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SUMMARY 

About 1 in 3 humans will experience cancer during their lifetime, and 

about 1 in 6 humans will die of cancer disease. Breast cancer is currently the most 

diagnosed neoplasm in women, with 2.2 million cases and 685 thousand of deaths 

worldwide. 

Despite significant advances in diagnostics, molecular biology and drug 

development toward the goal of patient-tailored therapy, the mortality rate stagna-

tes. Patients become unresponsive to treatment due to drug resistance occurs. Ge-

nerally, cancer can be naturally insensitive to primary treatment (innate resistance) 

or manifest resistant phenotype after a prolonged period (acquired resistance). 

This PhD thesis concerns acquired drug resistance to taxanes in breast 

cancer cells. We aimed to put light on mechanisms involved in paclitaxel and Sto-

ny Brook Taxane 0035 resistance and how we can overcome them. 

We found several suspect genes with changed expression at the protein 

level between taxane-sensitive and taxane-resistant breast cancer cells. Among 

them, ABCB1 gene codes for a versatile multidrug transporter P-glycoprotein was 

pivotal for resistance to paclitaxel and Stony Brook Taxane 0035. 

Other genes with altered expression were localized primarily on the q arm 

of chromosome 7, exemplified by thyroid hormone receptor interactor 6 (TRIP6). 

A combination of active cyclic AMP response element (CRE) motif, hypomethy-

lated TRIP6 proximal promoter, the lack of TRIP6-regulatory miRNA-138-5p and 

amplification contribute to high TRIP6 expression in taxane-resistant MCF-7 bre-

ast cancer cells. 

Novel semi-synthetic docetaxel derivatives named second-generation 

Stony Brook Taxanes, represented by SB-T-1216, efficiently overcome ABCB1-

mediated taxane resistance. We hypothesize that C3' and C3'N taxoids poorly in-

teract with residues in the ABCB1 binding pocket in contrast to paclitaxel.  

To conclude, ABCB1 transporter has an essential role in taxane resistan-

ce in vitro. Taxane derivatives, in particular, bearing C3' and C3'N modifications 

can overcome ABCB1-mediated resistance. Furthermore, when ABCB1 is ampli-
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fied, genes proximal to ABCB1, exemplified by CRE-stimulated TRIP6, can be 

co-selected. 
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SOUHRN 

Zhruba jeden ze tří lidí čelí v průběhu života nádorovému onemocnění a 

zhruba každý šestý člověk nádorovému onemocnění podlehne. Nejčastěji diagnos-

tikovaný typ nádoru u žen v celosvětovém měřítku je nádor prsu, přibližně postih-

ne 2,2 milionů žen a má na svědomí 685 tisíc úmrtí ročně.  

Navzdory pokrokům v diagnostice, molekulární biologii a vývoji nový lé-

čiv za účelem personalizované medicíny, úmrtnost způsobená nádory prsu zůstává 

stejná. Pacienti neodpovídají na léčbu v důsledku rezistence na použitá léčiva. 

Obecně rozeznáváme mezi nádory již primárně rezistentními vůči léčbě medika-

menty (přirozená rezistence) anebo se může rezistence vyvinout u nádoru, který 

byl na danou léčbu původně odpovídající (získaná rezistence). 

Tato dizertační práce se zabývá mechanismy získané rezistence 

k taxanům u buněk nádorů prsu. Pokusili jsme se objasnit mechanismy účastnící 

se rezistence k paclitaxelu a derivátu paclitaxelu Stony Brook Taxane 0035 (SB-

T-0035) a jak tyto mechanismy můžeme překonat. 

Podařilo se nám identifikovat suspektní geny s rozdílnou expresí na 

úrovni proteinu mezi buňkami nádorů prsu senzitivními a rezistentními 

k taxanům. Mezi těmito geny jsme objevili univerzální transportér P-glykoprotein 

(kódovaný genem ABCB1) asociovaný s mnohočetnou lékovou rezistencí. P-

glykoprotein se ukázal být nezbytný pro rezistenci k paclitaxelu a derivátu SB-T-

0035. 

Další geny vykazující změnu v expresi na úrovni proteinu byly primárně 

lokalizovány na chromosomu 7 v blízkosti lokusu genu ABCB1. Příkladem je gen 

kódující protein interagující s hormonem štítné žlázy 6 (TRIP6). Zjistili jsme, že 

v buňkách MCF-7 senzitivních i rezistentních k taxanům je zvýšená exprese genu 

TRIP6 dána aktivním elementem responsivním pro cyklický AMP, hypomethylací 

proximálního promotoru genu TRIP6, absencí miRNA-138-5p regulující gen 

TRIP6 a amplifikace lokusu genu TRIP6. 

Taxanové deriváty druhé generace reprezentované taxoidem SB-T-1216 

jsou schopné překonat rezistenci k taxanům zprostředkovanou transportérem 
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ABCB1. Domníváme se, že deriváty s modifikacemi na C3' a C3'N pozicích hůře 

interagují s aminokyselinovými zbytky ve vazebné kapse transportéru ABCB1. 

Závěrem lze říct, že transportér ABCB1 má zásadní roli v rezistenci vůči 

taxanům in vitro. Deriváty taxanu nesoucí C3' a C3'N modifikace, mohou překo-

nat rezistenci zprostředkovanou ABCB1. Kromě toho, když je ABCB1 amplifiko-

ván, mohou být společně selektovány geny proximální k ABCB1, jejichž příkla-

dem je gen CRE-stimulovaný gen TRIP6. 
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1. LITERATURE REVIEW 

1.1 BREAST CANCER 

According to the actual release of the Globocan Study, with 2.3 million 

newly diagnosed cases (11.7% of all cancer cases) in 2019, breast cancer (BC) 

became the most diagnosed human cancer disease worldwide (Sung et al., 2021). 

In European Union, nearly 400,000 cases and 100,000 deaths account for BC in 

recent years (Cardoso et al., 2019). Furthermore, about 7,000 women were dia-

gnosed with BC, and 1,600 women died of BC in the Czech republic each year in 

the period 2016–2018 (Krejčí et al., 2018) 

A hallmark of BC is heterogeneity. It is well established that tumour mass 

comprises cell subpopulations with genetic and non-genetic divergences. A com-

bination of intrinsic (i.e., epithelial-to-mesenchymal transition, occurrence of stem 

cells) and extrinsic (i.e., tumour microenvironment) factors drive intratumoural 

heterogeneity (Lüönd et al., 2021). The most studied traits of cancer are me-

tastastic potential and drug resistance. Concerning BC heterogeneity, an exciting 

study documented HER2-positive metastases in HER2-negative primary tumour 

patients, delineating the extraordinary plasticity of BC cells (Lindstrom et al., 

2012). 

Intertumoural heterogeneity means the patient-to-patient variations in his-

topathology, genetic alterations and therapy outcome (Turashvili & Brogi, 2017). 

The basis for intertumoural heterogeneity of BC lies foremost in the structure of 

the mammary gland. BC originates from a terminal ductal lobular unit (TDLU), a 

basic mammary gland structure consisting of a lobule and extralobular terminal 

duct (Figure 1.01). Each lobule contains tens of alveoli and ducts resembling a 

stem with grapes. The branches of ducts converge into large ones that open at the 

nipple (Harbeck et al., 2019). 

Two primary cell lineages build a duct: luminal epithelial cells and myo-

epithelial (basal) cells. The luminal cells can further differentiate into milk-

secretory alveolar cells, while the myoepithelial cells contract the duct (Figure 

1.01) (Hassiotou & Geddes, 2013). The luminal cells can be readily distin-

https://www.nature.com/articles/s41416-021-01328-7#auth-Fabiana-L__nd
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guished by staining for cytokeratins 8/18 in the mammary gland. In comparison, 

myoepithelial (basal) cells (stained for keratins 5/6 and 14) make the outer layer 

of the duct. 

 

 

Figure 1.01 Anatomy of the human breast. Breast cancer cells can arise from 

luminal (milk-producing) and surrounding basal myoepithelial cells in the lobule and 

duct. From Harbeck et al., 2019 (top). The terminal ductal lobular unit is formed by the 

extralobular terminal duct connected with one lobule. Alveoli (individual sacs) are found 

within each lobule (bottom). 

1.1.1 Histological subtypes of breast cancer 

The categorisation of primary BC is performed to facilitate the prediction 

of disease outcomes and guide for patient-tailored treatment modality. From the 

historical view, BC has been ascribed to histopathological characteristics. 
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Two types of BC can be distinguished. The non-invasive type (carcinoma 

in situ) is a lesion growing inside the duct. The invasive type, also called infiltra-

ting carcinoma, is a malign disease in that the cancer cells spread beyond the basal 

membrane (Figure 1.02) (Burstein et al., 2004). 

 

Figure 1.02 Comparison of histologic changes during cancerogenesis in breast tissue. 

Taken from Burstein et al., 2004. 

Histopathologic features were the first recognised characteristics of BC 

that simplified clinicians in managing the most suitable follow-up therapy. The 

histological classification of BC by WHO tentatively recognises epithelial, fibro-

epithelial, mesenchymal, haematolymphoid BC, tumours of the nipple and very 

rare male BC (WHO Classification of Tumours Editorial Board, 2019). 

Epithelial tumours further comprise hyperplasia, adenoma, adenosis and 

benign sclerosis lesions, papilloma, epithelial-myoepithelial tumours, salivary 

gland tumours, neuroendocrine neoplasms, non-invasive lobular neoplasia (lobu-

lar carcinoma in situ, LCIS), ductal carcinoma in situ (DCIS) and the most 

common invasive breast carcinoma (IBC) (WHO Classification of Tumours 

Editorial Board, 2019). 

In particular, IBC is of significant concern as it represents a progressive 

state of disease. Nevertheless, 80 % of cases account for IBC of no specific type 

(IBC-NST), an artificious subgroup with promiscuous histopathologic characteris-

tics. The second common type of BC is invasive lobular carcinoma (ILC) which 

also encompasses morphologically distinct subtypes (McCart Reed et al., 2015). 

Frame-shift mutations and deep deletion of CDH1 (cadherin 1, 16q22.1) are fref-

requently found in ILC, suggesting CDH1 loss as an early event in this type of 

cancer (Ciriello et al., 2015; McCart Reed et al., 2015). Rare invasive carcino-

mas are also distinguished in clinics, as shown in Figure 1.03. 
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Figure 1.03 Histologic preparates exhibit excessive heterogeneity. Representative 

hematoxylin and eosin staining specimens of breast cancer. The prevalence of cancer is 

shown in parentheses. A detailed description of IBC types can be found in the cited litera-

ture. 
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1.1.2 Molecular characterization of breast cancer 

Molecular traits of BC have been unravelled with the incorporation of mo-

dern high-throughput analytical methods over the last two decades. A seminal 

cDNA microarray-based survey in this field has identified four "intrinsic" molecu-

lar subtypes of BC by unsupervised hierarchical clustering of 65 surgical speci-

mens according to the expression pattern of 496 intrinsic genes (Perou et al., 

2000). The term "intrinsic genes" refers to the genes differing in expression 

between unrelated tumour samples than between paired samples taken from the 

same tumour. Based on estrogen receptor expression (ER), breast cancer samples 

branched into luminal/ER-positive (ER+) and ER-negative (ER-) clusters. 

Studies with extended tumour samples and intrinsic genes were consistent 

with most of the gross subtyping of BC. Merely refining the ER+ cluster resulted 

in luminal A and luminal B subtypes. Basal-like and HER2-enriched subtypes 

remained in ER- cluster (Sorlie et al., 2001 and 2003). The normal-like subtype 

is now inferred to be an artefact due to outnumbering normal adjacent non-tumour 

cells in analyzed specimens. The study also assigned 17 BC cell lines into four 

biologically-relevant groups. 

 

Figure 1.04 Current breast cancer categorization as used in basic research and cli-

nic. Centroid-based prediction analysis of the microarray method (PAM50) precisely 

defines breast cancer subtypes. By contrast, cost-effective immunohistochemistry (IHC) 

and fluorescence in situ hybridization (FISH) methods dominate in clinics. 
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Luminal A tumours have high expression of luminal/ER-regulated genes 

such as PGR (progesterone receptor, 11q22.1), GATA3 (GATA binding protein 3, 

10p14), SLC39A6 (solute carrier family 39 member 6,18q12.2), XBP1 (X-box 

binding protein 1, 22q12.1), FOXA1 (forkhead box A1, 14q21.1), TFF3 (trefoil 

factor 3, 21q22.3) and low expression of cell cycle-related MKI67 (marker of pro-

liferation 67, 10q26.2). Luminal A tumours tend to be slowly growing malignan-

cies, low grade and are therefore associated with the most favourite outcome when 

considering overall survival and time to development of metastasis (Perou et al., 

2000; Sorlie et al., 2001 and 2003; Cardoso et al., 2019). 

Luminal B subtypes are markedly enriched for cell cycle-associated genes 

such as MKI67 (Sorlie et al., 2003). Luminal B cancers are generally high-grade 

and highly proliferative, the factors reflecting intermediate to poor outcomes 

(Cardoso et al., 2019). 

Basal-like subtype was named owing to high expression of basal cell-

specific keratins (KRT5 and KRT17), laminin and fatty acid binding protein 7 

(FABP7). Patients with diagnosed basal-like BC have the worst prognosis (Perou 

et al., 2000; Sorlie et al., 2003). 

Next, cancers of the ERBB2-overexpressing subtype (known as HER2-

enriched) harbour amplification of the 17q22.24 locus. As a consequence, they 

overexpress a cluster of genes in close vicinity to ERBB2 (Erb-b2 receptor tyrosi-

ne kinase 2, 17q12) and GRB7 (growth factor receptor bound protein 7, 17q12) 

loci (Sorlie et al., 2001). 

Although intrinsic subtyping by microarrays turns out to be a reliable met-

hod, high-cost demands of consumables block its usage in clinics. Hence, the re-

duced variant, PAM50 assay, has been developed (Parker et al., 2009). PAM50 

assay has become very popular because it enables the determination of BC subty-

pe even in formalin-fixed paraffin-embedded samples. The assay utilizes a centro-

id-based prediction method of expression of 50 genes to classify samples accura-

tely into one of the recognized BC subtypes. 

Copy number aberration (CNA) and inherited single nucleotide poly-

morphism (SNP) represent considerable expression of quantitative trait loci 

(eQTL) in BC. Therefore, joint clustering of somatic cis-acting CNA and gene 
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expression in 2,000 primary BC was the basis for the most detailed classification 

of BC so far (Curtis et al., 2012). Ten integrative highly prognostic clusters have 

been recognized. The authors highlighted IntClust2 (11q13/14 cis-acting) and 

IntClust5 subgroups with aggressive phenotypes and poor outcomes. Conversely, 

IntClust3 and IntClust4 subgroups with the most favourable outcomes lacked any 

somatic CNA. Subgroups with an intermediate outcome were IntClust1 

(17q23/20q cis-acting), IntClust6 (8p12 cis-acting), IntClust8 (1q gain/16q loss), 

IntClust7 (16p gain/16q loss, 8q amplification) and highly-instable IntClust10 (5 

loss/8q gain/10p gain/12p gain cis-acting) (Curtis et al., 2012). 

1.1.3 Clinical view of breast cancer 

Choice of the optimal treatment has been usually based on the parameters 

such as the number of axillary lymph nodes involved (at least ten nodes must be 

dissected for evaluation of lymph node infiltration), tumour size, age or menopau-

sal status of patient (premenopausal, perimenopausal,postmenopausal and elder-

ly), histopathology and hormone receptor status through the incorporation of in-

trinsic subtypes to current simplified schedule of intrinsic subtypes (Glick et al., 

1992; Goldhirsch et al., 1995, 2003, 2009, 2011; Burstein et al., 2021). 

For the clinical purpose, categories of early-stage BC and recommended 

therapy, lastly updated in 2021, are simplified as written in the below chapters 

(Figure 1.04, page 17). 

1.1.3.1 ER-positive BC 

Estrogen receptor positivity justifies adjuvant endocrine therapy (ET). 

Cancer with ≥10% of ER staining is considered truly ER-positive and might bene-

fit from systemic ET, whereas cancer with ≤1% ER positivity will benefit from 

chemotherapy (CT) (Burstein et al., 2021). The choice of therapy in luminal type 

entirely depends on the marker of proliferation activity Ki-67 (MKI67). The lumi-

nal A subtype characterizes a high number of ER/PR positive cells and low (≤5%) 

Ki-67 staining, the markers favouring endocrine therapy. In contrast, luminal B 

cancer is ER/PR negative but has a high Ki-67 level (≤30%) and will therefore 

benefit from chemotherapy (Burstein et al., 2021). 
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Another clue in clinical management of ER+/HER2- node-negative pa-

tients who will beneft from chemotherapy can provide Oncotype DX® (Genomic 

Health, Redwood City, CA) and MammaPrint® (Agendia, Amsterdam, The 

Netherlands) (Paik et al., 2006; Knauer et al., 2010). Only patients with high-

risk scores should receive chemotherapy (Burstein et al., 2021). 

For pre-menopausal women with micro-invasive ER+ BC, ovarian functi-

on suppression (OFS) by gonadotrophin-releasing hormone agonist (GnRH) such 

as goserelin (Zoladex®) or triptorelin (Decapeptyl) combined with tamoxifen 

(TAM), an estrogen receptor nonsteroidal antagonist, is an appropriate option (Fi-

gure 1.05) (Goldhirsch et al., 2003). Aromatase inhibitors (AIs) such as 

Exemestane (Aromasin®) can substitute TAM when contraindicated (Goldhirsh 

et al., 2009). Recently, 5-year TAM monotherapy has been sufficient for most 

patients, except for younger (<35 years) or patients having at least two lymph 

nodes infiltrated with tumour cells (Burstein et al., 2021). 

 

Figure 1.05 Current treatment modalities for early ER-positive BC. Therapy can be 

modified respectfully to cancer attributes/patient characteristics. Alternative therapies and 

experimental therapies are not shown. TAM – tamoxifen, a selective estrogen receptor 

modulator (SERM); GnRH – gonadotrophin-releasing hormone agonist; Exemestane – a 

type of aromatase inhibitor (AI).  

The ATAC study (Arimidex, Tamoxifen, Alone or in Combination) de-

monstrated that post-menopausal women benefit from AI monotherapy rather than 

TAM monotherapy or AI/TAM combined therapy (Duffy et al., 2003). The 

sequential therapy by TAM for 2-3 years, followed by AI monotherapy for 2-3 

years in post-menopausal women, turned out to be a game-changer, significantly 
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reducing the risk of disease relapse. Furthermore, extended therapy, i.e. five years 

of TAM followed by five years of AI, is superior for high-risk stage III or node-

positive stage II patients. A five years monotherapy with AI or TAM remains 

standard for cancer of stage I (Burstein et al., 2021). 

1.1.3.2 HER2-positive BC 

Cancer is considered as HER2-positive when ≥ 30% of cancer cells are po-

sitively stained for HER2 or when HER2/CEP17 ratio ≥ 2.2 by ISH (Cardoso et 

al., 2019; Burstein et al., 2021). HER2-positive cancer associates with poor out-

come and high risk of relapse (Yang et al., 2021). 

The standard therapy for early HER2-positive BC is one year dosing of re-

combinant monoclonal anti-HER2 antibody, trastuzumab (Herceptin®) (Baselga 

et al., 1996; Cardoso et al., 2019). Trastuzumab binds specifically at the extra-

cellular domain of HER2, thereby preventing HER2 homo- and HER2 heterodi-

merization with HER1, HER3 and HER4. Besides inhibiting HER signaling, 

trastuzumab can further evoke antibody-dependent cell-mediated cytotoxicity of 

HER2-positive cancer cells (Ishii et al., 2019). Combined anti-HER2/docetaxel 

therapy turned out to be more efficacious than anti-HER2/anthracycline therapy 

since the latter regime is associated with increased risk of cardiomytoxicity.  

 

Figure 1.06 Therapy options for HER2-positive breast cancer. A monoclonal antibo-

dy specific to the human epidermal growth factor 2 receptor (HER2) is a mainstay thera-

py. Taxanes are preferred as part of adjuvant therapy. T – taxane; A – anthracycline. 

In a neoadjuvant setting, trastuzumab in combination with pertuzumab or 

lapatinib (HER1 and HER2 inhibitor) showed improved long-term outcomes 

(Cardoso et al., 2019). Pertuzumab targets the same HER2 extracellular domain 

as trastuzumab but interacts with a different epitope, thereby specifically preven-

ting HER2/HER3 heterodimerization (Ishii et al., 2019). 
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Metastatic HER2-positive BC is currently treated by trastuzumab emtansi-

ne (Kadczyla®), a conjugate of HER2 antibody and mertansin, an inhibitor of 

tubulin polymerization (Delgado et al., 2021). 

1.1.3.3 Triple negative breast cancer 

Triple-negative breast cancer (TNBC) is a highly heterogeneous group that 

accounts for 10-15% of all BC cases. TNBC is more commonly diagnosed as a 

malignancy that has just spread to axillary lymph nodes in young (≤ 35 years) 

African-American women (Lehmann et al., 2011). 

Chemotherapy is inevitably recommended, as TNBC lacks ER, PR and 

HER2 expression. Nevertheless, a minority of patients having somatically and 

germinally mutated genes involved in DNA damage response, BRCA1 (BRCA1 

DNA repair associated,17q21.31), BRCA2 (BRCA2 DNA repair associated, 

13q13.1), PALB (partner and localizer of BRCA2, 16p12.2) and dozen others, 

profit from therapy with PARPi (poly(ADP-ribose) polymerase inhibitor), for 

example, olaparib (Lynpanza®) and talazoparib (Talzenna®) (Burstein et al., 

2019). 

 

Figure 1.07 Therapy options for triple-negative breast cancer (TNBC). Most patients 

receive sequential AC/T therapy. When AC/T is contraindicated, prophylaxis with granu-

locyte colony-stimulating factor (G-CSF) prior FAC is needed. Alternatively, an older 

CMF regime can be administered. Patients with germinal BRCA1/BRCA2 mutations are 

recommended to undercome poly(ADP-ribose) polymerase inhibitors (PARPi). AC – 

doxorubicin plus cyclophosphamide. T – docetaxel. 

Neoadjuvant chemotherapy is preferred in stages II and III for HER2-

positive and TNBC. For TNBC, adjuvant chemotherapy was recommended when 

the primary tumour size exceeds 5 mm (Burstein et al., 2021). The first chemo-

therapy regimen, introduced in the 1970s, included a cyclophosphamide, metho-

trexate, and 5-fluorouracil (CMF) combination (Martin, 2006). Anthracyclines, 
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i.e. doxorubicin (Adriamycin®, A) or epirubicin (Ellence®, E), replaced metho-

trexate, resulting in a more efficacious FAC (or FEC) schedule. A milestone 

occurred in 1994 when the Food and Drug Administration (FDA) approved ta-

xanes (paclitaxel and docetaxel) for therapy of metastatic breast cancer (Rowinski 

& Donehover, 1995). Phase II and III studies showed that TAC regimen, i.e., 

docetaxel (75 mg/m2), doxorubicin (500 mg/m2) and cyclophosphamide (500 

mg/m2), resulted in a better objective response rate, however, with severe toxicity. 

Thus, the TAC regime requires prior prophylaxis with granulocyte colony-

stimulating factor (G-CSF). Following trials found effective treatment by four 

courses of dose-dense AC with the following paclitaxel or docetaxel (T) (Spara-

no et al., 2008). 

Four subtypes of TNBC are recognized: basal-like 1 (BL1) subtype with 

high expression of genes associated with cell cycle and DNA damage), basal-like 

2 (BL2) subtype with high expression of growth factor signalling genes, mesen-

chymal (M) subtype with high expression of epithelia-mesenchymal transition 

associated genes, and luminal androgen receptor (LAR) subtype with high expres-

sion of luminal genes and androgen receptor (Lehmann et al., 2011; Lehmann et 

al., 2016). Although the BL1 subtype superiorly responds to cisplatin, no recom-

mendations of platinum derivatives for clinical practice have been warranted 

(Burstein et al., 2021). 

1.1.4 Driver mutations and driver genes in breast cancer 

Numerous sequencing studies gave an essential insight into the mutational 

landscape of BC (Cancer Genome Atlas Network, 2012; Curtis et al., 2012; 

Pereira et al., 2016; Razavi et al., 2018; Lips et al., 2022). Somatic changes in 

the cancer genome may include single nucleotide variants (SNV), insertions and 

deletions (referred to as indels), and large structural variants, in particular, copy 

number aberrations (CNA) beyond impaired epigenomic DNA patterns. Further, 

the most common type of SNV is a single base substitution. 

Compared to other malignancies, BC belongs to a group of poorly mutated 

cancers, harbouring, on average, 33 non-synonymous mutations (Vogelstein et 

al., 2013). However, only a few of them genuinely contribute to cancerogenesis. 
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One can discern between a passenger mutation, which provides no benefit in mo-

dulating cancer growth properties and a driver mutation, which unambiguously 

enhances cancer cell proliferation activity. A gene harbouring a driver mutation is 

called a driver gene (Vogelstein et al., 2013). 

The Cancer Genome Atlas Research Network (TCGA) and Molecular Ta-

xonomy of Breast Cancer International Consortium (METABRIC) studies uni-

formly found PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 

subunit alpha, 3q26.32) and TP53 (tumour protein 53, 17p13.1) as the most muta-

ted genes in BC. Mutations in PIK3CA are common in luminal subtypes, whereas 

TP53 coding mutations dominate the HER2-enriched and basal-like subtypes. In 

addition, both studies highlighted prominent GATA3 and MAP3K1 (mitogen-

activated protein kinase kinase kinase 1, also known as MEKK1, 5q11.2) mutati-

ons in luminal A subtype (Cancer Genome Atlas Network, 2012; Pereira et al., 

2016). 

 

Table 1.01. Top mutated genes in intrinsic subtypes as defined by PAM50. Two da-

tasets (METABRIC, TCGA) were analyzed through cBioportal. TTN (titin) and MUC16 

(mucin 16) genes were excluded. 

The TCGA study highlighted mutated genes of the PI3K signalling 

pathway (PTEN, phosphatase and tensin homolog, 10q23.31; PIK3R1, phos-

phoinositide-3-kinase regulatory subunit, 5q13.1; AKT1, AKT serine/threonine 

kinase, 14q32.33), tyrosine phosphatases PTPRD (protein tyrosine phosphatase 

receptor type D, 9p24.1-p23) and PTPN22 (protein tyrosine phosphatase non-

receptor type 22, 1p13.2), transcription factors CBFB (core-binding factor subunit 

beta, 16q22.1), CTCF (CCCTC-binding factor, 16q22.1), FOXA1 (forkhead box 

A1, 14q21.1), RUNX1 (RUNX family transcription factor 1. 21q22.12), TBX3 (T-
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box transcription factor 3, 12q24.21), AFF2 (ALF transcription elongation factor 

2, Xq28) and RB1 (RB transcriptional corespressor, 13q14.2), epigenetic regulator 

KMT2C (lysine methyltransferase 2C,7q36.1), splicing factor SF3B1 (splicing 

factor 3b subunit 1,2q33.1), cell cycle molecules CCND3 (cyclin D3, 

6p21.1), CDKN1B (cyclin-dependent kinase inhibitor 1B, p27 Kip1, 12p13.1), 

RAS/MAPK signalling member NF1 (neurofibromin, 17q11.2). Most of them, 

particularly TBX3, RUNX1, CBFB, and SF3B1, have been identified in the follow-

up METABRIC study focused on driver genes (Cancer Genome Atlas Network, 

2012; Pereira et al., 2016). 

Large deletions and insertions underpin the expression landscape of BC. 

METABRIC study reported copy number gains of 11q13-14 region (CCND, 

cyclin D1) and PAK1 (p21 (RAC) activated kinase 1), 17q12 region (ERBB2, erb-

b2 receptor tyrosine kinase 2), 8p11 region (ZNF703, zinc finger 703), 8q24 regi-

on (MYC, MYC proto-oncogene), frequent homozygous and heterozygous deleti-

ons of the regions surrounding PPP2R2A (protein phosphatase 2 regulatory sub-

unit B alpha, 8p21), MAP2K4 (mitogen-activated protein kinase kinase 4, 17p11), 

and MTAP (methylthioadenosine phosphorylase, 9p21) (Curtis et al., 2012). 

Invasive lobular cancer (ILC) is the second histologic type of BC by pre-

valence (Chapter 1.11, Figure 1.03) (Ciriello et al., 2015). Most of the ILCs 

belong to the luminal A subtype. The high mutation rate in CDH1 (E-cadherin, 

16q22.1), TBX3, RUNX1, FOXA1 and PIK3CA, as well as frequent homozygous 

loss of PTEN (phosphatase and tensin homolog, 10q23.31), were observed in lu-

minal A ILC as compared to luminal A invasive ductal carcinoma (IDC). Interes-

tingly, significantly low incidence of GATA3 mutations in ILC was found 

(Ciriello et al., 2015). 

1.2 Taxanes and mechanism of their action 

1.2.1 The discovery of paclitaxel (Taxol®) 

In 1962, botanist Dr Arthur S. Barclay gathered plant samples, including 

bark, leaves, twigs, and fruit of the western pacific yew tree (Taxus brevifolia 

Nutt.) in Washington state in the northwest region of the United States (Wani & 
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Horwitz, 2014). He supplied the samples to the hands of Dr Jonathan L. Hartwell, 

a principal investigator of an antitumour drug screening program at the National 

Institute of Cancer (NCI). Unfortunately, despite an early experiment showing 

promising antitumour activity of crude extracts against 9KB cancer cells, reitera-

ted efforts in P-388 and L-1210 leukaemia cells and mice models, supply compli-

cations and unsolved structure of the active compound led to discontinuation of 

taxane research for a decade. 

Inspired by their previous triumph with camptothecin (a drug 

from Camptotheca acuminata), Drs Mansukh Wani and Monroe E. Wall, both 

working at Research Triangle Institute (RTI), requested for T. brevifolia samples 

in 1965. In the following years, Wani and Monroe discovered the chemical 

structure of Taxol® (paclitaxel) by the X-ray analysis of α-hydroxy methyl ester 

and tetraol, two products of paclitaxel methanolysis (Wani et al., 1971). 

The family Taxeaceae of conifers (Pinophyta) comprises of globally dis-

tributed six genera (Amentotaxus, Austrotaxus Cephalotaxus, Pseudotaxus, To-

reya and Taxus) (Lange & Conner, 2021). Depending on one's idea, there are 8 

to 10 recognized species in Taxus genera. Taxus species are slowly-growing 

plants confined to the northern hemisphere; some are endemic, such as Himalay-

an T. wallichiana sp. or T. floridana in the northwest Florida peninsula, while 

others are growing in a large area (Maheshwari et al., 2008). Besides Taxus bre-

vifolia, paclitaxel has been found, however, in a less amount in Taxus yunnanen-

sis, Taxus baccata and Taxus wallichiana. 

  

Figure 1.05 Tree yews in nature. Taxus baccata and detailed view on a female twig 

with red arils and immature male yellow cones. Taken and modified from Lange & Con-

ner, 2021. 
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Bark gathering causes irreversible damage of hundred years old trees, and 

poor yield of paclitaxel from Taxus brevifolia limited further taxane usage in cli-

nics. For example, a 100-year-old tree provides about 300 mg of Taxol® (Tabata, 

2004). The Discovery of a more common paclitaxel precursor, 10-deacetyl bacca-

tin (10-DAB), in T. baccata leaves and research efforts in the chemistry of ta-

xanes resulted in practical semi-synthesis of paclitaxel from 10-DAB and a pure 

enantiomer of C-13 isoserine side chain via Ojima-Holton coupling reaction (Fi-

gure 1.06) (Ojima et al., 1992). Additionally, automated production of paclitaxel 

from callus cell cultures of T. baccata has been developed (Tabata et al., 2004). 

 

Figure 1.06 Semi-synthesis of taxanes from 10-deacetyl baccatin (10-DAB). Ojima-

Holton coupling reaction of β-lactams with 10-DAB. Taken and modified from Ojima et 

al., 2018. 

1.2.2 Microtubules 

Microtubules appear in the microscope as large hollow tubes with a diame-

ter of 25 nm that arise from the single-site microtubule organizing center (MTOC) 

near the nucleus in the interphasic cell. In contrast, microtubules grow from two 

spindle pole bodies in mitosis. Microtubules possess multiple roles in the eukaryo-

tic cell, for example, the movement of whole organelles such as mitochondria, cell 

motility (as a component of the flagellum, cilia), forming cell shape and separati-

on of daughter chromosomes during mitosis (Figure 1.07) (Gudimchuk & 

McIntosh, 2021). 
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Figure 1.07 Visualization of microtubules in nondividing and dividing eukaryotic 

cell. Taken from Gudimchuk & McIntosh, 2021. 

The basic unit of microtubule is a heterodimer of alpha and beta-tubulin 

(α- and β-tubulin), encoded by two separate genes (Kavallaris, 2010). There are 

nine genes for α-tubulin and ten for β-tubulin in a human genome with tissue-

specific expression patterns (Amargant et al., 2018). Tubulin heterodimers as-

semble into protofilaments, and 13 protofilaments are parallelly organized into a 

microtubule. 

Despite α- and β-tubulin sharing only 40% sequence homology, their ove-

rall fold is similar. The N-terminal domain of tubulin (1-206) acquires the 

Rossmann fold (six beta-strands and six alpha helices) essential for GTP binding. 

The GTP binding site in α-tubulin never hydrolyzes GTP and thus refers to "non-

exchangeable" N-site. GTP hydrolysis occurs in "exchangeable" E-site in β-

tubulin when the site is entirely formed by a newly incorporated tubulin heterodi-

mer (Orr et al., 2003; Nogales & Zhang, 2016). The helices in the central doma-

in (207-384) play an essential role in tubulins' longitudinal and lateral contact. 

Most lateral contacts occur between α-α and β-β subunits, except a seam (Figure 

1.08). The C-terminal is less conserved between α-tubulin and β-tubulin and 

between tubulin isotypes. The C-terminal domain interacts with several microtu-

bule-associated proteins (MAPs) and motor proteins like kinesins and dyneins. 

Tubulins are extensively modified by polyglutamylation, polyglycylation, acetyla-

tion, phosphorylation and tyrosination. 
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Figure 1.08 Microtubules and their dynamic behaviour. Tubulin dimers (αβ-tubulin) 

are basic units assembled into protofilaments. The left figure shows a detailed view of a 

seam in the microtubule. Microtubules can rapidly grow or shrink (right). The bending of 

protofilaments accompanies microtubule treadmilling. Taken from Nogales & Zhang, 

2016 (left) and Bowne-Anderson et al., 2013 (right). 

PF is a polar structure; one end of PF ends with GTP-bound β-tubulin 

("plus end") and the other end with GTP-bound α-tubulin ("minus end") (Nogales 

& Zhang, 2016). A straight GTP-α-tubulin/GTP-β-tubulin dimer can be incorpo-

rated, making a tiny GTP cap structure at the tip of the growing microtubule. 

Strong evidence indicates stabilizing function for GTP cap structure (Gudimchuk 

& McIntosh, 2021). Tubulin acquires straight conformation in the microtubule 

core, but GDP-bound tubulin dimer is curved, as seen in shrinking microtubules. 

GTP occupying the E-site is hydrolyzed after incorporation of heterodimer into 

the microtubule as α-tubulin of the other dimer completes the active catalytic site. 

Microtubules are dynamic structures, stochastically oscillating between 

growth and shrinkage (Mitchinson & Kirschner, 1984). A catastrophe happens 

when a microtubule stops growth and initiates shrinkage, and rescue happens 

when a microtubule stops shrinkage and starts growth. Such a rapid oscillation is 

termed dynamic instability. 

Two types of drugs interact with microtubules, microtubule-destabilizing 

and microtubule-stabilizing agents. The former represents vinca alkaloids 

(vinblastine, vincristine) or colchicine, and the latter represents taxanes (paclita-

xel) and epothilones (epothilone B) (McGrogan et al., 2008). 
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1.2.3 Taxanes, taxoids and taxane-related compounds  

More than 600 taxanes have been ascribed as yew tree metabolites. Accor-

ding to ring structure, taxanes are classified into 11 groups (Lange & Conner, 

2021). Taxol® belongs to the group of taxanes with an oxetane ring and C-13 

phenylisoserine side chain in the largest class of 6/8/6 ring taxanes, also referred 

to as normal taxanes (Lange & Conner, 2021). 

As stated above, 10-deacetyl baccatin (10-DAB) is a presursor for synthe-

sis of all taxanes in clinical use as well as for Stony Brook Taxanes (Figure 1.09). 

 

Figure 1.09 Structures of clinically-relevant taxanes. 10-Deacetyl baccatin (10-DAB) 

is an abundant metabolite in Taxus sp. (on the left). It is extracted and used for the semi-

synthesis of paclitaxel (Taxol®, top right), docetaxel (Taxotere®, bottom left) and caba-

zitaxel (Jevtana®, bottom right). The C2, C3', C3'N and C10 positions are coloured by 

light green, yellow, red and light blue, respectively. Based on Ojima et al., 2014. 

1.2.3.1 Paclitaxel (Taxol®) 

Paclitaxel inhibits the process of microtubule depolymerization even upon 

destabilizing conditions like low-temperature or calcium (Horwitz, 1992). Micro-

tubule dynamic instability is crucial for properly binding of microtubules to kine-

tochores and equal distribution of chromosomes into daughter cells (Jordan et 

al., 1993). Sustained metaphase/anaphase arrest induced by paclitaxel results into 
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activation of caspase-dependent cell death. However, gentle scenarios for cancer 

cells’ fate, such as unequal division or premature escape from mitosis, continued 

in cell cycling arrest, large aneuploid cells or cell death (Gascoigne & Taylor 

2009). 

From chemical point of view, paclitaxel is a diterpene made of tricyclic 

6/8/6 taxane ring (A-, B- and C-), one oxetane ring (D-ring), small flexible C2 

(benzoyl group), C4 (acetyl group), C10 (acetyl group) side chains and large fle-

xible N-benzoyl-(2R,3S)-phenylisoserine side chain attached at the C13 (Hodge 

et al., 2009) (Figure 1.09). Three carbon atoms in large side chain are labelled 

C1', C2' and C3'. The C3' position is branched into the phenyl group (C3') and 

benzoyl group (C3'N). 

Horwitz and Schiff demonstrated that Taxol® interacts with the N-

terminal domain of β-tubulin employing radio-labelled paclitaxel analogues (Rao 

et al., 1992, 1994, 1995). In consent, cryo-electron microscopy of Zn2+ stabilized 

bovine microtubules with T-shaped Taxol (T-Taxol®, butterfly Taxol(R)) proved 

these early results (Löwe et al., 2001). Rotational-echo, double-resonance nuclear 

magnetic resonance (REDOR-NMR) and further photoaffinity labelling revealed 

another biologically active Taxol conformer, REDOR-Taxol (Sun et al., 2009). In 

contrast to T-Taxol, REDOX-Taxol interacts at C2 with glycine 370 in a refined 

1JFF structure (Figure 1.10). Of note, Taxol® binds to β-tubulin subunit in 

microtubules but not in soluble tubulin heterodimers in contrast to vinca alkaloids 

or colchicine (Orr et al., 2003). 

Intravenous administration of Taxol solubilized in Cremophor EL (poly-

oxyethylated castor oil) and ethanol associated with robust side effects. The exci-

pient Cremophor EL causes strong hypersensitive reaction (Feng & Mumper, 

2013). To reduce Cremophor side effects, a novel formulation of Taxol, nab-

paclitaxel (Abraxane®, nano-albumin bound paclitaxel), was developed, tested 

and approved for metastatic breast cancer by FDA (Feng & Mumper, 2013). 

Notwithstanding, common adverse effects of paclitaxel, such as alopecia, neutro-

penia (low number of neutrophils in blood) and neurotoxicity, persist (Ojima et 

al., 2016). 
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Figure 1.10 Interaction of Taxol® with β-tubulin. Taxol binding pocket is localized 

close to the E-site in the β-tubulin (left figure). Model of T-Taxol (yellow, middle) and 

REDOR-Taxol (green, right) binding to β-tubulin in refined structure 1JFF. Taken from 

Orr et al., 2003 (left) and Ojima et al., 2014 (right). 

1.2.3.2 Docetaxel (Taxotere®) 

Taxotere® is a semisynthetic analogue of Taxol® bearing substituents at 

the C10 position (the hydroxyl group replaces an acetyl group) and at the C3' po-

sition (a tert-butoxycarbonyl group replaces the phenyl group) (Figure 1.09). The 

discovery of Taxotere® began when the Poitier exploited Taxus baccata plants 

that had to be chopped down to build a road on a local campus (Guenárd et al., 

1993). Thus, the Potier group had enough material (leaves, bark, needles, wood) 

to find out that 10-deacetyl baccatin III (10-DAB) is a potent and more common 

constituent than Taxol® in needles of T. baccata. Poitier demonstrated that 10-

DAB is unstable under acidic and basic conditions, whereas the hydroxyl group at 

the C-13 position is the most inert. During the semi-synthesis of Taxol® by hyd-

roxyamination of 13-cinnamoyl derivative, the Poitier group used the tert-

butoxycarbonyl group (t-BOC) to protect the aminogroup at the C-13 side chain 

due to t-BOC group can be readily removed under mild conditions. 

The structure-activity relationship (SAR) studies demonstrated that Taxo-

tere® is more potent than Taxol® in tubulin polymerization assay and dose-

response assessment. In general, docetaxel seems to be weakly effective in cross-

resistant cells than paclitaxel (Ojima et al., 2008). Docetaxel is used in combined 

therapy for breast cancer, gastric cancer, non-small cell lung cancer, prostate can-
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cer and head and neck cancer (Ojima et al., 2014). Due to altered hydrophobicity, 

injectable docetaxel is solubilized in ethanol. 

1.2.3.3 Cabazitaxel (Jevtana®) 

The EU Commission approved Cabazitaxel (Sanofi-Aventis) for castrati-

on-resistant prostate cancer (CRPC) in early 2011 (European Medicines Agency, 

2023). In addition to inducing a mitotic block, taxanes interact with androgen re-

ceptors (ARs), affecting the essential AR-signalling in prostate cells (Darshan et 

al., 2011). Better lipophilicity and reduced transport by membrane drug transpor-

ter are assumed to make cabazitaxel more effective than classical taxanes (Vrig-

naud et al., 2014). In CRPC patients, cabazitaxel is administered as a 1-hour las-

ting intravenous infusion (20-25 mg/m2) every three weeks with daily 10 mg 

prednisone. In addition, cabazitaxel/ lapatinib has been tested in patients with me-

tastatic HER2+ BC; however, this trial showed unclear results (Yardley et al., 

2018). 

Unlike docetaxel, cabazitaxel contains two methyl groups at the C7 and 

C10 positions (Figure 1.09). A common side effect of cabazitaxel is neutropenia, 

similar to other taxanes (Villanueva et al., 2011). Recently, 7,10-di-O-

methylthiomethyl (MTM) cabazitaxel derivatives showed excellent potency aga-

inst drug-resistant cells (Ren et al., 2021). 

1.2.3.4 Stony Brook Taxanes 

A vast number of studies have been devoted to the semi-synthesis of taxa-

ne derivatives (dubbed as "taxoids") and evaluating their potency against cancer 

and biological activity in vitro and in vivo (Ojima et al., 2014). As written below, 

some substitutions do not significantly improve potency of taxanes, whereas 

others do. Furthermore, substitutions can impact taxoids' capability to overcome 

drug resistance mechanisms in vitro and in vivo. 

The nomenclature of some Stony Brook Taxanes (SB-T) reasonably 

follows the chemical composition of substituents (Figure 1.11). "SB-T" is an 

acronym for Stony Brook Taxane. The digits refer to specific functional groups. 

As Stony Brook Taxanes are, in fact, docetaxel analogues, the first digit is always 
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1 for the t-BOC group at the C3'N, the second and third digit label substituents at 

the C3' position, the digit at the fourth position labels substituent at the C10 posi-

tion and the fifth and sixth positions label substituent at the C2 para-position. 

 

Figure 1.11 Stony Brook Taxanes (SB-Ts). A tentative nomenclature (on the left) and 

chemical formula of SB-T (on the right) are shown. Second-generation taxoids bear sub-

stituents at the C3'N (red), C3' (yellow) and C10 (light blue) positions, whereas third-

generation taxoids are further modified at the C2 position (light green). 

A less number of Stony Brook Taxanes have been derived from paclitaxel 

backbone reflecting better docetaxel pharmacokinetics. SB-T-0035 is a paclitaxel 

derivative with N,N-dimethylcarbamoyl group attached at the C10 (Figure 1.12) 

(Jelínek et al., 2018). Paclitaxel derivatives seldomly occur in literature, for in-

stance, RAH-1 is a synonym for 3'-dephenyl-3'-(2-methyl-2-propenyl)paclitaxel 

(Ojima et al., 1994a). Macrocyclic paclitaxel derivatives abbreviated as SB-T-

205X were used in structural studies (Ojima and Das, 2009). 

The structure-activity relationship (SAR) studies with docetaxel derivati-

ves concluded that the C3' phenyl group found in classical taxanes is not essential 

for their biological activity. A cyclohexyl group at the C3' has a comparable 

microtubule dissassembly activity (Ojima et al., 1994b). Substitution of the phe-

nyl group by the isobutenyl group at the C3' position resulted in SB-T-1211 taxoid 

with slightly improved microtubule dissassembly activity, while retaining in vitro 

and in vivo cytotoxicity comparable to docetaxel (Figure 1.12) (Ojima et al., 

1994a). 
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Figure 1.12 Chemical formulas of SB-T-0035 taxoid and second-generation taxoids 

SB-T-1102, 1211 and 1214. SB-T-0035 is a paclitaxel derivative with N,N-dimethyl-

carbamoyl substituent at the C10 position. Taxoid 1102 bears the 3'-isobutyl group, whe-

reas taxoids 1211 and 1214 bear the 3'-isobutenyl group (marked by yellow). Taxoids 

1211 and 1214 differ by substituents at the C10 position (marked by light blue). 

Taxoid SB-T-1212 is a highly potent chimeric derivative bearing an acetyl 

group at the C10 position as paclitaxel, a tert-butoxycarbonyl group at the C3'N as 

docetaxel and an isobutenyl group at the C3' position (Figure 1.13). Furthermore, 

doxorubicin-resistant MCF-7/R cells were not cross-resistant to SB-T-1212 (Oji-

ma et al., 1994a). 

Following SAR study evaluated whether substitutions at the C10 position 

in 3'-isobutyl (SB-T-110X) and 3'-isobutenyl (SB-T-121X) taxoids modify drug 

potency against drug-sensitive and drug-resistant cancer cells (Figure 1.13) 

(Ojima et al., 1996). Replacement of the hydroxyl group at the C10 position by 

n-propanoyl (SB-T-1213) or cyclopropylcarbonyl (SB-T-1214) improved anti-

tumour activity (Figure 1.12). Significantly, taxoid SB-T-1213 showed in vivo 

better antitumour activity than docetaxel. The third most toxic taxoid SB-T-1102 

bears an acetyl group at the C10 position. 
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Figure 1.13 Third-generation taxoids are modified at the C2 benzoate position. Third 

generation taxoids SB-T-121205 and SB-T-121303 and their C3'- and C10-modified 

precursors SB-T-1212 and SB-T-1213 are shown for comparison. The C3', C3'N, C10 

and C2 positions are highlighted by red, yellow, light blue and light green, respectively. 

Aromatic groups, in particular, 4-methoxybenzoyl, 3-methoxybenzoyl and 

3-(3-methoxyphenyl)propanoyl placed in acyl moiety at the C10 position in 3'-

isobutenyl also resulted in highly potent taxoids with similar cytotoxicity in LCC6 

and LCC6-MDR cells (the ratio IC50 resistant to sensitive cells, R/S = 1), (Ojima 

et al., 2008). These potent derivatives have been named second generation taxo-

ids. 

Early experiments with substituents (MeO, F, Cl, N3, CH=CH2) introduced 

at the meta position of C2 benzoate revealed that C2-fluoride taxoids are extreme-

ly toxic to drug-sensitive LCC6 cells and C2-methoxy taxoids exhibit better anti-

tumour activity (R/S ≤ 1) in drug-resistant MCF-7 and LCC6-MDR cells (Ojima 

et al., 1999). Same substituents at the C2 position have been broadly investigated 

in a series of C3', C3'N and C10 derivatives (Ojima et al., 2006). The most potent 

derivative was SB-T-121303 (R/S = 0.9). The extremely potent compounds with 

modifications at the C3', C3'N, C10 and C2 positions have been dubbed third ge-

neration taxoids. Probably explanation for high potency of C2 derivatives is that 
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this site is recognized by cytochrome 450 oxidases as well as modifications incre-

ased affinity to β-tubulin. 

Recently, C2 derivatives bearing OCF3 and OCFH2 CH3 groups have been 

studied in same cell models as previous (Wang et al., 2020). Of note, OCFH2 

group can adopt various conformations with respect to polar and non-polar envi-

ronment, thereby improving membrane permeability of the drug. Indeed, toxicity 

of taxoids decrease in the order OCFH2> OCF3> CH3. Both OCFH2 and OCF3 

groups interact by van der Waals interaction with Leu230 and Leu275 residues in 

β-tubulin (Wang et al., 2020). 

1.3 Resistance to taxanes 

The development of taxane resistance in cancer cells is a complex and 

multifactorial process involving various molecular mechanisms (Figure 1.14). 

 

Figure 1.14. Mechanisms of taxane resistance in cancer cells. Hydrophobic taxanes 

easily pass through the lipid bilayer. Taxanes bind at the inner surface of assembled 

microtubules in the cell, promoting microtubule stabilization. In the plasma membrane, 

special transporters pump taxanes out of the cell (ABC transporters) or can facilitate ta-

xane transport into the cell (SLC transporters). Microtubule-associated proteins (MAPs) 

and tubulin isoforms can also influence taxane resistance. Heme-containing cytochrome 

p450 oxidoreductases metabolize taxanes specifically.  
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1.3.1 Resistance associated with membrane transporters 

Plasma membrane-associated transporters represent a major barrier to anti-

cancer drugs. The plasma membrane is the first structure interacting with a drug. 

Members of the solute carrier (SLC) and ATP-binding cassette (ABC) transpor-

ters have been recognized as essential modulators of taxane sensitivity in cancer 

cells (Robey et al., 2018; Girardi et al., 2020). 

1.3.1.1 SLC transporters 

SLC transporters (458 genes in 65 families) participate in the movement of 

a broad range of substrates, i.e. macronutrients (sugars, vitamins, amino acids, 

nucleosides) and micronutrients (metal cations) across membranes. Moreover, 

recent investigations foster SLC transporters as important drug pharmacokinetics 

modulators. SLC transporters do not utilize ATP hydrolysis. Instead, they work as 

secondary active transporters and ion channels (Colas et al., 2016; Pizzagalli et 

al., 2021). 

Silencing of SLC31A2, SLC35A5, and SLC41A2 expression led to incre-

ased paclitaxel susceptibility in lymphoblastoid cell lines, suggesting that they can 

facilitate paclitaxel uptake (Njiaju et al., 2012). NGS revealed significant down-

regulation of SLCO1B3 expression (also known as OATP8) in a prostate cancer 

patient-derived xenograft model with acquired resistance to docetaxel. Silencing 

of SLCO1B3 impaired the uptake of docetaxel and cabazitaxel (de Morreé et al., 

2016). CRISPR-Cas9 library screen predicted a few SLC transporters being asso-

ciated with paclitaxel and docetaxel resistance (Girardi et al., 2020). In the case 

of paclitaxel, but not docetaxel, MTCH2-specific sgRNA was found to be most 

enriched. It was recently found that MTCH2 (mitochondrial carrier 2) acts as an 

insertase of helical proteins into the outer mitochondrial membrane (Guna et al., 

2022). However, how MTCH2 contribute to drug resistance is not clear. 

1.3.1.2 ABC transporters 

All living organisms harbour genes for ABC transporters in their genomes. 

Fourty-eight ABC transporters in seven subfamilies (ABCA-G) and 22 pseudoge-

nes have been described in humans (Piehler et al., 2008). Nearly all ABC trans-
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porters encompass two highly conserved nucleotide-binding domains (NBDs) and 

two less-conserved transmembrane domains (TMDs) in that a substrate is bound 

and transferred (Robey et al., 2018; Thomas & Tampé, 2020). 

The unifying feature of ABC transporters is the dependence on ATP con-

sumption to move the substrates in both ways (importers and exporters). The bin-

ding of ATP-Mg2+ into NBD ultimately evokes a switch between inward-facing 

(IF) and outward-facing (OF) conformation via occluded and collapsed states. 

Walker A and Walker B motifs, two loops (Q-loop, D-loop) and H-switch in the 

highly conserved RecA ATP-binding core coordinatively contact with ATP mo-

lecule, while Mg2+ is positioned by the ABCβ subdomain A-loop (Figure 1.15). 

Inserting the signature motif into the occupied ATP-binding site of other NBD 

promotes NBD dimerization coupled with significant structural changes in all 12 

transmembrane helices and outward-facing conformation. NBD dimer disintegra-

tion, induced by ATP hydrolysis, moves back conformation to inward facing. In-

terestingly, due to NBD1 and TMD1 being akin to NBD2 and TMD2 in most 

transporters, asymmetric cleavage of ATP occurs standardly (Thomas & Tampé, 

2020). 

 

Figure 1.15 Models of ATP-Mg2+ positioning in the nucleotide-binding domain 

(NBD) and dimer formation. Binding of nonhydrolyzable AMP-PNP into NBD of 

MalFGK2 maltose transporter (left). NBD1 (grey) and NBD2 (light pink) form a dimer 

structure. A signature motif (visualized as a red line) of each NBD forms the nucleotide-

binding site of other NBD. Taken and modified from Thomas & Tampé, 2020. 
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ABCB1 (also known as MDR1, multidrug resistance 1, 7q21.12, 1280 ami-

no acids) encodes a 170-kDa glycosylated protein, P-glycoprotein (P-gp, perme-

able glycoprotein) that occupies the apical membrane of polarized cells in the 

bowel, kidney and liver and endothelial cells of the blood-brain barrier. As a cell 

guardian, ABCB1 extrudes an overwhelming number of toxins. Consequently, 

this protein is responsible for the poor intake of orally-administered clinically re-

levant drugs. This was discovered in colchicine-resistant Chinese hamster kidney 

cells and attributed to multidrug resistance phenotype in these cells (Robey et al., 

2018). 

 

Figure 1.16 Structure of human ABCB1 multidrug transporter with paclitaxel, 

vincristine and inhibitors (zosuquidar, elacridarm tariquidar). Model of UIC2-FAb 

stabilized human ABCB1 with paclitaxel (left). Residues interacting with paclitaxel in 

occluded conformation (up, middle). Schematic view of the position of the binding poc-

ket, vestibule and access tunnel found in occluded conformation (up, right). One molecule 

of taxol or vincristine is bound to the binding pocket, whereas two molecules of inhibitors 

occupy the binding pocket, vestibule and access tunnel (bottom right). Noteworthy, ta-

riquidar and elacridar adopt and bind as conformers. Taken and modified from Alam et 

al., 2019 and Nosol et al.,2020. 

Inward-facing apo and holo structures of mouse ABCB1 transporter that 

shares 87 % homology in amino acid sequence to human ABCB1 revealed a large 

6000Å cavity in TMD with multiple binding sites (Aller et al., 2009; Li et al., 
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2014). Recently, a series of UIC2-FAb stabilized chimeric human-mouse or hu-

man ABCB1, and MRK16-Fab stabilized human ABCB1 structures in apo or holo 

occluded conformations were published (Alam et al., 2018, 2019; Nosol et al., 

2020). Notably, paclitaxel, vincristine, and third-generation inhibitors 

(zosuquidar, elacridar, tariquidar)-bound ABCB1 models revealed a mechanism 

of inhibition and residues interacting with paclitaxel in drug binding pocket (Fi-

gure 1.16). The access tunnel narrows in occluded conformation, effectively enc-

losing paclitaxel in the drug-binding cavity. A suggestion is that paclitaxel can 

reach the binding cavity from the inner leaflet of the membrane in an inward-

facing conformation (Nosol et al., 2020).ABCB4 (MDR3, 7q21.12, 1286 amino 

acids) is primarily localized to the canalicular membrane of hepatocytes where 

transports of phosphatidylcholine from the inner to the outer leaflet of the mem-

brane, a process that is critical for the formation of bile (Groen et al., 2011). Be-

sides, ABCB4 is overexpressed with ABCB1 in drug resistant cells. ABCB4 is 

understood in term of paclitaxel-resistance. However, ABCB4 transporter was 

reported with mild reversal of resistance to paclitaxel in SK-OV-3 ovarian cells 

(Duan et al., 2004) and one study demonstrated a reduced paclitaxel uptake by 

F165I and S320F mutants (Kim et al., 2013). 

ABCC2 (also known as MRP2, multidrug resistance protein 2, 10q24.2, 

1545 amino acids) is localized on the apical membrane of kidney, liver and intes-

tine cells (citation). ABCC2 transporter is involved in the eflux of endogenous 

substrates such as glutathione, glucurate and sulfate conjugates as well as variety 

of xenobiotics (Nies & Keppler, 2007). In particular, MDCKII cells stably trans-

fected with human ABCC2 transporter are resistant to paclitaxel (Huisman et al., 

2005). Experiments with Mrp2−/−, Mdr1a/1b−/−, and Mdr1a/1b/Mrp2−/− mice mo-

dels revealed that ABCC2 transporter is crucial for billiary excretion of paclitaxel 

in vivo (Lagas et al., 2010). 

ABCG2 transporter (also known as breast cancer resistance protein, 

BCRP, 4q22.1, 655 amino acids) reduces bioavailability of several chemotherape-

utics including mitoxantrone and tyrosine kinase inhibitors (Toyoda et al., 2019). 

Co-selection of doxorubicin with ABCB1 inhibitor verapamil led to generation of 

mulidrug resistant MCF-7/AdrVp cells that were weakly cross-resistant to vinca 
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alkaloids and paclitaxel (Doyle et al., 1998). Physiological role for ABCG2 as 

urate transporter was independently reported by two research groups (Matsuo et 

al., 2009; Woodward et al., 2009). Structure of human ABCG2 was deciphered 

by Cryo-EM (Taylor et al., 2017).  

1.3.2 Resistance associated with microtubules 

Several observations promote increased microtubule dynamics as one me-

chanism for how a cell can acquire resistance to taxanes. Concomitantly, incre-

ased microtubule dynamics might explain why some paclitaxel-resistant cells 

exhibit dependency on paclitaxel, i.e., their growth is inhibited when placed into 

drug-free medium. Microtubule dynamics is seen as an interplay between tubulin 

isotypes, alterations, and microtubule-associated proteins (MAPs) (Orr et al., 

2003; Parker et al., 2017). 

Alterations in α-tubulin can induce resistance to taxanes. One study repor-

ted that overexpression of k-α1-tubulin (encoded by TUBA1B) in drug-selected 

A549 lung cells. (Han et al., 2000). Tyronisated alpha tubulin isoforms, like k-

α1-tubulin have been shown to increase microtubule dynamics. In particular, βIII-

tubulin (TUBB3) expression induce taxane-resistance in selected cell lines (Ka-

vallaris et al., 1997). 

In general, mutations in drug target can induce resistance in cancer by per-

turbating drug-target interaction. Truly, mutagenesis of five aminoacids (K19A, 

V23T, D26G, H227N and F270Y) resensitise yeast to Taxol® (Gupta et al., 

2003). However, single mutations in beta tubulin likely affect microbutule dyna-

mics rather than Taxol® binding. Mutations in β-tubulin that can confer resistance 

to taxanes occur throughout the gene as not single domain contribute to lateral and 

longitudinal contacts. Taxol®-resistant human cell models possess several single 

base substitutions, particularly D26E, A173P, E292Q, and C422Y (Orr et al., 

2003, Hari et al., 2006). The D26E mutation has been localized to paclitaxel-

binding site (Hari et al., 2006). 

Microtubule dynamics is further regulated by several microtubule intera-

cting proteins named MAPs. Relevant to paclitaxel resistance, protein tau (coded 

by MAPT, microtubule associated protein tau, 17q21.31) and stathmin (STMN1, 
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1p36.11) have been discussed (McGrogan et al., 2008). Tau protein, whose ex-

pression is specific to neuronal cells, encourages microtubule stabilization by bin-

ding to paclitaxel-binding site at the inner surface of assembled microtubule 

(Smoter et al., 2011). In contrast, destabilization of microtubule at the plus end 

by Stathmin is pH-dependent and is pivotal for regulation of microtubule length 

during mitosis (Andersen, 2000). 

1.3.3 Resistance associated with cytochrome P450 enzymes 

Cytochrome p450 (CYPs) superfamily of oxidoreductases are neccessary 

for hepatic clearance of drugs and toxins (McDonnell and Hang, 2013). Based on 

their aminoacid sequence similarity, 57 human genes and 58 pseudogenes for 

CYP450 enzymes are categorized into 18 families (assigned by number chronolo-

gically by time of their discovery) and subfamilies (assigned by letter) (Mani-

kandan and Nagini, 2018). Regarding pharmacological interactions, CYP1, 

CYP2, CYP3 and CYP4 families are of major research concern. Some CYP450 

enzymes are also expressed by cancer cells (Nebert et al., 2013). 

Drugs can be inducers of CYP450 expression, inhibitors of CYP450 

function or can be substrates for CYP450 (McDonnell and Hang, 2013). Taxanes 

concomitantly induce and are metabolized by liver microsomal CYP450 enzymes 

to non-toxic products (Cresteil et al, 2002). For instance, paclitaxel is primarily 

metabolized by CYP2C8 (10q23.33) to 6α-hydroxypaclitaxel and less frequently 

by CYP3A4 (7q22.1) to 3'-hydroxypaclitaxel (Wang et al., 2014). Docetaxel is 

metabolized by CYP3A4 at the C3'N tert-butoxycarbonyl group (Cresteil et al., 

2012). In line with these results, ectopic expression of CYP3A4 confer resistance 

to docetaxel but not to paclitaxel (Hofman et al., 2021). Stony Brook Taxanes are 

metabolized not at the tert-butoxycarbonyl group but on the isobutyl or isobutenyl 

group by CYP3A4 (Gut et al., 2006). 

Increase expression of CYP450 enzymes is hypothesised to be involved in 

taxane resistance in vivo (Hofman et al., 2021) Studies devoting to expression of 

CYP3A4 and CYP2C8 enzymes in breast cancer tissue produced mixed results 

(van Eijk et al., 2019). It is suggested that about 30-50% of breast tumor samples 

express CYP450 enzymes. Curiously, high expression of CYP3A4 in breast can-
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cer associates with better survival rate (Murray et al., 2010). However, primary 

site of taxane detoxification in organism is outside of breast tumor tissue.
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2. AIMS 

The PhD thesis covers several intertwined scientific papers concerning 

taxane resistance in breast cancer cells. Considerable efforts were devoted to fol-

lowing tasks: 

 

• What underpins acquired taxane resistance in established breast cancer 

cell line models (paper 1 and paper 3). 

• What mechanisms contribute to enhanced ABCB1 and TRIP6 expression 

in taxane-resistant breast cancer cells (paper 4). 

• How one would overcome acquired drug resistance to taxanes in cultured 

breast cancer cells (paper 2). 

 

To accomplish these tasks, we generated a few models of drug-resistant 

breast cancer cell lines. We adapted MCF-7 breast cancer cell line (luminal A, 

ER-positive, PIK3CA E545K, CASP3 -/-) to cell-death induction level of paclitax-

el (300 nM) and to cell-death induction level of Stony Brook Taxane 0035 (SB-T-

0035) compound (300 nM). We have also established SK-BR-3 (HER-enriched, 

TP53 mut) breast cancer subline resistant to cell-death induction level (100 nM). 

We did most of the work with taxane-resistant MCF-7 sublines derived 

from the original taxane-sensitive parental MCF-7 cells. The findings enable us to 

compare both models to discern between common mechanism of taxane resistance 

and taxane-specific mechanism of resistance. 
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3. RESULTS AND COMMENTS 

3.1 Paper 1 

Characterization of acquired paclitaxel resistance of breast cancer cells 

and involvement of ABC transporters 

In the first publication, we characterized MCF-7/PacR and SK-BR-3/PacR 

breast cancer cells with acquired resistance to paclitaxel. We applied a stepwise 

selection to an increased dose of the drug up to a concentration that is lethal to 

sensitive cells, i.e., 300 nM for MCF-7 cells and 100 nM for SK-BR-3 cells 

(Němcová-Furstová et al., 2016; Jelínek et al., 2018) (chapter 4.1, page 59). 

Since the selection procedure impacts the resistance mechanism (Gottesman, 

1998), we expected to work with a heterogeneous population of highly resistant 

cells. 

Acquired resistance to taxanes is notoriously linked to ABCB1 transporter 

(Calcagno & Ambudkar, 2010). Thus, we begin with assessing the expression of 

all human ABC transporters by real-time quantitative reverse transcription PCR 

with SYBR green. In both taxane-resistant cells, we identified upregulation 

of ABCB1, ABCB4 and ABCG2 transporters and downregulation of the ABCC1 

transporter. Cell line-specific alterations were such as ABCC7 (upregulated in 

MCF-7/PacR), ABCC8 (downregulated in MCF-7/PacR) and ABCC9 (upregulated 

in SK-BR-3) (chapter 4.1, page 62). In addition, the ABCC2 transporter was alte-

red in both resistant cells but upregulated in MCF-7/PacR and downregulated in 

SK-BR-3/PacR cells at the mRNA level (chapter 4.1, page 62). 

We aimed to validate the protein expression of altered ABC transporters 

by modified immunoblotting protocol (Kaur & Bachhavat, 2009). In MCF-

7/PacR cells, we showed upregulated expression of ABCB1, ABCB4, ABCC2 

and ABCC3 transporters. These transporters confer resistance to paclitaxel (Duan 

et al., 2004; Gao et al., 2014; Huisman et al., 2005; McCorkle et al., 2021; 

O'Brien et al., 2008). In SK-BR-3/PacR cells, we found upregulated ABCB1, 

ABCG2, ABCC3, and ABCC4 transporters (chapter 4.1, page 63). Among them, 

ABCC4 is not considered to be able transport taxanes (Tian et al., 2005). 
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The findings point at ABCB1 and ABCC3 multidrug transporters in re-

sistance to paclitaxel. Confocal microscopy revealed that all paclitaxel-resistant 

MCF-7/PacR and SK-BR-3/PacR cells uniformly express membrane-localized 

ABCB1 transporter (chapter 4.1, page 65). 

Silencing of ABCB1 expression in paclitaxel-resistant breast cancer cells 

cultured with paclitaxel for 96 hours reduced the number of viable MCF-7/PacR 

cells to about 40% (chapter 4.1, page 64). This finding suggest either an ABCB1-

independent mechanism of resistance or that the cells expressed ABCB1 in such a 

level that is under the detection limit of the Western blot method (Maloney et al., 

2020). 

3.2 Paper 2 

Substituents at the C3' and C3'N positions are critical for taxanes to over-

come acquired resistance of cancer cells to paclitaxel 

By employing MCF-7 and SK-BR-3 paclitaxel-resistant sublines, we tes-

ted the ability of Stony Brook Taxanes (SB-T) modified at the C3' and C3'N to 

overcome ABCB1-mediated drug resistance. Substituting the C3' phenyl group 

with alkyl and alkenyl groups in docetaxel gave more potent antitumour agents 

(Ojima et al., 1994a). Furthermore, certain C10 modifications can further increa-

se the potency of SB-Ts (Ojima et al., 1996). 

Ojima uses the R/S value, i.e. the ratio of resistant IC50 to sensitive IC50, to 

compare the efficiency of SB-Ts in overcoming resistance (Ojima et al., 1994a, 

1994b, 1996, 2008, 2020). Compared to classical taxanes, dose-response curves 

of SB-Ts differ in slope (chapter 4.2, pages 76-78). Hence, we use the 

C0RES/C0SEN value to compare the potency of taxanes to overcome ABCB1-

mediated resistance, where C0 is the drug concentration in that the number of cells 

is equivalent to the number of seeded cells after 96 hours of cultivation with SB-

Ts. 

Moreover, Ojima occasionally compared MCF-7 cells with NCI/ADR 

cells or doxorubicin-resistant MCF7/R cells (Ojima et al., 1999). After an inten-

sive debate about the origin of NCI/ADR cells, they are now supposed to come 
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from OVCAR-8 cells but not MCF-7 cells, as it was previously mentioned (Lis-

covitch & Ravid, D., 2007). 

The other source of data inconsistency might be that MCF-7 and SK-BR-3 

breast cancer cells undergo caspase-dependent cell death upon taxane exposition 

(Jelínek et al., 2015). In MCF-7 cells, activated caspase-2 and other caspases 

participate in cell death induced by taxanes (Jelínek et al., 2013). We have not 

detected caspase-3 expression in used MCF-7 cells, likely due to a 47-base pair 

deletion within exon 3 (Jänicke et al., 1998). The expression of caspase 3 has a 

profound impact on cell sensitivity to drugs. For example, the restoration of 

caspase 3 sensitizes MCF-7 cells to drugs (Yang et al., 2001).  

A number of papers demonstrated caspase 3 expression in MCF-7 cells, 

including the SB-Ts paper (Zheng et al., 2017). Cross-resistance of used primary 

antibodies is a significant source of caspase 3 detection in MCF-7 cells (Jänicke, 

2009). However, caspase 3 expression can also mark cross-contamination of 

MCF-7 cell line. Therefore, comparing results obtained in MCF-7 cells should be 

carefully interpreted. 

We organized SB-Ts into three groups based on the substituents at the C3' 

and C3'N positions. Group 1 comprises 3'N-phenyl, 3'-phenyl taxanes such as 

paclitaxel, group 2 comprises 3'N-tert-butoxycarbonyl (t-BOC), 3'-phenyl taxanes 

such as docetaxel and group 3 comprises 3'N-t-BOC and 3'-isobutyl/isobutenyl 

derivatives (chapter 4.2, page 74). 

Substituents at the C3' and C3'N positions had no substantial effect on the 

antitumour activity of derivatives in sensitive cells. However, as a rule, they 

enhanced the capability of derivatives to overcome paclitaxel resistance in the 

order group 1<group 2< group 3 (chapter 4.2, page 78). That is quite a different 

finding than found in the literature. For example, docetaxel (group 2) exhibited 

worse activity than paclitaxel (group 1) measured by R/S value (Ojima et al., 

1994b, 1996, 1999). However, toxicity and R/S value were similar for paclitaxel 

and docetaxel in LCC6 versus ABCB1-transduced LCC6 cell lines (Ojima et al., 

1999). 

Furthermore, substituents at the C10 position inconsiderably affected the 

C0 value (chapter 4.2, page 78). For example, 10-deacetyl paclitaxel was less 



RESULTS AND COMMENTS 

49 

 

potent in MCF-7 cells but similarly effective as both SB-T-0035 and 10-deacetyl 

paclitaxel in overcoming drug resistance as paclitaxel. For group 3 of derivatives, 

a carbamoyl group at the C10 position made SB-T-1216 taxoid less toxic to MCF-

7 and SK-BR-3 sensitive cells but two-fold more potent in overcoming resistance 

than SB-T-1211 (chapter 4.2., page 78). By contrast, SB-T-1216 was more toxic 

but less potent in overcoming resistance in doxorubicin-resistant MCF7/R cells 

(Ojima et al., 1996). 

On the other hand, SB-T-1102 and SB-T-1214 taxoids were the most toxic 

in MCF-7 sensitive cells and efficiently overcame resistance to paclitaxel. In ge-

neral, taxoids SB-T-1102, SB-T-1214, and SB-T-1216 were the most potent in 

drug-sensitive and drug-resistant cells. A similar conclusion with SB-T-1214 ta-

xoid was reported (Ojima et al., 1996). 

We hypothesize that taxoids lacking two phenyls, exemplified by SB-T-

1216 taxoid, is a poor substrate for ABCB1. Firstly, we showed that SB-T-1216 

weakly stimulated the ATPase activity of human recombinant ABCB1 transpor-

ter in vitro compared to paclitaxel. Secondly, we docked taxanes and SB-Ts into a 

human ABCB1 model derived from a mouse inward-facing ABCB1 structure. 

Fortunately, a human Cryo-EM structure of paclitaxel-bound ABCB1 protein in 

occluded conformation was published in the following years (Alam et al., 2019; 

Nosol et al., 2020). The published Cryo-EM structure differs in the orientation of 

paclitaxel. In the occluded conformation, paclitaxel is rotated from the vertical 

axis 180 degrees against our model and interacts with Q347, Q725 and Q990 resi-

dues (chapter 1.3.1.2, page 40). Our modelling study predicted the interaction of 

paclitaxel with Q945 and S337 residues in ABCB1 (chapter 4.2, page 81). 

Notwithstanding, average docked scores calculated from the ten most pro-

bable docking poses in the ABCB1 binding cavity well elucidate the biological 

activity of SB-Ts (chapter 4.2, page 81). 

The process of taxanes and taxoid transport through the access tunnel to 

the binding cavity can be more important than the binding affinity of paclitaxel 

and SB-Ts in the ABCB1 binding cavity (personal communication with Engr Jiří 

Černý, BIOCEV). 
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3.3 Paper 3 

Differentially Expressed Mitochondrial Proteins in Human MCF7 Breast 

Cancer Cells Resistant to Paclitaxel 

We asked whether another alteration in gene expression in paclitaxel-

resistant breast cancer cells exists that would contribute to the resistant phenotype. 

In previous research, suspect proteins have been found by two-dimensional poly-

acrylamide gel electrophoresis (2-D PAGE) on whole-cell lysates from paclitaxel-

resistant SK-BR-3/PacR cells (Pavlikova et al., 2014) and MCF-7/PacR cells 

(Pavlíková et al., 2015). However, low resolution, absence of low abundant pro-

teins and mild solubilization conditions limit 2-D PAGE analyses (Issaq & Veen-

tra, 2008). 

Therefore, we assumed that cell fractionation could moderately circumvent 

these obstacles. We focused on mitochondrial proteome as the mitochondria are 

crucial in regulating cell death and metabolism, which can be altered in drug-

resistant cells (Fernie et al., 2004; Tait & Green, 2013). To do this, we tested 

two commercially available kits. The QProteome Mitochondria Isolation Kit from 

Qiagen gave more pure fraction of undamaged mitochondria, demonstrating that 

the Qiagen kit was eligible for mitochondrial proteomics (chapter 4.3, page 87; 

chapter 5.1, page 129). Notwithstanding, we identified mitochondrial carbamoyl 

phosphate synthase I (CPSI, 2q34) overexpression in 2-D PAGE in both mito-

chondrial preparations (chapter 4.3, page 88; chapter 5.1, page 130). 

In 2-D PAGE gels, we found significantly increased spot volumes for mi-

tochondrial carbamoyl-phosphate synthase I (CPS1, 2q34) and mitochondrial 

ATPase family AAA domain-containing 3A and 3B (ATAD3A, ATAD3B, 

1p36.33). On the other hand, we found decreased spot volumes for putative mito-

chondrial protein abhydrolase domain containing 11 (ABHD11, 7q11.23) and ly-

sosomal cathepsin D (CTSD, 11p15.5). As cathepsin D is a lysosomal protease, 

we infer the latter finding reflected contamination of mitochondrial fraction by 

lysosomes (Benes et al., 2008). 

An astonishing finding was a five-fold upregulation of the rate-limiting 

enzyme of the urea cycle, CPS1, in paclitaxel-resistant MCF-7/PacR cells. CPS1 
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expression is restricted to intestinal and hepatic cells but not non-tumour breast 

tissue (Weerasinghe et al., 2014). In cancer, elevated CPS1 expression in lung 

adenocarcinoma cell lines CPS1 reflects inactivating mutations in tumour 

suppressor liver kinase B1 (LKB1, known as serine-threonine kinase 11, STK11, 

19p13.3) that strictly suppresses CPS1 via AMPK (Kim et al., 2017). 

The physiological function of CPS1 is to convert ammonia to carbamoyl 

phosphate in the urea cycle in non-cancerous liver cells (de Cima et al., 2015). 

Therefore CPS1 function relative to cancer might be confusing. However, intensi-

ve research shed light on how the availability of metabolites for chromatin-

modifying enzymes influences epigenetics (Kinnaird et al., 2016).  

Cytosolic carbamoyl-phosphate, generated by carbamoyl-phosphate 

synthetase 2 (CAD, 2p23.3) can serve as a precursor for pyrimidine synthesis (Li 

et al., 2021). Although the pools of mitochondrial and cytosolic carbamoyl-

phosphates are not linked, under specific conditions, the mitochondrial pool of 

carbamoyl-phosphate can replace the cytosolic pool (Wraith, 2001). Therefore, 

the role of mitochondrial CPS1 is not fully ascribed in cancer cells. 

Furthermore, we looked into the cellular localization of CPS1 and found 

that CPS1 colocalized with diablo IAP-binding mitochondrial protein (DIABLO, 

12q24.23). However, we observed heterogeneity in the expression of CPS1 in 

both MCF-7 and MCF-7/PacR cells (chapter 4.3, page 91). The population of 

CPS1 highly-expressing cells increased in paclitaxel-resistant MCF-7/PacR cells. 

Silencing of CPS1 in MCF-7/PacR cells did not affect resistance to paclitaxel, but 

a high number of CPS1-negative cells certainly biased this result. 

Furthermore, in the MCF-7/0035R cells, the change in CPS1 expression 

was not observed (chapter 5.1, page 130). Hence, we suggest that CPS1 overex-

pression arose as genetic drift and is not associated with taxane resistance. 

ABHD11 is a mitochondrial enzyme with downregulated expression in 

MCF-7/PacR cells. ABHD11 regulates the catalytic activity of 2-oxoglutarate 

dehydrogenase by lipoylation of the DLST subunit (Bailey et al., 2020). There is 

no evidence in the literature that ABHD11 is linked to paclitaxel resistance. In 

contrast, we found upregulated ABHD11 expression in Stony Brook Taxane 
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0035-resistant MCF-7/0035R subline (chapter 4.3, page 90, chapter 5.2, page 

131), indicating that is likely not essential in resistance to taxanes. 

3.4 Paper 4 

ABCB1 Amplicon Contains Cyclic AMP Response Element-Driven TRIP6 

Gene in Taxane-Resistant MCF-7 Breast Cancer Sublines 

We noticed that the genes proximal to chromosome 7 centromere, such 

as ABHD11 and HSPB1, were downregulated in the MCF-7/PacR subline. Con-

versely, expression of genes distal to chromosome 7 centromere, such 

as ABCB1, ABCB4, TRIP6 and ABCC7, were upregulated in MCF-7/PacR subline 

(Pavlíková et al., 2015, chapter 4.1, page 62). Furthermore, ABCB1 or TRIP6 

silencing reduced the number of MCF-7/PacR cells cultured with paclitaxel 

(Pavlíková et al., 2015). TRIP6 was also overexpressed concomitantly with 

ABCB1 in MCF-7/0035R subline (Jelínek et al., 2018). 

Such results prompted us to thoroughly investigate the regulation 

of TRIP6 expression in taxane-sensitive MCF-7 cells and taxane-resistant MCF-7 

sublines. Known regulatory mechanisms of TRIP6 expression involve TRIP6 

mRNA degradation by miRNAs and ubiquitin-dependent TRIP6 proteolysis 

(Wang et al., 2017; Gou et al., 2019). We found no expression of TRIP6-

regulatory miR-138-5p in MCF-7 cells. 

We assumed that chromosomal aberrations impact TRIP6 overexpression 

in paclitaxel-resistant MCF-7 sublines from the above findings. As expected, 

the TRIP6 and ABCB1 gene copy number and mRNA level markedly increased in 

taxane-resistant MCF-7 sublines. This clue led us to investigate chromosomal 

aberrations in paclitaxel-resistant MCF-7 sublines by multicolour fluorescence in 

situ hybridization (mFISH). However, observation of multiple clones in early 

MCF-7 cell passages and increased chromosomal instability result in excessive 

karyotype heterogeneity (Resnicoff et al., 1987). Hence, we had also to analyze 

the karyotype of our parental taxane-sensitive MCF-7 cells, where we found 

highly conserved derivative chromosomes der(2)t(2;3) and der(10)t(7;10). 
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Regarding alterations associated with ABCB1 and TRIP6, we found intact 

chromosome 7 in MCF-7 cells, whereas the same chromosome was aberrated in 

paclitaxel-resistant MCF-7 sublines. The amplified ABCB1-TRIP6 segment for-

med a homogeneously stained region in chromosome 3 (MCF-7/PacR) or 19 

(MCF-7/0035R). Detected chromosome 7 structural and numerical aberrations in 

taxane-resistant MCF-7 sublines favour a breakage-fuse-breakage mechanism of 

gene amplification (McClintock, 1941). Notably, both taxane-resistant sublines 

lost derivative chromosome der(18)t(18;22) with an unknown consequence on 

gene expression. 

We found that TRIP6 expression is regulated by cyclic AMP response 

element motif in TRIP6 proximal promoter by dual-luciferase assay and targeted 

mutagenesis. Full CRE motif (ATGCGTCA) encompasses the CpG site. Methyla-

tion of this CpG site suppresses transcription in cis (Tinti et al., 1997). This site is 

not methylated in taxane-sensitive MCF-7 cells and taxane-resistant MCF-7 sub-

lines (chapter 4.4, page 117). However, methylation of CRE in the TRIP6 pro-

moter can represent different TRIP6 expressions in cell lines and tissues. 

In breast cancer patients, TRIP6 mRNA level correlated with progesterone 

receptor and premenopausal status (chapter 4.4, page 120). In the TRIP6 promo-

ter, no motifs associated with hormonal signalling were predicted by the JASPAR 

tool (chapter 4.4, page 116). Thus we suppose that TRIP6 expression would be 

only regulated indirectly by sexual hormones. Furthermore, our findings in breast 

cancer patients did not validate TRIP6 as a marker of poor overall survival and 

relapse-free survival (Zhao et al., 2020). 

Assessment of the function of suspect proteins others than ABCB1 were 

biased by ABCB1 overexpression. Double-knock-down experiments in that 

ABCB1 was one of the targets produced non-sense results. 

  



RESULTS AND COMMENTS 

54 

 

4. PAPERS 

• Němcová-Fürstová V, Kopperová D, Balušíková K, Ehrlichová M, 

Brynychová V, Václavíková R, Daniel P, Souček P, Kovář J. Charac-

terization of acquired paclitaxel resistance of breast cancer cells and 

involvement of ABC transporters. Toxicol. Appl. Pharmacol. 310:215-

228, 2016. doi: 10.1016/j.taap.2016.09.020. 

• Jelínek M, Balušíková K, Daniel P, Němcová-Fürstová V, Kiruba-

karan P, Jaček M, Wei L, Wang X, Vondrášek J, Ojima I, Kovář J. 

Substituents at the C3' and C3'N positions are critical for taxanes to 

overcome acquired resistance of cancer cells to paclitaxel. Toxicol. 

Appl. Pharmacol. 347:79-91, 2018. doi: 10.1016/j.taap.2018.04.002. 

• Daniel P, Halada P, Jelínek M, Balušíková K, Kovář J. Differentially 

Expressed Mitochondrial Proteins in Human MCF7 Breast Cancer 

Cells Resistant to Paclitaxel. Int. J. Mol. Sci. 20(12):2986, 2019. doi: 

10.3390/ijms20122986. 

• Daniel P, Balušíková K, Václavíková R, Šeborová K, Ransdorfová Š, 

Valeriánová M, Wei L, Jelínek M, Tlapáková T, Fleischer T, Kristen-

sen VN, Souček P, Ojima I, Kovář J. ABCB1 Amplicon Contains Cy-

clic AMP Response Element-Driven TRIP6 Gene in Taxane-Resistant 

MCF-7 Breast Cancer Sublines. Genes. 14:296, 2023. doi: 

10.3390/genes14020296. 

  



RESULTS AND COMMENTS 

55 

 

4.1 Paper 1 

CHARACTERIZATION OF ACQUIRED PACLITAXEL RESISTANCE 

OF BREAST CANCER CELLS AND INVOLVEMENT OF ABC 

TRANSPORTERS 

Němcová-Fürstová, V., Kopperová, D., Balušíková, K., Ehrlichová, M., 

Brynychová, V., Václavíková, R., Daniel, P., Souček, P., & Kovář, J. (2016) 

Toxicology and applied pharmacology, 310, 215–228 

https://doi.org/10.1016/j.taap.2016.09.02 

  



RESULTS AND COMMENTS 

56 

 

 

  



RESULTS AND COMMENTS 

57 

 

 



RESULTS AND COMMENTS 

58 

 

 

  



RESULTS AND COMMENTS 

59 

 

 

  



RESULTS AND COMMENTS 

60 

 

 

  



RESULTS AND COMMENTS 

61 

 

 

  



RESULTS AND COMMENTS 

62 

 

 

  



RESULTS AND COMMENTS 

63 

 

 

  



RESULTS AND COMMENTS 

64 

 



RESULTS AND COMMENTS 

65 

 

 

  



RESULTS AND COMMENTS 

66 

 

 

  



RESULTS AND COMMENTS 

67 

 

 

  



RESULTS AND COMMENTS 

68 

 

 

  



RESULTS AND COMMENTS 

69 

 

 

  



RESULTS AND COMMENTS 

70 

 

4.2 Paper 2 

SUBSTITUENTS AT THE C3' AND C3'N POSITIONS ARE 

CRITICAL FOR TAXANES TO OVERCOME ACQUIRED 

RESISTANCE OF CANCER CELLS TO PACLITAXEL 

Jelínek, M., Balušíková, K., Daniel, P., Němcová-Fürstová, V., Kirubakaran, P., 

Jaček, M., Wei, L., Wang, X., Vondrášek, J., Ojima, I., & Kovář, J. (2018). 

Toxicology and applied pharmacology, 347, 79–91 

https://doi.org/10.1016/j.taap.2018.04.002 



RESULTS AND COMMENTS 

71 

 



RESULTS AND COMMENTS 

72 

 



RESULTS AND COMMENTS 

73 

 



RESULTS AND COMMENTS 

74 

 



RESULTS AND COMMENTS 

75 

 



RESULTS AND COMMENTS 

76 

 



RESULTS AND COMMENTS 

77 

 



RESULTS AND COMMENTS 

78 

 



RESULTS AND COMMENTS 

79 

 



RESULTS AND COMMENTS 

80 

 



RESULTS AND COMMENTS 

81 

 



RESULTS AND COMMENTS 

82 

 



RESULTS AND COMMENTS 

83 

 

  



RESULTS AND COMMENTS 

84 

 

 

4.3 Paper 3 

DIFFERENTIALLY EXPRESSED MITOCHONDRIAL 

PROTEINS IN HUMAN MCF7 BREAST CANCER CELLS 

RESISTANT TO PACLITAXEL 

Daniel, P., Halada, P., Jelínek, M., Balušíková, K., & Kovář, J. (2019) 

International journal of molecular sciences, 20(12), 2986. 

https://doi.org/10.3390/ijms20122986 



RESULTS AND COMMENTS 

85 

 



RESULTS AND COMMENTS 

86 

 



RESULTS AND COMMENTS 

87 

 



RESULTS AND COMMENTS 

88 

 



RESULTS AND COMMENTS 

89 

 



RESULTS AND COMMENTS 

90 

 



RESULTS AND COMMENTS 

91 

 



RESULTS AND COMMENTS 

92 

 



RESULTS AND COMMENTS 

93 

 



RESULTS AND COMMENTS 

94 

 



RESULTS AND COMMENTS 

95 

 



RESULTS AND COMMENTS 

96 

 



RESULTS AND COMMENTS 

97 

 



RESULTS AND COMMENTS 

98 

 



RESULTS AND COMMENTS 

99 

 



RESULTS AND COMMENTS 

100 

 



RESULTS AND COMMENTS 

101 

 



RESULTS AND COMMENTS 

102 

 



RESULTS AND COMMENTS 

103 

 



RESULTS AND COMMENTS 

104 

 

 



RESULTS AND COMMENTS 

105 

 

4.4 Paper 4 

ABCB1 AMPLICON CONTAINS CYCLIC AMP RESPONSE 

ELEMENT-DRIVEN TRIP6 GENE IN TAXANE-RESISTANT 

MCF-7 BREAST CANCER SUBLINES 

Daniel, P., Balušíková, K., Václavíková, R., Šeborová, K., Ransdorfová, 

Š., Valeriánová, M., Wei, L., Jelínek, M., Tlapáková, T., Fleischer, T., Kristensen, 

V. N., Souček, P., Ojima, I., & Kovář, J. (2023) 

Genes, 14(2), 296 

https://doi.org/10.3390/genes14020296 

  



RESULTS AND COMMENTS 

106 

 



RESULTS AND COMMENTS 

107 

 



RESULTS AND COMMENTS 

108 

 



RESULTS AND COMMENTS 

109 

 



RESULTS AND COMMENTS 

110 

 



RESULTS AND COMMENTS 

111 

 



RESULTS AND COMMENTS 

112 

 



RESULTS AND COMMENTS 

113 

 



RESULTS AND COMMENTS 

114 

 



RESULTS AND COMMENTS 

115 

 



RESULTS AND COMMENTS 

116 

 



RESULTS AND COMMENTS 

117 

 



RESULTS AND COMMENTS 

118 

 



RESULTS AND COMMENTS 

119 

 



RESULTS AND COMMENTS 

120 

 



RESULTS AND COMMENTS 

121 

 



RESULTS AND COMMENTS 

122 

 



RESULTS AND COMMENTS 

123 

 



RESULTS AND COMMENTS 

124 

 



RESULTS AND COMMENTS 

125 

 



RESULTS AND COMMENTS 

126 

 



RESULTS AND COMMENTS 

127 

 



RESULTS AND COMMENTS 

128 

 



UNPUBLISHED DATA 

129 

 

5. UNPUBLISHED DATA 

5.1 Proteomic analyses 

In paper 3, we aimed to find differentially expressed mitochondrial protein 

in mitochondrial preparations from taxane-sensitive MCF-7 and paclitaxel-

resistant MCF-7/PacR cells by 2-D PAGE. We concluded that QProteome Mito-

chondria Isolation Kit is eligible for this workflow when compared with KIT#1 

based on evidence of mitochondrial fraction cross-contamination by specific anti-

bodies to cytosolic, nuclear, mitochondrial and endoplasmic reticulum proteins 

(chapter 3.5, page 87). 

To gain better insight into the quality of isolated fractions, we compared 

electrophoretic gels between mitochondrial fractions isolated by two commer-

cially available kits. The scans looked quite different (Figure 4.01). For example, 

KIT#2 produced a mitochondrial fraction where most of the keratin 8/18 was 

depleted. Furthermore, enrichment for neutral to basic proteins in KIT#2 is evi-

dent. 

 

Figure 4.01 Representative 2-D PAGE of mitochondrial-enriched fraction from 

MCF-7 cells stained with coomassie brilliant blue. Two kits were compared (KIT#1, 

KIT#2). The most abundant spots obviously correspond to mitochondrial heat-shock pro-

teins Hsp70 and Hsp90 as indicated by its molecular weight. KIT#2 – QProteome Mito-

chondria Isolation Kit. 



UNPUBLISHED DATA 

130 

 

Nevertheless, we found the array of spots corresponding to CPS1 (spot1) 

by comparing mitochondrial fractions we obtained by KIT#1. We were unable to 

clarify septin 2, septin 11 and peroxiredoxin 2 alterations by Western blot. 

 

Figure 4.02 Representative 2-D PAGE of mitochondrial-enriched fraction (KIT#1) 

from MCF-7 cells and paclitaxel-resistant MCF-7/PacR cells. Altered spots are as 

follows: spot 1 – carbamoyl phosphate synthase 1 (CPS1), spot 2 – septin 11 (SEP-

TIN11), spot 3 – septin 2 (SEPTIN2), spot 4 – peroxiredoxin 2 (PRDX2). 

We analyzed mitochondrial fractions isolated by QProteome Mitochondria 

Isolation Kit between MCF-7 cells and Stony Brook Taxane 0035-resistant MCF-

7/0035R cells (Figure 4.03). The preliminary data showed a few suspect spots 

with two-fold difference in spot volume, including a putative ABHD11 spot no. 4. 

There was no change in CPS1 expression. 

Figure 4.03 Representative 2-D PAGE of mitochondrial-enriched fraction (KIT#2) 

from MCF-7 cells and Stony Brook Taxane 0035-resistant MCF-7/SB-T-0035R cells. 

The spots with changed spot volume are depicted by arrows. Spot 1 and spot 2 is 

cathepsin D, spot 4 is abhydrolase domain containing 11. Spots 3 and spot 5 have not 

been analyzed by mass spektrometry. 
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5.2 ABHD11 expression in gynecological cancer 

Assessment of ABHD11 expression by qPCR and Western blot confirmed 

2-D PAGE data with mitochondrial-enriched fractions. In MCF-7/PacR cells, we 

found ABHD11 upregulation, whereas ABHD11 was downregulated in MCF-

7/0035R cells. Such likely reflects alterations in ABHD11 copy number. This data 

also suggest that ABHD11 fluctations are tolerated in MCF-7 cells.  

 

Figure 4.03 ABHD11 is expressed concisely at mRNA and protein level in MCF-

7/PacR cells and MCF-7/0035R subline. From left to right: scatter dot plot showing 

mRNA levels of ABHD11 in MCF-7/PacR and MCF-7/0035R cells (mean value and 

95% CI is shown). The result is statistically significant since the.CI is not crossing the 

zero value representing ABHD11 mRNA level in MCF-7 cells. Representative western 

blot of ABHD11 expression. B-actin serves as a loading control and for data normalizati-

on. Scatter dot plot on the right shows densitometric analysis results.  

ABHD11 controls 2-oxoglutarate (2-OG) level in mitochondria by (Bailey 

et al, 2020). We compared ABHD11 expression between non-tumour and tumour 

ovarian tissues. As markedly seen in Figure 4.04, nearly all ovarian tumour spe-

cimens were positive for ABHD11, whereas non-tumour tissue were absent of 

ABHD11. The underlying mechanisms responsible for ABHD11 expression re-

stricted to ovarian tumour tissue has not been investigated yet. 

Analyses of ABHD11 mRNA and protein expression in larger sample sets 

of ovarian non-tumour and tumour samples with defined mutation landscapes is 

needed. 
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Specific inhibitor, MLL-266, that covalently binds to ABHD11, should be 

screened in vitro and in vivo against patient-derived ovartian xenografts. is also 

available (Bailey et al., 2020). 

 

Figure 4.04 Expression of ABHD11 in ovarian carcinoma and non-tumour 

ovarian tissues. For comparison, β-actin expression is show
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6. CONCLUSIONS 

• Acquired resistance to paclitaxel and Stony Brook Taxane 0035 are medi-

ated by ABCB1 transporter in vitro in MCF-7 cells and SK-BR-3 cells as 

documented by gene expresion analysis and function studies. Other ABC 

transporters such as ABCB4, ABCC2 and ABCC3 can potentially modulate 

resistance phenotype in these cells. Mitochondrial carbamoyl-phosphate 

synthase 1 (CPS1), overexpressed in MCF-7/PacR cells as a result of incre-

ased number of CPS1-positive cells, probably does not contribute to paclita-

xel resistance. 

• Amplification of the large segment adjacent to the ABCB1 gene underpins 

ABCB1 and TRIP6 overexpression in taxane-resistant MCF-7 sublines. The 

amplicon was derived from the locus at intact chromosome 7. Furthermore, 

high TRIP6 expression in MCF-7 and taxane-resistant MCF-7 sublines is 

caused by combination of activity of single cyclic AMP response element in 

the hypomethylated TRIP6 proximal promoter. 

• Taxane derivatives modified at the C3' and C3'N positions can overcome 

acquired resistance to paclitaxel and Stony Brook Taxane 0035 in vitro. Ta-

xanes with two phenyl groups (paclitaxel, SB-T-0035, 10-deacetyl paclita-

xel) are less potent in overcoming acquired resistance to paclitaxel in com-

parison to taxoids with one phenyl group (docetaxel, acetyl docetaxel). Ta-

xoids SB-T-1216 and SB-T-1102 without phenyl groups at the C3 and C3'N 

positions are the most potent agents. 
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