron 

export. Yet, the iron export is dependent on the activity of the FPN channel and our 

measurement shows solely FPN protein level. Therefore, measurement of the actual rate 

of iron export from cells loaded with 55Fe would be required to fully address the 

question.  

The ferroxidase HEPH acts in concert with FPN in iron efflux and its decreased 

expression has been shown to stimulate breast tumor growth in vitro and in vivo probably 

due to intracellular iron accumulation, and has been linked with poor prognosis [228]. 

Similarly, there are reports documenting lower HEPH level in colorectal cancer [210]. 
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In our model, we originally detected significant downregulation of HEPH in 

MCF7 Tam5R cells (using the bs-15458R antibody from Bioss), corresponding with 

increased ferritin level and enhanced iron storage in these cells. Under such scenario, 

accumulated iron may serve as a reservoir to supply processes supporting the growth 

and survival of MCF7 Tam5R cell line. Yet, when employing a different and apparently 

more specific antibody (sc-365365 from Santa Cruz Biotechnology), we detected a 

dramatic increase in HEPH level in T47D Tam5R cells and we did not detect any HEPH 

in the MCF7 cell line. Since there is scarce evidence on the function of HEPH in cancer, 

it is possible that HEPH may play different roles in carcinogenesis that might not be 

directly connected to iron handling. Therefore, the actual role of HEPH in our model 

needs further clarification. 

As described in the introduction, cellular iron homeostasis is controlled by 

IRP/IRE system [192]. Increased protein level and enzymatic activity of ACO1/IRP1 and 

decreased protein level of IRP2 in MCF7 Tam5R suggest a decreased activity of IRP/IRE 

in these cells. This is also documented by increased ferritin level and reduced TfR1 level, 

both of which are regulated by IRP/IRE. It is further supported by an increase in 55Fe 

incorporation into ferritin in WCL and cytosolic fraction in MCF7 Tam5R cells. 

Moreover, a slight, although not significant increase in 55Fe accumulation in WCL and 

cytosol could support our hypothesis and reflect the presence of 55Fe-loaded ferritin. 

Importantly, it has been shown that IRP2 depletion in mouse embryonic fibroblasts 

increased protein level of HIFs resulting in increased glycolysis and decreased 

expression of Fe-S cluster biogenesis- and ETC-related genes, thereby weakening 

mitochondrial respiration [229]. This report is in agreement with our data in Tam5R cells, 

which show metabolic switch from OXPHOS to glycolysis, accompanied by reduced 

respiration and increased expression of HIF2α and glycolytic enzymes.  

Interestingly, the opposite was shown for T47D Tam5R cells, where the IRP/IRE 

system seems to be active as the enzymatic activity of ACO1/IRP1 was diminished and 

TfR1 level was increased. Under such scenario, iron storage should be decreased; 

however, increased protein level of ferritin in T47D Tam5R cells indicates that these cells 

rather store iron. Yet, the protein level might not entirely reflect the actual ability of 

ferritin to store iron and it is also possible that ferritin is not regulated only by the 

IRP/IRE system in these cells [230].  The capacity to store iron was determined by 55Fe  

labeling and we detected slightly decreased 55Fe incorporation into cytosolic ferritin 

while mitochondrial ferritin 55Fe content was slightly increased, resulting in a net 
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balance of no change in WCL. Furthermore, the observation of an active IRP/IRE system 

in T47D cells could also be explained by the fact that T47D cell line has highly increased 

basal intracellular level of ROS compared to MCF7 cell line. Since Fe-S cluster containing 

enzymes, and ACO1 in particular, are sensitive to ROS which cause destabilization of its 

Fe-S clusters, it is possible that increased activity of the IRP/IRE system in T47D cells 

could be also connected with oxidative damage. Unfortunately, IRP2 could not be 

determined in T47D cells as the antibody that we originally used did not work. 

The biosynthetic pathways that incorporate iron into Fe-S clusters and heme 

represent another important aspect of intracellular utilization of iron [184]. Interestingly, 

many important enzymes that participate in these pathways reside within mitochondria. 

On that line, increased MFRN1 level in both Tam5R cell lines suggests an enhanced iron 

import into mitochondria in order to turn on compensatory mechanisms for the SCs 

disassembly that utilize Fe-S clusters and heme for their enzymatic activity. 

Interestingly, although no significant alterations in the mitochondrial 55Fe level were 

detected, there was a strong decrease in 55Fe incorporation in mitochondrial Fe-S- and 

heme-containing proteins in both Tam5R cell lines. Such results may suggest that even 

though Tam5R cells may import more iron into mitochondria, its utilization is 

compromised. This is supported in MCF7 Tam5R cells by downregulation of ABCB10, 

an important player in heme biosynthesis, together with GLRX5, participating in Fe-S 

cluster transfer inside mitochondria, similarly to changes seen in mammospheres [6]. 

Unexpectedly, T47D Tam5R cells showed ABCB10 upregulation and the data on GLRX5 

protein level is missing due to the problems with the antibody. Since ABCB10 was shown 

to protect cells against oxidative stress [231-233], it is probably an adaptive mechanism 

elicited in T47D Tam5R cells to cope with their higher ROS. As the role of ABCB10 in 

cancer is not well defined and there is a scarce evidence showing that it is involved in 

the resistance to cisplatin, it is possible that ABCB10 may be involved not only in heme 

synthesis but may play an additional unrelated role in Tam5R cells. Further investigation 

would be necessary in order to describe the function of ABCB10 in our experimental 

model.   

Importantly, the decreased incorporation of 55Fe into mitochondrial proteins, 

possibly corresponding to SCs, strongly agrees with our data on disassembled SCs with 

diminished enzymatic activity in Tam5R cells, together with lower oxygen consumption 

in these cells. It is also important to note that measurements of 55Fe incorporation into 

proteins are likely more reliable than the simple estimation of 55Fe content within cytosol 
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and mitochondria, since mitochondria could be damaged during the isolation procedure 

and release loosely bound iron into cytosol, while membrane proteins of the 

mitochondrial respiratory complexes will remain there.   

Iron metabolism and hypoxia are interconnected. Indeed, the proteins that target 

HIFs for degradation require iron, and HIF2α (EPAS1) contains an IRE sequence in its 5´ 

UTR [234]. HIF2 has been shown to induce the stem cell phenotype and drug resistance 

in breast cancer cell lines through activation of the Wnt and Notch signaling [235]. 

Similarly, several reports show the connection between increased tumorigenicity and 

enhanced HIF2α expression in renal cell carcinoma [236] and pancreatic cancer [237]. 

However, its role in tamoxifen resistance has not been explored yet. Therefore, we 

investigated the activation of HIF2α in Tam5R cells, and observed an increase in the 

protein level in both Tam5R cell lines, which is in agreement with the proposed 

enhanced iron uptake in these cells documented by increased DMT1 and CYBRD1 level, 

that are regulated by HIF2 [201, 238]. Therefore, HIF2α might be a very important 

player in the phenotype of Tam5R cells and requires further studies. 

Additionally, HIFs regulate many proteins connected with the hypoxic response 

and hypoxic adaptation, one of them being QSOX1 [239]. This protein was found 

upregulated in both Tam5R cell lines and represents another interesting marker 

connected with tamoxifen resistance. There is emerging evidence on the role of QSOX1 

in tumorigenesis [203] as its overexpression has been reported in breast cancer and has 

been suggested as a specific marker for the luminal B breast cancer subtype [205, 206, 

240]. Upregulation of QSOX1 has also been linked with more aggressive phenotype and 

enhanced invasivity in breast cancer cell lines as well as in patients [205, 206]. Taken 

together, our results raise the possibility that HIF2α stimulates the expression of QSOX1 

in Tam5R cells, thus contributing to extracellular matrix remodeling. We can speculate 

that such scenario may be important for CSC phenotype in Tam5R cells as well as for 

regulating their invasion and migration.    
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IV. ABC transporters and tamoxifen resistance 

 

IV.1 Literature overview  

 

IV.1.1 ABC transporters  

ABC transporters are the largest known family of transmembrane proteins. Their 

ability to transport various compounds such as sugars, lipids, peptides or ions across 

biological membranes makes ABC transporters essential for maintaining normal cellular 

physiology [241].  

ABC transporters are present in almost all life entities ranging from prokaryotes 

to complex eukaryotic organisms. While in prokaryotes they work both as importers and 

exporters, in eukaryotes they act mostly as exporters. Thanks to their ability to export 

cytotoxic molecules, they may confer resistance to antibiotics or anticancer drugs, thus 

being the reason for therapy failure, causing the multidrug resistance (MDR) 

phenomenon [242], where tumor cells are resistant to a broad range of unrelated 

chemotherapeutics. 

 

   

IV.1.2 The structure and mechanism of action of ABC transporters 

ABC transporters are composed of four core domains: two nucleotide binding 

domains (NBD1 and NBD2) and two transmembrane domains (TMD1 and TMD2). The 

different domains of prokaryotic ABC transporters are coded for as individual 

polypeptides that are assembled at the plasma membrane. In eukaryotes, these domains 

are translated as a single polypeptide chain or as two polypeptides, each consisting of 

one NDB and one TMD [243]. 

NBDs share high structural homology and are defined by several structurally 

conserved motifs such as Walker A and Walker B motifs, or ABC signature motif 

´LSGGQ´. On the contrary, TMDs show almost no sequence conservation due to the 

diverse nature of the transported substrates. TMDs are formed by multiple membrane-

spanning α-helices which form an internal cavity allowing the substrate to pass through 

the membrane [244].  

The mechanism of action of ABC transporters can be described in several steps 

(Figure 19). The process is initiated by the binding of the substrate to high-affinity sites 

on the TMDs, triggering dimerization of NBDs and thus a conformational change from 
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opened to closed state. This increases the affinity for binding of 2 ATP molecules to 

NBDs. The closed structure then induces conformational changes in the TMDs, causing 

opening of the transporter and release of the substrate on the opposite site of the 

membrane. ATP bound to NBDs is hydrolyzed to ADP and Pi, generating the energy 

necessary to translocate the substrate across the membrane. The hydrolysis resets the 

entire transporter for the next transport cycle [245].  

  

                

 

 

Figure 19. The structure and efflux mechanism of ABC transporters. (A) Full ABC transporter 

consisting of 2 transmembrane domains (TMD1 and TMD2) and two nucleotide binding domains 

(NBD1 and NBD2). (B) The ATP-switch model for the ABC transporter efflux mechanism. 

Binding of the substrate (purple) to the TMD (step I) leads to conformational change in NBD, 

facilitating ATP binding and closed dimer structure formation. TMDs then open towards the 

outside and translocate the substrate (step II). The closed NBD dimer structure is disrupted by 

ATP hydrolysis resulting in a conformational change in TMDs (step III). Finally, the release of Pi 

and ADP restores initial ABC transporter conformation (step IV; adapted from [246]).  

 

 

IV.1.3 The classification and physiological function of ABC transporters 

 In humans, there are 49 ABC transporters divided into seven subfamilies 

(designated A-G), depending on amino-acid sequence, structure, and the character of 
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the transported substrates. The A family of ABC transporters has 12 members, some 

having more than 2,100 AAs in length. They are mostly involved in lipid transport and 

trafficking between cellular compartments in various organs [247]. Some members of 

this family (ABCA1, ABCA2, ABCA3 or ABCA6) have been suggested to play a role in 

drug resistance [247]. In particular, ABCA1 has been found to be involved in the 

resistance of lung carcinoma cells to α-tocopheryl succinate [248], as well as in the 

resistance to porphyrins in photodynamic therapy [249].  

 ABC transporters belonging to B family include 11 known members. There are 

both half and full transporters in this family, with different localization pattern (plasma 

membrane, endoplasmic reticulum, Golgi apparatus or mitochondria) and function 

[247].  The most studied and characterized protein from this family is the ABCB1 (also 

known as P-glycoprotein), which is normally expressed in the liver and hematoencefalic 

barrier and guards the cells from the deleterious effects of toxins and drugs. However, 

its overexpression has been detected in many types of cancer and is associated with the 

MDR phenotype [250]. A very interesting group of B family ABC transporters are the 

mitochondrial members, localized in the inner (ABCB7, ABCB8 and ABCB10) and outer 

(ABCB6) mitochondrial membrane. They participate mainly in Fe-S cluster biogenesis 

and heme biosynthesis [251], altough their precise role in such processes is still under 

debate. Interestingly, increased expression of ABCB6 has been linked with the resistance 

to chemotherapeutics such as 5-fluorouracil, SN-38 and vincristine in KAS cells [252] or 

to the combination of paclitaxel/FEC (5-fluorouracil, epirubicin, cyclophosphamide) in 

breast cancer [253]. Moreover, elevated level of ABCB7 has been proposed to mediate 

the resistance to carmustine [254], elevated ABCB8 has been shown to confer resistance 

to doxorubicin in melanoma cells [255] and ABCB10 overexpression has been linked to 

cisplatin resistance in epidermoid carcinoma cells [256].  

 There are 13 ABC transporters belonging to the C family. 9 members are known 

as multidrug resistance proteins (MRP1-MRP9) and are able to export various 

xenobiotics, drugs and toxins out of the cell. This group of ABC transporters is thus 

mostly related to the MDR phenotype and cancer therapy failure [257]. The rest of the 

transporters have not been connected with MDR phenotype. Although they do not seem 

to play an important role in the cancer resistance, some of these proteins have been 

linked with human diseases. For example, ABCC7, the cystic fibrosis transmembrane 

conductance regulator (CFTR), is a chloride ion channel and, as indicated in the name, 

its mutation has been documented as a cause of cystic fibrosis [258]. The transport 
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function and substrates of sulfonylurea receptors SUR1 (ABCC8) and SUR2A/B 

(ABCC9) have not been described yet; however, they are important regulators of cellular 

homeostasis due to their association with KATP channels and their participation in the 

release of insulin from pancreatic β-cells [259]. The last member, ABCC13, is considered 

to be a pseudogene [260].  

 The members of D family are localized predominantly into peroxisomes. They 

help transport long chain fatty acids and branched chain fatty acids together with acyl-

CoA esters into peroxisomes [261]. ABCD4, which was previously identified as a 

peroxisomal protein but is in fact localized in lysosomes, helps with the export of 

cobalamin into the cytosol [262].  

 Transporters belonging to E and F families have an ATP-binding domain; 

however, the lack of TMD in their structure makes it very unlikely that they would act 

as transporters. ABCE1, the single member of its family and also known as RNase L 

inhibitor, possesses strong antiviral activity and regulates ribosomal recycling [263]. F 

family has three known members (ABCF1, ABCF2 and ABCF3) which participate in 

inflammatory processes [247]. 

 Subfamily G comprises 5 members involved in regulating lipid homeostasis. One 

member, ABCG2 (BCRP) is also able to export chemotherapeutics out of the cells and is 

considered to contribute to MDR [264]. 

The most prominent ABC transporters participating in cancer resistance are 

further discussed in the next chapter.  

 

 

IV.1.4 ABC transporters in multidrug resistance 

ABC transporters are widely expressed in excretory organs and physiological 

barriers, where they ensure the efflux of xenobiotics or metabolites, thus having 

protective and physiological functions in normal cells [265, 266]. However, some 

members can mediate the efflux of chemotherapeutics, and their increased expression 

has been detected in many types of cancer, contributing to the MDR phenotype and 

therapy failure. The exogenous substrates of several ABC transporters are shown in the 

Table 1.  
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Name Exogenous cytotoxic substrate 

ABCB1 

doxorubucin, daunorubicin, etoposide, teniposide, 
methotrexate , mitomycin C, mitoxantrone,paclitaxel, 

docetaxel, vincristine, vinblastine, colchicine 

ABCC1/MRP1 
doxorubicin, daunorubicin, etoposide, heavy metals, 

vincristine, vinblastine, paclitaxel 

ABCC2/MRP2 
cisplatin, irinotecan, doxorubicin, etoposide, 

methotrexate, vincristine, vinblastine 

ABCC3/MRP3 
cisplatin, doxorubicin, etoposide, methotrexate, 

teniopside, vincristine 

ABCC4/MRP4 methotrexate, nucleotide analogs, PMEA, topotecan 

ABCC5/MRP5 
doxorubicin, methotrexate, nucleotide analogs, 

topotecan 

ABCC11/MRP8 
5'-Fluorouracil, 5'-fluoro-2'-deoxyuridine, 5'-fluoro-

5'-deoxyuridine, PMEA 

ABCG2/BCRP 
Anthracyclines, bisantrene, camptothecin, epirubicin, 
flavopiridol, mitoxantrone, topotecan, methotrexate 

 

Table 1. Exogenous substrates of ABC transporters. PMEA- 9'-(2'-phosphonylmethoxynyl) 

adenine. Adapted and modified from [7, 267]. 

 

The most extensively characterized MDR proteins are ABCB1, ABCC1 and ABCG2 [268] 

and will be discussed in detail further. 

 ABCB1 exports a wide range of substrates including chemotherapeutic agents 

such as taxanes, anthracyclines or vinca alcaloids (Table 1). Therefore, enhanced 

expression of ABCB1 highly contributes to MDR phenotype in many cancers, including 

breast tumors [269].  

ABCC1 was initially characterized in a doxorubicin-selected human lung cancer 

cell line [270]. Although, the character of effluxed drugs partially overlaps with ABCB1 

(Table 1), ABCC1 also exports GSH, glutathione disulfide (GSSG) and glucuronide 

conjugates, as well as leukotrienes and prostaglandins [271]. Overexpression of ABCC1 

strongly correlates with poor clinical outcome in lung [272] and breast cancer [273], and 

neuroblastoma [274]. 
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The contribution of ABCG2 to MDR phenomenon was first described in a MCF7 

breast cancer cell line resistant to doxorubicin [275]. Since then, many other substrates 

of ABCG2 have been identified such as camptothecins, methotrexate, 5-fluorouracil, the 

tyrosine kinase inhibitors imatinib and gefitinib, photodynamic therapy agents and 

many more (Table 1) [276]. The overexpression of ABCG2 has been reported in acute 

myeloid leukemia, breast and lung cancer [277]. Interestingly, ABCG2 has been found 

highly expressed in side populations which are characterized by the ability to efflux the 

fluorescent dye Hoechst 33342 and show stem-like properties  [278] (reviewed in [279]). 

This strongly indicates the enrichment of side populations with CSCs [280-283].  

While the participation of ABC transporters in the MDR phenotype is generally 

accepted, an emerging concept is the additional role of ABC transporters contributing to 

tumorigenicity independently of drug efflux [284]. It appears that in addition to the 

ability of ABC transporters to efflux chemotherapeutics, they are also involved in the 

transport of other metabolites and signaling molecules such as prostaglandins, 

leukotrienes, sphingosine-1-phosphate (S1P), platelet activating factor (PAF), cholesterol 

metabolites and cyclic nucleotides, leading to the activation of pro-survival pathways, 

increased angiogenesis, invasiveness and metastatic potential, and enhanced 

proliferation [284]. 

As already mentioned, ABC transporters linked with MDR show enhanced 

expression in CSCs compared to cancer and non-malignant cells. This is the case for 

BCSCs and ABCG2 or ovarian CSCs and ABCB1 [285]. In addition, distinct 

subpopulations in human melanoma have been documented to coexpress ABCB1, 

ABCB5 and ABCC2 in addition to stem cell markers [286]. Furthermore, active EMT 

program, which is necessary for the maintentance of CSCs, has been reported to cause 

overexpression of ABC transporters and promote drug resistance [287, 288]. Of note, 

another important condition causing upregulation of ABC transporters in tumor cells is 

hypoxia, thereby influencing efflux of the chemotherapeutics [288]. 

Some ABC transporters such as ABCB1, ABCC1 or ABCC2 have been reported 

to export tamoxifen and its metabolites [289-291] and are further discussed in section 

IV.3. However, the role of other ABC transporters in tamoxifen resistance has not been 

well documented.  
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IV.2 Results  

 

The results shown in this section have not been published. 

 

IV.2.1 Tam5R cells show altered expression of ABC transporters 

Since ABC transporters were implicated in many cases of drug resistance, linked 

to the CSC phenotype and some have even been reported to transport tamoxifen 

metabolites, we assessed the expression profile of all human ABC transporters in our 

model of Tam5R cells by standard qPCR. In addition, the protein level of the most 

differentially expressed genes was measured by western blot. However, due to initial 

lack of correlation between mRNA and protein level, we further decided to also test 

additional ABC transporters on the western blot, even though their expression was not 

changed at the mRNA level. The summary table (Table 2) of the qPCR data with all 

tested ABC transporters, showing fold change and P-values is shown below. 

Regarding the A family, ABCA2, ABCA5, ABCA7 and ABCA10 transporters, 

involved mainly in lipid trafficking, were significantly overexpressed in MCF7 Tam5R 

cells compared to parental cells, while the expression of ABCA1 and ABCA12 was 

decreased. Fewer significant alterations were observed in T47D Tam5R cells, where the 

expression of ABCA1 and ABCA12 was upregulated and ABCA3 showed 

downregulation compared to Ctrl cells. Moreover, T47D Tam5R cells exhibited also 

increased mRNA level of ABCA13, while in MCF7 Tam5R cells the expression of this 

gene was not detected. None of the alterations of gene expression was confirmed on the 

protein level.  

When analyzing the gene expression of transporters belonging to the B family, 

we detected significant overexpression of mitochondrial ABCB10 in MCF7 Tam5R cells, 

while T47D Tam5R cells exhibited upregulation of the MDR gene ABCB1 as well as 2 

other members, ABCB3 and ABCB9. Interestingly, mitochondrial transporters ABCB10 

as well as ABCB7 were decreased on the protein level in MCF7 Tam5R cells and 

increased in T47D Tam5R cells compared to parental cell lines (Figure 20).  
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  (MCF7 Tam5R) vs (MCF7 ctrl) (T47D Tam5R) vs (T47D ctrl) 

  Fold change P value Fold change P value 

A family ABCA1 -1.90 0.006104267 1.71 0.023623371 

 ABCA2 1.72 8.13E-05 -1.20 0.143452828 

 ABCA3 1.31 0.107053803 -2.03 1.65E-06 

 ABCA4 1.79 0.242919391 -1.23 0.352271954 

 ABCA5 3.28 0.000151966 -1.26 0.38350325 

 ABCA7 1.94 0.000650572 1.01 0.971573065 

 ABCA10 2.72 7.25E-07 1.33 0.443191813 

 ABCA12 -4.70 3.68E-06 1.93 0.016177429 

 ABCA13 excluded 72.39 1.10E-07 

          

B family ABCB1 -1.22 0.508615236 3.12 0.012385253 

 ABCB3 1.29 0.280590831 1.72 0.004796193 

 ABCB6 1.16 0.496808664 1.03 0.87998876 

 ABCB7 1.25 0.092527985 -1.07 0.573843352 

 ABCB8 -1.16 0.201024213 1.19 0.345905278 

 ABCB9 -1.36 0.108094983 2.59 1.54E-05 

 ABCB10 2.53 3.82E-06 -1.04 0.757955857 

          

C family ABCC1 1.60 0.005136399 1.10 0.558282858 

 ABCC2 -1.58 0.050378087 80.23 1.00E-08 

 ABCC3 1.82 0.049298472 1.13 0.590204162 

 ABCC4 13.63 2.69E-05 excluded 

 ABCC5 4.09 5.72E-06 2.83 0.000482732 

 ABCC6 1.70 0.014758872 1.26 0.135343414 

 ABCC8 6.72 3.30E-08 1.60 0.006742227 

 ABCC9 2.04 0.001411914 1.50 0.150533331 

 ABCC10 2.09 0.001227899 1.33 0.085603274 

 ABCC11 -1.27 0.245855568 -1.35 0.415089801 

 ABCC12 excluded 1.41 0.249912839 

          

D family ABCD1 -1.56 0.00074815 1.34 0.212086015 

 ABCD3 -1.70 1.22E-05 1.11 0.49901666 

 ABCD4 2.01 4.94E-05 -1.29 0.19212474 

          

E family ABCE1 1.35 0.025089989 1.16 0.541607919 

          

F family ABCF1 1.27 0.196875003 1.76 0.02096591 

 ABCF2 -1.49 0.000259135 1.23 0.075209497 

 ABCF3 2.02 9.52E-05 1.12 0.326486766 

          

G family ABCG1 -4.98 4.21E-05 -4.85 0.000108265 

 ABCG2 2.54 0.037012878 -1.85 0.005160629 

 ABCG4 -2.27 0.028314472 -1.20 0.449968291 
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Table 2. The gene expression of human ABC transporters (previous page). The expression 

profiling was performed by standard qPCR. The results are shown as fold change with negative 

values corresponding to significant downregulation (blue color) and positive values  

corresponding to significant upregulation (red color) in Tam5R cells compared to Ctrl cells. Data 

were analyzed and statistical significance calculated by GenEx software and normalized to 

selected housekeeping genes. p < 0.05 (green color), n=6. The following genes were excluded from 

the analysis either due to low efficacy of the assay or very low expression: ABCA6, ABCA8, 

ABCA9, ABCA13 (MCF7), ABCB2, ABCB4, ABCB5, ABCB11, ABCC4 (T47D), ABCC7, ABCC12 

(MCF7), ABCC13, ABCD2, ABCG5 and ABCG8. 

 

 

 

Figure 20.  The protein level of selected ABC transporters. Representative western blot pictures 

of ABCB7, ABCB10, ABCC1, ABCC4, ABCC5, ABCC6, ABCF2, ABCG1 and ABCG2 in MCF7 and 

T47D Ctrl and Tam5R cell lines from 3 independent sets of samples. β-actin and Ponceau were 

used to assess proper loading.   
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Analysis of C family members revealed their increased expression in both Tam5R 

cell lines, with ABCC1, ABCC3, ABCC4, ABCC5, ABCC6, ABCC8, ABCC9 and ABCC10 

being overexpressed in MCF7 Tam5R cells, while T47D Tam5R cells showed elevated 

mRNA level of ABCC5, ABCC8, and also ABCC2. When we assessed the protein level, 

we observed increased amount of ABCC1, ABCC4 , ABCC5 and ABCC6 transporters in 

MCF7 Tam5R cells compared to Ctrl cells (Figure 20). T47D Tam5R exhibited increased 

protein level of ABCC5, similarly to MCF7 Tam5R cells, however the level of ABCC4 

was dramatically decreased and ABCC1 showed no change (Figure 20). 

Members of the D family of ABC transporters, participating in the transport of 

long chain fatty acids, were significantly altered on mRNA level only in MCF7 cell line, 

with overexpression of ABCD4 and lower expression of ABCD1 and ABCD3 in Tam5R 

cells compared to Ctrl cells. Protein level was not assessed.  

E and F families lacking TMD were also assessed by qPCR. MCF7 Tam5R cells 

showed overexpression of ABCE1 and ABCF3, while ABCF2 mRNA level was 

downregulated compared to parental cells. On the other hand, we detected a significant 

upregulation of ABCF1 in T47D Tam5R cells, while the rest of genes was not altered. 

Protein level of ABCF2 was significantly lower in both Tam5R cell lines compared to 

parental cell lines (Figure 20). 

Regarding the G family, ABCG1 was significantly downregulated in both Tam5R 

cell lines on mRNA; however, the protein level was increased in both Tam5R cells 

(Figure 20). ABCG2 was differentially expressed in Tam5R cell lines (overexpressed in 

MCF7 Tam5R cells and downregulated in T47D Tam5R cells compared to parental cells). 

The same observations were documented on western blot. Finally, ABCG4 mRNA level 

was significantly lower in MCF7 Tam5R cells and not changed in T47D Tam5R cells.  
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IV.3 Discussion  

ABC transporters represent the broadest family of transmembrane efflux pumps, 

playing an essential role in the maintenance of cellular homeostasis by transporting 

various types of substrates across biological membranes [241]. Their increased 

expression has been linked with the MDR phenomenon in cancer cells due to their ablity 

to efflux structurally diverse anticancer agents [292]. Since ABC transporters normally 

participate in healthy tissue defense, targeting their function specifically in cancer cells 

is very problematic. Despite ongoing attempts to design and test new inhibitors, very 

few have been translated into clinics due to severe side effects and toxicity, and none has 

been officially approved by the authorities [292].  

To address the contribution of ABC transporters to tamoxifen resistance, we 

performed expression profiling of all human ABC transporters followed by western blot 

in MCF7 and T47D Ctrl and Tam5R cell lines. Unexpectedly, there was almost no overlap 

in the expression of ABC transporters between both Tam5R cell lines with only ABCC5, 

ABCC8 and ABCG1 being similarly altered on mRNA level. When we checked the 

protein level of these three transporters, we observed a change only in ABCC5. Yet, 

importantly, we detected a similar pattern of protein level change in case of ABCC5, 

ABCG1 and ABCF2 in both Tam5R cells, suggesting that the expression of ABC 

transporters is regulated not only at transcriptional, but also at translational and post-

translational level [293-296].  

ABCC5 was characterized 20 years ago as an efflux pump for cyclic nucleotides  

[297] and nucleotide analogues [298]. Its elevated level was documented to confer 

resistance to paclitaxel in nasopharyngeal carcinoma cells [299], and to antifolates [300] 

or 5-fluorouracil in breast and colon tumors by exporting its monophosphorylated 

metabolites [301]. In addition, a role for ABCC5 in promoting the metastatic process into 

bones in breast cancer has been proposed [302]. Although there is no report on a link 

between ABCC5 expression and tamoxifen resistance so far, the ability of ABCC5 to 

efflux cytosolic nucleotides which act as second messengers could activate pro-survival 

pathways in Tam5R cells and therefore indirectly confer resistance. Furthermore, 

ABCC5 has been documented to transport heme in many experimental models [303]. 

Since Tam5R cells show a clear alteration in iron metabolism, a connection between 

ABCC5 overexpression, iron metabolism and tamoxifen resistance can not be excluded 

and warrants further research.  
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Another transporter whose increased protein level was observed in both Tam5R 

cell lines is ABCG1. A recent report has demonstrated that ABCG1 can localize to 

intracellular endosomes and transport sterols away from the endoplasmic reticulum 

[304]. ABCG1 has been found highly expressed in very aggresive metastatic colon cancer 

cells and its depletion markedly reduced tumorigenesis and metastatic potential [305]. 

Moreover, a role of ABCG1 in CSC maintenance in gliomas has been documented as well 

[306, 307]. All these reports indicate that increased ABCG1 level in Tam5R cells could 

alter lipid trafficking resulting in activation of oncogenic signaling [308] and the 

maintenance of their cancer stem-like phenotype [309].  

 The last ABC transporter that was similarly altered in both Tam5R cells was 

ABCF2. Amplification of ABCF2 was identified in various cell lines resistant to cisplatin 

[310], possibly indicating its role in the resistance to this drug. ABCF2 was shown to be 

regulated by nuclear factor erythroid 2-related factor 2 (NRF2) and contribute to the 

cisplatin resistance in ovarian cancer cells [311]. Different observations were reported in 

breast cancer, where ABCF2 positive tumors had better prognosis than ABCF2 negative 

tumors and a negative correlation between ABCF2 expression and metastasis together 

with the response to endocrine therapy was proposed [312]. Downregulation of ABCF2 

in Tam5R cell lines is in line with such observations and therefore ABCF2 loss may play 

a role in tamoxifen resistance. 

 Another interesting observation was in ABCC4. This transporter is able to efflux 

various molecules participating in cellular signaling, including cycling nucleotides, 

leukotrienes or prostaglandins [313]. Export of prostaglandin E2 by ABCC4 has been 

reported to contribute to metastatic process in breast cancer cells [314]. The protein level 

of ABCC4 was dramatically increased in MCF7 Tam5R cells and dramatically decreased 

in T47D Tam5R cells. Although we have not assessed the invasivity and migration in 

Tam5R cells, we can speculate that ABCC4 in MCF7 Tam5R cells modulates cellular 

signaling contributing to more aggressive and cancer stem-like phenotype. Since T47D 

Tam5R cells have higher basal level of ABCC4 and already behave like CSCs, they 

probably do not need to increase ABCC4 level and may transport different substrates to 

promote pro-survival pathways. 

A noteworthy group of ABC transporters are the mitochondrial members. 

ABCB7 is important for cytosolic and mitochondrial Fe-S clusters assembly [315, 316] 

and its upregulation has been shown to lead to an aggressive phenotype in human 

glioblastoma cells by influencing iron metabolism [317]. On the other hand, its deletion 
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leads to mitochondrial iron accumulation, oxidative damage and defective Fe-S cluster 

assembly [315, 318]. As previously discussed, the function of ABCB10 in cancer as well 

as endogenous substrates of ABCB10 have not been described, with only one report 

suggesting its involvement in cisplatin resistance [256]. In Tam5R cells, protein level of 

ABCB7 and ABCB10 dramatically differs between MCF7 and T47D cells. Since ABCB7 

and ABCB10 transporters are involved in the regulation of iron homeostasis, we can 

speculate that both Tam5R cells utilize these transporters for their iron metabolism and 

Fe-S clusters differently in order to maintain their resistant phenotype. For example, the 

increase in protein level of ABCB7 and ABCB10 in T47D Tam5R cells could be a result 

of diminished cytosolic aconitase activity, in line with their higher basal ROS level. 

Therefore, they might represent a compensatory mechanism to transport more Fe-S 

cluster intermediates into cytosol, documented also by dramatic disassembly of 

mitochondrial SCs which need Fe-S clusters for their proper functioning. Contrary, 

MCF7 Tam5R cells do not exhibit such a dramatic SCs disassembly as T47D Tam5R cells 

and they have increased cytosolic aconitase 1 activity and therefore possibly do not need 

to support cytosolic Fe-S cluster assembly to such extent.  

ABCB1, ABCC1 and ABCC2 transporters are able to export tamoxifen and its 

metabolites in vitro [289-291]. Even though overexpression of ABCC2 has been already 

documented in tamoxifen resistant cells [319], we were not able to detect its protein level 

in our models probably because the level is below the detection limit of the used 

antibody. Upregulation of ABCC1 has been linked with poor prognosis in patients 

treated with tamoxifen [320], which is in line with our observations of increased ABCC1 

in MCF7 Tam5R cells. Since we were not able to detect ABCB1 protein by western blot, 

it probably does not play a key role in the acquisition of the resistant phenotype in our 

model.  

To sum up, significant alterations in the expression of ABC transporters were 

observed in Tam5R cells compared to parental cells. However, the overlap in the 

expression of ABC transporters between two Tam5R cell lines was only in a few 

members. Noteworthy, the expression of ABC transporters can be regulated by various 

factors including EMT proteins or multiple oncogenic pathways resulting in their 

different expression depending on the cellular context [287, 288]. Our results may also 

be explained by different basal ABC protein level in MCF7 and T47D cell line. Therefore, 

it seems that a different combination of ABC transporters in different cell types may be 

important in the acquisition of the Tam5R phenotype, rather than a single transporter.  
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Summary of the main findings 

1) We successfully established breast cancer cell lines resistant to 5 µM tamoxifen (MCF7       

Tam5R and T47D Tam5R) and confirmed their resistant phenotype. Further, we 

documented increased expression of several CSC markers in Tam5R cells, 

suggesting their partial CSC phenotype   

 

2) We compared the mitochondrial function between Ctrl and Tam5R cells and showed: 

 Decreased amount, dramatic disassembly and diminished enzymatic activity of 

mitochondrial SCs accompanied by decreased respiration in both Tam5R cells 

 Increased level of mtDNA and mitochondrial mass in MCF7 Tam5R cells 

 Fragmentation of mitochondrial network along with an activating 

phosphorylation status of DRP1 in Tam5R cells. Moreover, resistant cells show 

diminished localization of mitochondria in the perinuclear region of the cell 

 Increased mitochondrial ROS level together with increased expression of 

antioxidant enzymes catalase, SOD2 and GPX1 in Tam5R cells 

 Increased dependence of Tam5R cells on glycolysis documented by enhanced 

glucose uptake and GLUT-1 level, increased extracellular lactate production, 

higher sensitivity to 2-DG treatment, accompanied by increased expression of 

key glycolytic enzymes HKII, PFK2 and PDK1 

 Activation of the AMPK metabolic sensor, and increased activity of 

mitochondrial aconitase and protein level of SIRT3 

 Higher resistance of MCF7 ρ0 cells to tamoxifen 

 

3) Evaluation of iron metabolism in Tam5R cells showed: 

 Higher gene expression and level of proteins regulating iron uptake (TfR1, 

CYBRD1, DMT1 and MFRN1) and storage (ferritin) in Tam5R cells 

 Increased level of HIF2α and QSOX1 in Tam5R cells 

 Less incorporation of 55Fe into Fe-S cluster- and heme-containing proteins in 

mitochondrial fractions of Tam5R cells 

 Increased 55Fe-loaded cytosolic ferritin in MCF7 Tam5R cells and 55Fe-loaded 

mitochondrial ferritin in T47D Tam5R cells 

 

4) Gene and protein expression profiling of ABC transporters in Tam5R cells showed: 

 Poor correlation between mRNA and protein level in most ABC transporters 

 Increased level of ABCC5 and ABCG1, and decreased ABCF2 level in both 

Tam5R cell lines 
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Conclusions 

This work investigated different mechanisms of tamoxifen resistance in the 

newly established model of two Tam5R breast cancer cell lines. We show that 

dysfunctional and fragmented mitochondria in Tam5R cells lead to a metabolic rewiring 

towards glycolysis and possible utilization of alternative sources of energy. Increased 

level of mitochondrial ROS results in the activation of canonical antioxidant pathways 

in resistant cells. Similarly, indirect antioxidant pathways that involve regeneration of 

NADPH through the partial utilization of the TCA cycle were evidenced in Tam5R cells. 

Furthermore, an increase in proteins regulating iron uptake and storage suggests a 

higher iron dependence of Tam5R cells. However, a decrease of the incorporation of iron 

into Fe-S cluster- or heme-containing mitochondrial proteins points to perturbations in 

iron utilization.  

Different expression pattern of ABC transporters between both Tam5R cell lines 

have been documented in this work, proposing that alternative  combinations of ABC 

transporters, rather than a single transporter, may be important for tamoxifen resistance. 

The transporters found to be similarly altered in both Tam5R cell lines might play a role 

in tamoxifen resistance and require further research. 

Based on the previous reports as well as from our work it seems that the crosstalk 

of several mechanisms and signaling pathways underlies the acquisition of the 

tamoxifen resistant phenotype. Indeed, cell lines derived from the same breast cancer 

subtype exhibit different adaptations in order to become resistant. Therefore, fully 

understanding the phenomenon of tamoxifen resistance represents a challenge and 

warrants further investigation. 
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Supplement 
 

Supplementary Table 1. List of used antibodies. 

 

Protein Supplier 
Catalogue 

no. 
Dillution Host 

BNE antibodies 

ATP5B (complex V) Sigma-Aldrich HPA001520 1:2500 rabbit 

mtCO2 (complex IV) Abcam  ab110258 1:2500 mouse 

NDUFA9 (complex I) Abcam  ab14713 1:7000 mouse 

SDHA (complex II) Abcam  ab14715 1:10000 mouse 

UQCRC2 (complex III) Abcam  ab14745 1:10000 mouse 

VDAC1  Abcam  ab15895 1:5000 rabbit 

SDS-PAGE antibodies 

ABCB10 
ThermoFisher 

Scientific 
PA5-30468 1:1000 rabbit 

ABCB7 
ThermoFisher 

Scientific 
PA530219 1:1000 rabbit 

ABCC1 
Cell Signaling 

Technology 
#14685S 1:1000 rabbit 

ABCC4 
Cell Signaling 

Technology 
#12705S 1:1000 rabbit 

ABCC5 
Santa Cruz 

Biotechnology 
sc-376965 1:1000 mouse 

ABCC6 Abcam ab134913 1:2000 rabbit 

ABCF2 
Santa Cruz 

Biotechnology 
sc-390496 1:250 mouse 

ABCG1 Abcam ab52617 1:1000 rabbit 

ABCG2 
Cell Signaling 

Technology 
#4477S 1:1000 rabbit 

ACO1 
ThermoFisher 

Scientific 
PA527824  1:1000 rabbit 

ACO2 
Cell Signaling 

Technology 
#6571S 1:1000 rabbit 

β-actin HRP  
Santa Cruz 

Biotechnology 
sc-47778 1:10000 -- 

β-actin HRP  
ThermoFisher 

Scientific 
MA5-15739 1:2000 -- 

AMPKα 
Cell Signaling 

Technology 
#2532S 1:1000 rabbit 

Catalase Abcam ab1877 1:1000 rabbit 

CYBRD1 Bioss bs-8297R 1:1000 rabbit 

DMT1 
Cell Signaling 

Technology 
#15083 1:1000 rabbit 

DRP1 
Santa Cruz 

Biotechnology 
sc-101270 1:1000 mouse 

HIF2α 
Santa Cruz 

Biotechnology 
sc-46691 1:1000 mouse 
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Ferritin Abcam ab75973 1:1000 rabbit 

FPN Bioss bs-4906R 1:1000 rabbit 

GLRX5 Bioss bs-13395R 1:1000 rabbit 

GLUT-1 Abcam ab15309 1:1000 rabbit 

GPX1 Abcam ab108427 1:5000 rabbit 

HEPH 
Santa Cruz 

Biotechnology 
sc-365365 1:1000 rabbit 

HFE Bioss bs-12335R 1:1000 rabbit 

HKII 
Santa Cruz 

Biotechnology 
sc-374091 1:500 rabbit 

IRP2 
ThermoFisher 

Scientific 
PA116544 1:500 rabbit 

LDH-A 
Santa Cruz 

Biotechnology 
sc-137243 1:1000 mouse 

LDH-B 
Santa Cruz 

Biotechnology 
sc-100775 1:500 mouse 

MFRN1 Bioss bs-9523R 1:1000 rabbit 

PDK1 
Santa Cruz 

Biotechnology 
sc-293160 1:500 mouse 

PFK2   
Santa Cruz 

Biotechnology 
sc-377416 1:500 mouse 

Phospho-AMPK 
Substrate Motif 

[LXRXX(pS/pT)] 

Cell Signaling 
Technology 

#5759S 1:1000 rabbit 

Phospho-AMPK α-1,2 
(Ser485, Ser491) 

ThermoFisher 
Scientific 

PA5-17543 1:1000 rabbit 

Phospho-AMPKα 
(Thr172)  

Cell Signaling 
Technology 

#2535S 1:1000 rabbit 

Phospho-DRP1 (Ser616)  
Cell Signaling 

Technology 
#4494S 1:1000 rabbit 

Phospho-DRP1 (Ser637)  
Cell Signaling 

Technology 
#6319S 1:1000 rabbit 

QSOX1 
ThermoFisher 

Scientific 
PA5-66006 1:1000 rabbit 

SIRT3 
Cell Signaling 

Technology 
#5490P 1:1000 rabbit 

SOD2 Acris Antibodies 
AP03024PU-

N 
1:10000 rabbit 

TfR1 
ThermoFisher 

Scientific 
13-6800 1:2500 mouse 

ZIP14 Abcam ab191199 1:2000 rabbit 

Secondary antibodies 

anti-mouse HRP Invitrogen 31439 1:10000 goat 

anti-rabbit HRP Merck AP132P 1:10000 goat 
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Supplementary Table 2. List of used primers 

 

 

Gene Sequence 5´ → 3´ 

Reference genes 

RPLP0 
F: ATCACAGAGGAAACTCTGCATTCTCG 

R: GATAGAATGGGGTACTGATGCAACAGTT 

GAPDH 
F: GGGAAGGTGAAGGTCGGAGTCA 

R: TTGATGGCAACAATATCCACTTTACCAGA 

TBP 
F: TGTATCCACAGTGAATCTTGGTTGTAAA 

R: CGTGGCTCTCTTATCCTCATGATTAC 

POLR2A 
F: TGCTCCGTATTCGCATCATGAACA 

R: ATCTGTCAGCATGTTGGACTCGATG 

HPRT1 
F: GACACTGGCAAAACAATGCAGA 

R: CGTGGGGTCCTTTTCACCAG 

PPIA 
F: AACGTGGTATAAAAGGGGCGGG 

R: GTCGAAGAACACGGTGGGGTT 

OAZ1 
F: GGATCCTCAATAGCCACTGC 

R: TACAGCAGTGGAGGGAGACC 

CSC markers 

SOX2 
F: CAGAGAAGAGAGTGTTTGCAAAAGGGG 

R: GGCTTAAGCCTGGGGCTCAAA 

CXCR4 
F: TTGATGTGTGTCTAGGCAGGA 

R: GATTCACTACACGCTCTGGAATG 

CDH2 
F: GCGGAGATCCTACTGGACGGTT 

R: TTTCAAAGTCGATTGGTTTGACCACGG 

CD44 
F: GCTGACCTCTGCAAGGCTTTCAATAG 

R: CTTCTTCGACTGTTGACTGCAATGCA 

ABCG2 
F: TCGTTATTAGATGTCTTAGCTGCAA 

R: TTGTACCACGTAACCTGAATTACA 

ABC transporters 

ABCA1 
F: AGCCTGGAACTTCAGCCCTGGATGTACA 

R: GCCAGGGTCTTTGGTGAGGGCGTTTAA 

ABCA2 
F: ATCATGGTGAACGGTCGCCTG 

R: GGTCCGCACCGTGATCATGTAG 

ABCA3 
F: ACCTACATCCCCTGATGGCGGAGAAC 

R: TACTCCATGATGGCCCGGTCCACA 

ABCA4 
F: ACAGCAGACTGAAAGTCATGACCTCC 

R: GTTCCTTTCTGGCTGCAGGAACG 

ABCA5 
F: TTATCATGCTCACACTTAATAGTA 

R: ATAAAGATGATCTCCGTAAGC 

ABCA6 
F: CTATAAGCTGCCCGTGGCAGAC 

R: GTGCACTGAGAAAGGCTGTATTCTTCC 



111 
 

ABCA7 
F: CTGTATGGCTGGTCGATCACAC 

R: TTTATGCAGGTGAGCACCACATAG 

ABCA8 
F: TCTTCGGGATTCAGCGTTCT 

R: AACAAGTGCCAAGAAAAGGGC 

ABCA9 
F: TGCCCTCAGGAGAATGCGCTGT 

R: TAACCGTGTGATGGCGATCATTGCGTC  

ABCA10 
F: ATGTCCACCCTCTATCTCGGGC 

R: CTGCTCCAAGGTAGCCTGAGAGA 

ABCA12 
F: ATGGTATGATCCAGAAGGCTATCACTCC 

R: TACATGATGATGCCATGTCGGGC 

ABCA13 
F: CAATAATGAAGGAGGTTCGGGAA 

R: CATTTGAAGCTGCCGTTAACC 

ABCB1 
F: AAAGCGACTGAATGTTCAGTGGCTCCGAG 

R: ACCCGGCTGTTGTCTCCATAGGCAA 

ABCB2 
F: ATCCTGGATGATGCCACCAGT 

R: GAGAAGCACTGAGCGGGAGTA 

ABCB3 
F: CCTCAGCGCTGAAGCAGAAGTC 

R: ACAGTAAAGCCGCGTCCACCA 

ABCB4 
F: AGGCGGCAAAGAACGGAACAG 

R: AATACTCCAATCATTTTCACTGTCTTCGT 

ABCB5 
F: GCAAGGGAAGCAAATGCGTA 

R: TGCGATCCTCTGTTTCTGCC 

ABCB6 
F: GCTCTGGCTGCATCCGAATA 

R: TTGGGGCACAACTCCAATGT  

ABCB7 
F: ATCCGGCCTTTAGTCTCTGTTAGCGG 

R: CTCTGGAATCTGCTGGTAGGCTCGAG 

ABCB8 
F: GTGCATTTATTTCGGGTCGGG 

R: CTGCGGTAGCCATCAGAGTA 

ABCB9 
F: GCCTCCTTCTTCCTCATCGTG 

R: TTTCTGGATGACGATGCCATCAA 

ABCB10 
F: ATCATTGCTGTAATTTATGGGCG 

R: ATTTCCAATACGTTCCTCAGCTA 

ABCB11 
F: GCTACCAGGATAGTTTAAGGGCTTC 

R: GATCTACAACAGCTAATGGAGGTTCG 

ABCC1 
F: TCTCAGATCGCTCACCCCTGTTCTCG 

R: CTGTGATCCACCAGAAGGTGATCCTCGAC 

ABCC2 
F: TTGTGAACAGGTTTGCCGGCGATA 

R: TGGCCATGCAGATCATGACAAGGG 

ABCC3 
F: GGAGAAGGACCTCTGGTCCCTAAAGGAA 

R: CCTTGTGTCGTGCCGTCTGCTTTTC 

ABCC4 
F: CAAGATGCTGCCCGTGTACCA 

R: AATTTTAAACAAGGGATTGAGCCACCAGA 

ABCC5 F: ATCATCCCCAGTCCTGGGTATAG 
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R: CAAGGCATCTTGGCATTCCAAC 

ABCC6 
F: ACAAGTGTGCTGACCGAGGCGA 

R: ATGAGGATCTGGGTCTTCCGGAGAAGG 

ABCC7 
F: ACTGGTGCATACTCTAATCACAG 

R: TATTAAGAATCCCACCTGCTTTCA 

ABCC8 
F: TTCATCCAGAAGTACTTCCGGG 

R: TGAGTCCTTCTACGGTTTCGG 

ABCC9 
F: ATGATTGTGGGCCAAGTAGGA 

R: TTACATTGCTCCAGTGAACTTTTCC 

ABCC10 
F: GGGAGAAGGGTGTCACCCTTAG 

R: CCAGAGGGTCATCGAGGAGATAGA 

ABCC11 
F: TGGATCGTCAGCGGGAACATC 

R: CAGAAGTTCCAGGTCCCGATTCAG 

ABCC12 
F: TCCTTTGCAGAAAGATATGACCC 

R: GAAAATGTGGCGAAGGAGAGTA 

ABCC13 
F: ATCAAGAAACCATCTCTACTCTATGC 

R: CTTCATTATGAGTGGGCTAGTGAA 

ABCD1 
F: CCAGCGCATGTTCTACATCCCGCAGAG 

R: CTTTGCATGTCCTCCACTGAGTCCGGGTA 

ABCD2 
F: AAATGTTCCCATAATTACACCAGCAGG 

R: AAGAGAGAACTTTTCCCACAACCATTG 

ABCD3 
F: CTTCAGCAAGTACTTGACGGCGCGAAAC 

R: GGTTTTCCACTTTTCTTACCGTGCAGGCC 

ABCD4 
F: GAAGTCACAGGACTGCGAGA 

R: GAGATGGAGACCCGCTCAAG 

ABCE1 
F: TAGGACCACGCTCGACGTCGGAGAAAAG 

R: TTGTTCAACGCCGTTGGCGAAGCC 

ABCF1 
F: AATGCAGACCTGTACATTGTAGCCGGCCG 

R: GATGCTCAGGGCTCGGTTGGCAATGTG 

ABCF2 
F: AATTGACCTTGACACACGAGTGGCTC 

R: TTTCGGATCATGCCATCTGTGGGTAGTA 

ABCF3 
F: TTCGCTACAATGCCAACAGG 

R: TTCCTTGTCCACAGGCTTCAG 

ABCG1 
F: GAAGGTGTCCTGCTACATCATGC 

R: AAGCTTCAGATGTGCCGACAC 

ABCG2 
F: TCGTTATTAGATGTCTTAGCTGCAA 

R: TTGTACCACGTAACCTGAATTACA 

ABCG4 
F: CTGGTACAGCCTCAAAGCGT 

R: GCCCGTCATCCAGTACACAA 

ABCG5 
F: TGCTTCTCCTACGTCCTGCAGA 

R: CTTCTGGAAGGAGCCGGGATTG 

ABCG8 
F: AGAGGAGAGAGGGCTGCCGAAA 

R: AGGTGAAGTACAGGCTGTTGTCACTTTCA 
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Iron metabolism-related genes 

ACO1 
F: TGCCATTACTAGCTGCACAAACA 

R: GACAGGCTAGTTTTGATGTAAGGCA 

CYBRD1 
F: AGTGATTGCAACAGCACTTATGGG 

R: AGGATCAGAAGGCCAAGCGTA 

EPAS1 
F: CGCCATCATCTCTCTGGATTTCGGGAATC 

R: TCTGGGTGCTGTGGCTCCTCAA 

GLRX5 
F: AAGAAGGACAAGGTGGTGGTCTTCCTCAA 

R: TTGTAGGCCGCGTAATCGCGGA 

HEPH 
F: GTGCATGCTCATGGAGTGCTA 

R: CCAGACCTCTCTGGGATGTTC 

HFE 
F: AAGGAAGAGGCAGGGTTCAAGA 

R: TTTGTCTCCTTCCCACAGTGAGT 

IREB2 
F: AAATGACAGTTCACATAAGAAGTTCTTCG 

R: AGCTTCCAACAAGACCCGTAT 

QSOX1 
F: AGTCCCATCATGACACGTGGC 

R: GCCAGGTACTCTTCGTTATTTCTCGC 

SLC11A2 
F: TGCACCATGAGGAAGAAGCA 

R: GGTGGATACCTGAGTGGCTG 

SLC39A14 
F: ACTTCATCGCCCTGTCCATT 

R: GGTCCTTCTTGGAGGGAAGC  

SLC40A1 
F: CTACTGCAATCACAATCCAAAGGGA 

R: GGCTAAGATGTTGGTTAACTGGTCAA 

TFRC 
F: GACGCGCTAGTGTTCTTCTGTGTGGC 

R: CGAGCCAGGCTGAACCGGGTATATGA 

 


