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Abstrakt 

Poruchy v regulaci buněčného cyklu spolu s nadměrnou aktivací proliferace jsou 

hlavními příčinami karcinogeneze. Teoretický úvod práce přibližuje regulační 

mechanismy buněčného cyklu i nejčastěji používaná klinická a experimentální 

cytostatika. Předmětem této disertační práce byla charakterizace protinádorové 

aktivity nízkomolekulárních látek pelorusidu A a semisyntetických derivátů 

triterpenů. Výsledky této práce prokazují, že aktivita pelorusidu A není na rozdíl od 

paklitaxelu negativně ovlivněna hypoxií v podmínkách in vitro. Přestože pelorusid A 

stejně jako paklitaxel stabilizuje mikrotubuly, jejich odlišné β-tubulin vazebné místo 

je zřejmě příčinou  rozdílné citlivosti vůči hypoxií indukovaným změnám v buňkách 

kolorektálního karcinomu. V další části práce byla studována protinádorová aktivita 

nových triterpenů a jejich modulační vliv na buněčný cyklus linie T-lymfoblastické 

leukemie. Cytotoxicita derivátů byla závislá na přítomnosti substituentu v poloze 2 

a korelovala s elektronegativitou substituentu. Nejúčinější deriváty kyseliny 

dihydrobetulinové, oleanonové a methyl betulonátu indukovaly akumulaci buněk 

v S a G2/M fázi buněčného cyklu.    
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Abstract  

The cell cycle is a complex sequence of events that directs cell growth and division. 

Importantly, the cell cycle regulation is frequently impaired in human cancer cells. 

The carcinogenesis relies on the multistep accumulation of genetic alterations that 

results in deregulated tumor growth. The majority of current chemotherapeutics 

activate cell cycle checkpoints such as DNA damage checkpoint or spindle assembly 

checkpoint. Although new targeting strategies are being developed, they still require 

combination with conventional drugs. The theoretical part of the thesis introduces the 

regulation of cell cycle and summarizes the most important anticancer agents 

currently used in clinics as well as novel cell cycle inhibitors. Experimental part 

evaluates anticancer activity of non-taxoid microtubule stabilizing drug peloruside A 

and novel semisynthetic triterpene derivatives. The data show, that in contrast to 

paclitaxel, peloruside A maintains the activity in hypoxia pre-exposured human 

colorectal carcinoma cells. Study of novel triterpene analogues with unknown mode 

of action revealed their cell cycle modulatory properties. The most active derivatives 

of dihydrobetulinic acid, oleanonic acid and methyl betulonate induced cell cycle 

arrest in S or G2/M phase. The study clearly demonstrated that modification of 

triterpenes with electronegative substituents such as fluorine or thiocyanate moiety at 

carbon 2 significantly improve in vitro anticancer activity.  
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I. INTRODUCTION 

1. Cell cycle 

The cell cycle is the period between two mitotic divisions that results in 

division into two daughter cells. The cell cycle can be thus divided into mitosis (M 

phase) and interphase. The most prominent event of interphase is DNA replication (S 

phase) preceded by G1 phase and followed by G2 phase (Fig. 1). These gap phases 

enable cellular growth and synthesis of proteins required for next M phase. Cells in 

differentiated tissues are maintained predominantly in quiescent G0 phase and 

potential cell cycle entry is strictly regulated [1].   

 

Figure 1. The cell cycle with depicted activities of CDK/cyclin complexes. 

Adapted from [2]. 
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1.1. Cell cycle regulation 

Cell cycle entry can be initiated by numerous stimuli including extracellular 

signals (activation of pathways such as RAS, MAPK, mTOR by peptide growth 

factors) or nuclear estrogen receptor activation [1]. The cell cycle is driven by 

sequential activation of cyclin dependent protein kinases (CDKs), a family of 

serine/threonine kinases that coordinate timed progression of cellular events. Five 

members of the protein family contribute to cell cycle regulation. CDK4, CDK6, 

CDK2 and CDK1 are active during different phases of cell cycle. The CDK7 

participates in CDK activating kinase (CAK) complex that activates other CDKs [2]. 

Its role in cell cycle regulation will be discussed later. Other CDKs have a role in 

basal transcriptional processes such as transcriptional initiation, transcriptional 

elongation or RNA processing [3].       

 Cyclins are proteins cyclically expressed in specific cell cycle phases that 

bind to and activate appropriate CDKs (Table 1).  

Table 1. Overview of CDK/cyclin complexes and their most important 

substrates. Adapted from [3]. 

CDK  Cyclin Function Processes 

CDK4/6 D G1–S progression Phosphorylation of Rb stimulates E2F 

Accumulation of FOXM1 

CDK2 E, A G1–S progression         DNA 

replication 

Hyperphosphorylation of Rb 

Centrosome duplication 

Induction of histone synthesis 

Phosphorylation of replication factors 

CDK1 B, A G2–M progression   Mitotic 

entry 

Nuclear envelope breakdown 

Mitotic condensation 

Spindle assembly 

CDK5 p35, p39 Neuronal viability                       Phosphorylation of Rb 

CDK7 H Basal transcriptional 

processes                         

  

  

 

Transcriptional initiation 

Transcriptional elongation 

RNA processing 
CDK8 C 

CDK9 T 

CDK11 L 

 

D-type cyclin expression is dependent on growth factors, whereas levels of 

other cyclins E, A and B are regulated by periodical transcriptional activation and 

proteasomal degradation. CDKs required for G1 entry, CDK4 and CDK6, are 
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activated by cyclin D1, cyclin D2 and D3. Activated CDKs in turn phosphorylate 

substrate proteins required for cell cycle progression, such as Rb or other protein 

substrates. CDK2 is activated by cyclin E in G1 phase and cyclin A in S phase. 

Cyclin A also associates with CDK1 in G2 phase and resulting complex mediate 

mitotic entry. Finally, mitosis is regulated by CDK1 in complex with cyclin B. 

 The activity of CDKs is further controlled by diverse mechanisms (Fig. 2) 

including activating phosphorylations, inhibitory phosphorylations and interactions 

with cyclin dependent kinases inhibitors (CKIs) [3]. CAK complex of CDK7 and 

cyclin H activates CDK2 and CDK1 by phosphorylation of Thr160 and Thr161, 

respectively [4]. In addition, CDK7 is involved in the formation of TFIIH complex 

required for transcription initiation [5]. Inhibitory phosphorylations at tyrosine-15 

and/or threonine-14 of CDK1 are promoted by kinases Wee1 and Myt1. The 

inhibition is reversed by Cdc25 phosphatase that can dephosphorylate these sites. 

Moreover, the activity of cyclin B-CDK1 is regulated spatially. Sequestration with 

14-3-3 proteins during interphase prevents Cdc25 translocation into the nucleus, 

whereas cyclin B is exported to cytoplasm based on its nuclear exclusion signal until 

the beginning of prophase [2].    

Figure 2. Schematic representation of important cell cycle regulatory 

mechanisms. Adapted from [2]. 
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CKI inhibit CDKs by interactions with INK4 family and Cip/Kip family 

members. While INK4 family members p15, p16, p18, and p19(ARF) inhibit CDK4 

and CDK6 before cyclin binding, Cip/Kip family p21, p27, p57 inactivate G1 CDK-

cyclin complexes or cyclin B-CDK1 complex [6]. Proteins p19(ARF) and p21 are 

involved in DNA damage response mediated by p53. Upon DNA damage p21 

inhibits CDKs and prevent transition into next cell cycle phase [7].      

G1 phase          

 Rb phosphorylation plays a central role in so-called restriction point, from 

where the cell completes current cell cycle regardless of growth-promoting and 

growth-inhibitory stimuli. The process is coordinated by cyclin D-CDK4/6 and 

cyclin E-CDK2 complexes particularly by Rb phosphorylation. Rb 

hyperphosphorylation releases E2F transcription factor, allowing transcription of 

cyclin E and CDK-activating Cdc25 phosphatases, which results in further activation 

of cyclin E-CDK2 complexes by positive feedback mechanism [8]. In addition, 

cyclin E-CDK2 activity enables degradation of its own inhibitor p27. CDK2 is 

involved in the initiation of DNA synthesis during S-phase [9]. Cells can activate G1 

DNA damage checkpoint pathways to prevent cell cycle progression with incorrectly 

replicated or damaged DNA [10].              

S phase                          

 DNA synthesis is initiated at replication origins, where origin recognition 

complexes (ORC) form pre-replicative complexes (pre-RC). Pre-RCs conversion into 

replication forks requires origin unwinding by helicases, stabilization of single-

stranded DNA by replication protein A (RPA) and recruitment of polymerases [11], 

[12]. DNA polymerases are enzymes that copy template DNA into new 

complementary DNA strands. There are at least three polymerases α, δ and ε 

involved in DNA replication. DNA polα synthesizes short RNA primers for leading 

and lagging strand synthesis and is replaced by the following two polymerases with 

greater processivity and proofreading exonuclease activity [11]. The leading DNA 

strand is extended continuously in the direction of the fork opening, while the 

lagging strand is elongated in the opposite direction in short segments, named 

Okazaki fragments [13]. The nucleosomes are disrupted, as the replication fork 

passes, and again reassembled from the former and newly synthesized histone 

proteins [14]. DNA replication is driven by cyclin A/E-CDK2 complexes and tightly 

controlled to occur only once per cycle [15]. The centriole duplication takes part in 
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S-phase after phosphorylation of centrosomal substrates by CDK2 [1].       

G2 phase         

 Cyclin A-CDK1 binding promotes cell cycle progression during the G2 

phase. Also, it induces transcription of cyclin B, that plays a major role in mitotic 

entry and during mitosis. Mitotic events are directed by cyclin B-CDK1 complex, 

also referred as the mitosis-promoting factor (MPF). A complex interplay is 

regulated by cellular localization of cyclin B-CDK1. During G2, it is imported via 

importin β into the nucleus to phosphorylate its  nuclear substrates [16].      

M phase          

 The most characteristic event of M phase is mitosis comprised of several 

substages and followed by cytokinesis. Prophase events include chromosomal 

condensation and nuclear envelope disassembly mediated by phosphorylation of 

histone H3 and nuclear lamins by active CDK1. Centrosomes with duplicated 

centrioles start organization of microtubules into the mitotic spindle. In metaphase, 

kinetochore microtubules align chromosomes at the equatorial plate, whereas 

radiating microtubules anchore centrosomes to poles. In anaphase, kinetochore 

microtubules shorten and pull sister chromatids of each chromosome toward the 

opposite pole. Separation of sister chromatids is facilitated by topoisomerases. 

During telophase chromosomes decondense and the nuclear lamina is reassembled 

[1].           

Cytokinesis          

 At the end of mitosis, cytokinesis completes cell division into two daughter 

cells. The process is conserved among eukaryotic organisms and temporally 

coordinated to ensure spatial segregation of genetic material and physical separation 

of cells. Similarly to mitosis, cytokinesis is highly dependent on microtubule 

cytoskeleton. After chromosome segregation in anaphase, microtubules assemble in 

midzone and form the midbody. Subsequently, microtubules of the spindle midzone 

promote ingression of the cleavage furrow by constriction of  actomyosin ring that 

remodels the plasma membrane [17], [18]. The forces of contractile ring are 

generated mainly by actin filaments and myosin-II motor proteins [19]. In addition, 

successful cytokinesis requires kinase activity of Polo and ABI complex. The final 

step in cytokinesis is resolution of the midbody and abscission, which results in 

physical separation of the daughter cells [20]. 
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1.2. Cell cycle in cancer 

Carcinogenesis is a multistep process characterized by the accumulation of 

genetic alterations that influence key cellular pathways involved in growth and 

development [21]. Alterations in the genetic control of cell division are frequently 

responsible for deregulated proliferation. These alterations occur particularly in two 

classes of genes referred as proto-oncogenes and tumor suppressor genes. While 

proto-oncogenes in normal cells stimulate cell proliferation, their mutated forms in 

cancer cells promote uncontrolled growth. In contrast, products of tumor suppressor 

genes inhibit cell cycle progression. Mutations or deletions of tumor suppressor 

genes lead to dysfunction of cell cycle regulatory pathways [2].    

 The most known tumor suppressors are p53, ATM (ataxia telangiectasia 

mutated), p16, Rb and BRCA1. The loss of checkpoint function imparts substantial 

growth advantages to cancer cells and contribute to the lowered sensitivity to the 

growth signals [22]. The proteins encoded by oncogenes usually act as transcription 

factors, growth factors, growth factors receptors, signal transducers, chromatin 

remodelers or regulators of apoptosis (Table 2). Oncogenes can be activated by 

structural alterations such as mutations, gene fusions, amplifications or translocations 

[23]. Importantly, oncogenic proteins constitute significant therapeutic targets (Table 

3).  

Table 2. Examples of oncogenes. Adapted from [24], [23]. 

Class Gene 

Growth factors SIS (PDGF-β) 

Growth factors receptors EGFR 

 

ERBB2 

 

KIT 

Signal transducers ABL 

 

SRC 

 

AKT 

 

RAS 

 

RAF 

 

MOS 

Transcription factors MYC 

 

FOS 

 

JUN 

 

GLI 

Regulators of apoptosis Bcl-2 

Chromatin remodelers MLL 
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Table 3. Small molecules and monoclonal antibodies targeting oncogenic 

proteins. Adapted from [23]. 

 

 

Other factors that contribute to carcinogenesis are often associated with 

cyclins and cell cycle modulators. Most notably, cyclin D and CDK4 are frequently 

overexpressed in many cancer types including carcinomas of head and neck, cervical 

carcinomas, astrocytomas, non-small-cell lung cancers and soft tissue sarcomas. The 

overexpression is promoted by amplification or rearrangement of genes encoding 

cyclin D1, D2 and D3 [25]. In contrast, molecular analysis of breast cancer samples 

revealed that gene encoding cyclin E is rarely amplified, however its overexpression 

is caused by alterations in its degradation pathway. Although concomitant 

overexpression of cyclin D1 and E is rare, such alterations contribute to 

dysregulation of G1/S transition by E2F activation independently of Rb [21]. 

  Another hallmark of cancer is abnormal chromosome number (aneuploidy) 

and chromosomal instability (CIN). Aneuploidy is a contributing factor in 

tumorigenesis, that results in segregation errors in mitosis manifested by 

multipolarity, abnormal centrosome number, defects in spindle assembly checkpoint 

(SAC) signaling and errors during cytokinesis. Cancer cells exhibiting CIN are 

incapable of equal chromosome segregation and gain or  lose chromosomes or their 

parts [26].  
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1.3. Cell cycle checkpoints 

Cell cycle checkpoints ensure normal cell cycle progression and tightly 

control completion of preceding phase before entry into the following phase (Fig. 3). 

While G1 and S phase checkpoints prevent replication of damaged DNA, G2 

checkpoint prevents segregation of damaged DNA into daughter cells [15].  

 

Figure 3. Cell cycle checkpoints induced by DNA damage. Adapted from [27]. 

The central role in  G1 DNA damage checkpoint network play the 

phosphoinositide 3-kinase related kinases ATM, ATR (ATM- and Rad3-related) and 

their downstream substrates Chk1 and Chk2 that can mediate G1, S or G2 phase cell 

cycle arrest in response to DNA lesions [10], [28]. While ATM responds in particular 

to double-stranded DNA breaks (DSBs), ATR is activated by a variety of DNA 

lesions [29]. DSBs, induced by a plethora of physiologic and pathologic causes 

(ionizing radiation, oxidative free radicals, topoisomerase failure or breaks during 

recombination), are recognized by the Mre11–Rad50–Nbs1(MRN) complex [30], 

[10]. The signal is transduced by DNA damage sensors and adaptor proteins H2AX, 

ATRIP, 53BP1, MDC1, and BRCA1 to ATM that stabilize p53 and prevents its 

degradation by abrogation of p53–MDM-2 interaction [28]. Stabilization of p53 

promotes its transcriptional activity and expression of p21, which in turn inhibits 
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CDK2 activity and results in cell cycle arrest. Moreover, Chk1 or Chk2 mediate G1 

arrest through inactivation of Cdc25A [7].       

 Intra-S-phase checkpoint uses basically the same ATM/ATR–Chk2/Chk1–

Cdc25A–CDK2 signaling axis, however, the main consequence is an extension of 

DNA replication time. The underlying mechanism involves blocking of Cdc45 that is 

required for initiation of DNA replication. Delayed replication then enables DNA 

repair.           

 Similarly to previous checkpoints, the G2/M checkpoint is determined by the 

type of DNA lesion and results in Cds25A-dependent cell cycle arrest. Also, both 

Chk1 and Chk2 upregulate Wee1, an inhibitory kinase of cyclin B-CDK1 complex, 

that prevents entry into mitosis [7], [31]. The checkpoint mechanisms can be either 

p53-dependent or p53-independent [22]. For example, DNA damage in p53 deficient 

cells activates p38MAPK/MK2 stress kinase pathway independently of Chk1 [32]. 

1.4. Role of p53 in cell cycle control 

Tumor suppressor protein p53 plays a central role in response to stress factors 

which can promote cell cycle arrest and apoptosis [33]. The level of the p53 

transcription factor is regulated by numerous positive and negative feedback loops. 

The most known is p53/MDM-2/p19(ARF) autoregulatory loop (Fig. 4) [34]. MDM-

2 is an ubiquitin ligase that mediates p53 rapid proteasomal degradation. Thus p53 

half-life is approximately 5-30 minutes and its cellular level very low. MDM-2 itself 

is a product of the p53 inducible gene; thereby these two partners form a negative 

feedback loop [35]. In addition, p53 turnover is modulated by p19(ARF). It was 

shown to inhibit nuclear export of MDM-2 and thus stabilize p53 [36]. The 

p19(ARF) level is negatively regulated by p53 and stimulated by E2F, β-catenin, Ras 

and MYC proteins [34].  

  

Figure 4. p53/MDM-2/p19/14 ARF loop. Adapted from [34]. 
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Activation of p53 is induced by diverse stress signals and mediated by post-

translational modifications such as phosphorylation, acetylation, methylation and 

ubiquitination (Fig. 5). Interestingly, the response strongly depends on nature and 

duration of stress signal. While mild stress leads to transient cell cycle arrest and 

activation of repairing mechanisms, severe stress results in irreversible response such 

as apoptosis [37]. Activated p53 induces transcription of target genes including p21, 

14-3-3, growth arrest and DNA damage-inducible 45 protein (GADD45) and 

proapoptotic proteins Bax, Puma and Noxa [38], [39]. The induction of apoptosis is 

not solely dependent on the ratio of pro- and antiapoptotic proteins,  because p53 

itself can directly interact with Bcl-2 family members. It has been shown that p53 

can directly antagonize  antiapoptotic Bcl-2 proteins or alternatively, directly bind 

proapoptotic Bcl-2 family members and induce permeabilization of mitochondria 

[37], [40]. 

 

Figure 5. Schematic view of the p53 pathway. Adapted from [33]. 

p53 also plays an important role in metabolic homeostasis, because it 

contributes to the metabolic regulation of glycolysis, oxidative phosphorylation and 

response to oxidative stress [41]. Although wild-type p53 acts as a tumor suppressor, 

mutant p53 can have an oncogenic activity through its gain-of-function. There is 

a large body of evidence that mutant p53 reprogrammes cancer cell metabolism. It 

has been shown that it stimulates Warburg effect by increasing glucose uptake, 

increases metabolic utilization of pyruvate and alters nucleotide metabolism [42]. 
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1.5. Spindle assembly checkpoint 

The metaphase to anaphase transition is regulated by spindle assembly 

checkpoint (SAC) that control kinetochore attachments to spindle microtubules. 

Kinetochores are multiprotein complexes at the centromere of each sister chromatid 

that enable microtubule-chromosome contact. Accurate chromosome segregation 

during cell division is vital for genome integrity, because chromosome mis-

segregation leads to aneuploidy. The kinetochore–microtubule attachments develop 

during prometaphase trough transient intermediates such as monotelic attachments 

when only one of the sister kinetochores is bound to microtubules from one spindle 

pole, and lateral attachments characterized by attachment of kinetochore to the side 

wall of microtubules (Fig. 6). In the amphitelic attachment, the sister kinetochores 

are correctly connected to microtubules from opposite poles, resulting in bi-oriented 

chromosomes. However, there are also erroneous connections such as syntelic and 

merotelic attachments. While attachment of both sister kinetochores to microtubules 

from the same spindle pole is referred as syntelic, merotelic attachment binds 

a single kinetochore to microtubules from both spindle poles [43], [44].

 

Figure 6. Kinetochore-microtubule attachments. Adapted from [44]. 

The progression through mitosis critically depends on efficient error 

correction that is achieved by sensing the tension forces characteristic for bi-oriented 

kinetochores. Incorrect attachments with low tension are destabilized by  Aurora A 

and Aurora B kinase activity and get another chance for bi-orientation [45]. Although 

successful attachments are robust enough to promote faithful chromosome 

segregation, the proteasome-dependent decrease in cyclin A level further stabilizes 

the attachments in metaphase [46]. Importantly, the regulation of spindle microtubule 

attachment is often disrupted in cancer cells with CIN. Nevertheless, errors in 

kinetochore-microtubule attachment are common due to stochastic microtubule 
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capture in early phases of mitosis. Thus, the precision of attachments is regulated by 

multiple mechanisms (Fig. 7). 

 

 

Figure 7. The regulatory networks at kinetochore-microtubule attachment. 

Adapted from [43]. 

KMN network consists of kinetochore proteins that directly bind to 

microtubule plus end. It is composed of kinetochore null protein 1 (KNL1), mis-

segregation 12 (MIS12) and the nuclear division cycle 80 (NDC80) complexes. The 

microtubule-binding affinity of KMN is negatively regulated by Aurora B kinase. 

 Core control network regulates kinetochore-microtubule attachment stability. 

Core control network is composed of SAC, CDKs,  Polo-like kinase 1 (PLK1) and 

Aurora kinases that receive the signals from KMN network. PLK1 phosphorylates 

BUB1-related kinase 1 (BubR1) and thus stabilizes kinetochore-microtubule 

attachments. In contrast, phosphorylation of kinesin family member 2B (KIF2B) by 

PLK1 destabilizes these attachments and enables repair of kinetochore-microtubule 

attachment errors. Protein phosphatases PP1 and PP2A form a negative feedback by 

dephosphorylating PLK1 and Aurora B substrates [43]. BOD1 is a small 

kinetochore-associated protein required for mitotic chromosome alignment. It 

regulates PP2A phosphatase activity at the kinetochore to ensure efficient 

chromosome congression and maintenance of chromatid cohesion [47].  

 Although survivin belongs to the family of inhibitor of apoptosis proteins 

(IAPs), the main molecular function of survivin is linked to the control of SAC and 

cytokinesis. During early mitosis, survivin associates with Aurora B, Borealin and 

inner centromere protein (INCENP) to form a chromosomal passenger complex 
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(CPC) that corrects non-bipolar microtubule-kinetochore interactions. By regulating 

the chromosomal segregation, survivin prevents aneuploidy in a p53 independent 

manner [48]. Control of mitotic progression by the SAC is active in prometaphase 

and turns off in metaphase when chromosomes are bi-oriented. SAC proteins Mad1, 

Mad2, Bub1, Bub3, BubR1, Mps1, and Cdc20 are recruited to kinetochores, where 

they assemble the mitotic checkpoint complex (MCC), which inhibits the anaphase 

promoting complex or cyclosome (APC/C) [49]. Checkpoint proteins inhibit APC/C 

mediated cyclin B ubiquitination and degradation until all kinetochores are attached. 

Once all kinetochores have proper attachment and the SAC is inactivated, cyclin B is 

degraded and enables progression to anaphase [50].     

 The mitotic failure leads to the type of cell death called mitotic catastrophe 

(Fig. 8).  

 

Figure 8. Mitotic catastrophe. Adapted from [51]. 

Mitotic catastrophe is by definition an intrinsic oncosuppressive mechanism 

that senses mitotic failure and responds by driving a cell to an irreversible 

antiproliferative fate of death or senescence [51]. Mitotic catastrophe can be 

subdivided into two types. It can occur during metaphase in a p53 independent 

manner or after failed mitosis in p53 dependent manner.     
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 The exit of cells with activated SAC from metaphase-anaphase arrest is called 

mitotic slippage [52]. Mitotic slippage is a phenomenon characterized by tetraploid 

DNA content after  mitotic exit without cytokinesis. Although the cell cycle is 

blocked by SAC checkpoint activity, prolonged arrest still enables slow but 

continuous proteasomal degradation of cyclin B. Abnormal mitosis results in 

multinucleated cells that can consequently arrest at G1 and die through p53-

dependent apoptosis or do not arrest at G1 and enter S phase and die through necrosis 

[53]. The G1 arrest in the presence of p53 is promoted by induction of p21 and 

irreversibly prevents further propagation of errors [52]. 

1.6. Cell cycle as therapeutic target 

Many conventional chemotherapeutics act through activation of cell cycle 

checkpoints (Fig. 9). Genotoxic agents and ionizing radiation induce G1 or G2 

checkpoint arrest, 5-florouracyl and other inhibitors of DNA replication trigger 

S phase block, whereas microtubule targeting agents (MTAs) activate mitotic arrest  

[22]. An attractive strategy for cancer treatment is restoring of cell cycle control by 

CDK inhibitors [54]. The MTAs will be discussed in detail in following chapters 

together with an overview of the small-molecule inhibitors from other drug classes.  

 

Figure 9. Cell cycle checkpoints activated by internal and external stresses [22]. 
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Irreparable DNA damage ultimately leads to apoptosis or senescence. 

However, the presence of functional checkpoint pathways and DNA repair 

mechanisms may to some extent reduce the efficacy of these compounds. For 

example, the arrest can be reversed once the DNA damage has been repaired and 

tumor cell can re-enter the cell cycle. On the other hand, checkpoint control in cancer 

cells is frequently altered. Numerous types of cancers with p53 mutation or 

deficiency are incapable of G1 checkpoint arrest and following DNA damage 

depends on compensatory G2 checkpoint promoted by ATR/Chk1 and ATM/Chk2. 

As a result, these cells are more sensitive to inhibitors of Chk1 and inactivation of 

the G2 checkpoint [55]. Thus the defects in checkpoint machinery can be exploited 

for cancer treatment.          

 This concept referred as synthetic lethality is based on simultaneous 

inactivation of two genes that results in cell death [56]. In the case of Chk1 

inhibition, the loss of p53 sensitizes cancer cells to genotoxic stress (Fig. 10). 

Another example is the treatment of BRCA1/2 deficient cancer cells with poly-

(ADP) ribose polymerase (PARP-1) inhibitors. In this case, PARP-1 mediated base 

excision repair compensates for defective double-strand DNA break induced DNA 

repair by homologous recombination [57].   

Figure 10. Strategy of synthetic lethality based on inhibition of DNA-damage 

repair pathways. Adapted from [56]. 
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1.7. Apoptosis induced by chemotherapeutics  

Currently used anticancer therapeutics target fundamental cellular processes 

such as DNA replication and chromosome segregation or induce DNA damage 

directly. These interventions activate multiple mechanisms in order to protect the 

genomic integrity and promote survival of the organism. The cell can either employ 

DNA repairing mechanisms or induce apoptosis [58]. The central event in intrinsic 

apoptosis is permeabilization of the outer mitochondrial membrane (OMM) and 

cytochrome c release (Fig. 11). The exact mechanism of OMM is still matter of 

debate and formally divided into phenomenons of permeability transition pore (PTP) 

formation and  Bcl-2 family members mediated permeabilization [59]. While these 

two processes have been historically considered as independent, there is evidence of 

a connection between these events. For example, they ensure rapid and complete 

cytochrome c release by the mechanism of mitochondrial cristae reorganization [60]. 

Soluble proapoptotic proteins in turn activate caspases-2, 3 and 6. AIF can also 

induce caspase-8 cleavage. DNA fragmentation, another hallmark of apoptosis, is 

induced by  caspase mediated PARP cleavage or in caspase-independent manner by 

AIF [61]. 

 

Figure 11. Intrinsic pathway of apoptosis. Adapted from [62]. 



 

27 
 

PTP structure 

The initial model of PTP included voltage dependent anion channel (VDAC) 

located on outer mitochondrial membrane and adenine nucleotide transporter (ANT) 

on inner membrane surrounded by translocator protein (TSPO), hexokinase II 

(HKII), cyclophilin D, creatine kinase, glycogen synthase kinase 3 β (GSK3 β) and 

Bcl-2 family proteins. Revisited model is based on F1/F0 ATP synthase organized 

into super-structures with regulators ANT and inorganic phosphate transporter (PiC), 

which are modulated by hexokinase II, VDAC, TSPO and creatine kinase. GSK3 β 

and Bax/Bak facilitate mitochondrial network fragmentation and mitochondrial 

swelling upon mitochondrial pore transition induction [63]. Cyclophilin D is 

probably not a structural component of PTP, but plays a regulatory role. It can be 

modified by several post-translational modifications and interact with Bcl-2, GSK3 

β, F1/F0 ATP synthase and chaperones HSP60 and HSP90 [64]. The PTP formation 

is also regulated by Ca
2+

 and metabolites ATP, ADP and inorganic phosphate [65]. 

The role of lipids, protein-lipid interactions and mitochondrial membrane 

composition is not clearly elucidated [66].        

Bcl-2 family members            

 Bcl-2 family members regulate apoptotic mitochondrial pathway by mutual 

interactions on the mitochondrial outer membrane. Diverse stimuli, including 

chemotherapeutic agents or oncogenic stress, activate BH3-only family members, 

which enable activation of the pro-apoptotic effectors Bax and Bak by releasing them 

from inhibition mediated by pro-survival Bcl-2-like proteins. Pro-apoptotic and anti-

apoptotic Bcl-2 family members can interact in membranes and set the apoptotic 

threshold, which may either result in membrane permeabilization and subsequent 

cytochrome c release or prevent it [67]. Bcl-2 family consist of three functionally and 

structurally distinct subgroups: BH3 (Bcl-2 homology 3)-only proteins (apoptosis 

initiators), the pro-survival proteins such as Bcl-2 itself, and the pro-apoptotic 

proteins Bax (Bcl-2-associated X protein) and Bak (Bcl-2 antagonist/killer) [68]. An 

anti-apoptotic subgroup consisting of Bcl-2, Bcl-xL, Bcl-w, A1 and MCL-1 preserve 

outer mitochondrial membrane (OMM) integrity by directly inhibiting the 

proapoptotic Bcl-2 proteins.  
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Figure 12.The antiapoptotic BCL-2 protein binding profiles for the BH3-only 

proteins. Adapted from [69]. 

 

 

The proapoptotic Bcl-2 members are divided into the effector proteins Bax, 

Bak and the BH3-only proteins. BH3-only proteins Bad, Bik, BMF, bNIP3, HRK, 

Noxa and Puma are capable to bind and neutralize antiapoptotic Bcl-2 proteins (Fig. 

12) [70], but their role in Bax/Bak activation is not completely understood. Bid 

(tBid), Bim, and Puma, exert an additional activity of directly activating Bax/Bak in 

vitro, however recently was shown, that they are not essential for activating Bax/Bak 

once the anti-apoptotic Bcl-2 proteins are neutralized [71]. Bax/Bak activation results 

in mitochondrial outer membrane permeabilization and release of cytochrome c, 

Smac/DIABLO, Omi/HtrA2, endonuclease G (EndoG) and apoptosis-inducing factor 

(AIF) and other intermembrane space proteins to the cytosol [70]. 

Apoptosome formation and DNA fragmentation    

 Released proteins activate downstream proteins responsible for typical 

features of apoptosis. Cytochrome c participate with Apaf-1 and dATP in the 

formation of the apoptosome, caspase-9 activation and triggering caspase cascade 

[72]. The important consequence of caspase activation is a loss of mitochondrial 

structural integrity and failure in ATP production [73]. Smac/DIABLO and 

Omi/HtrA2 derepress caspase activation by binding to and antagonizing inhibitors of 

apoptosis proteins (IAP) [74]. Moreover, Omi/HtrA2 has the potential to induce 

apoptosis in cells independently of its IAP binding activity through its function as 

a serine protease [75]. AIF and endonuclease G translocate from the intermembrane 

space to the nucleus, where they are involved in chromatin condensation and DNA 

fragmentation in caspase-independent fashion [76].   
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Caspases         

 Caspases are endoproteases involved in cell death or inflammation. They are 

produced as inactive zymogens, which upon activation acquire specific protease 

activity and cleave substrates after aspartate residues. Their activation by 

dimerization or cleavage triggers a cascade of signaling events responsible for 

controlled degradation of cellular substrates. On the other hand, caspases or other 

substrates can become also activated by the cleavage and contribute to an 

amplification of the cascade [77]. In the context of cell death, caspases can be 

divided into initiator caspases-2, 8, 9, 10 and executioner caspases-3, 6 and 7. 

Activation of both classes is precisely controlled by posttranslational modifications 

(phosphorylation, ubiquitylation, nitrosylation) or inhibitory interactions with other 

proteins such as an inhibitor of apoptosis proteins (IAPs) and FLICE-like inhibitory 

protein (FLIP) [78]. 

2. Cell cycle targeting agents 

2.1. Microtubule targeting agents 

Microtubules  

 Microtubules form a dynamic cytoskeletal network, which enables  

movement of vesicles,  organelles, chromosomes or other cellular structures inside 

the cells [79]. Microtubule typically consists of 13 protofilaments assembled from 

α and β tubulin heterodimers and this organization is responsible for microtubule 

polarity and its dynamic nature. Microtubule minus end is anchored at centrosome 

while plus end grows by addition of GTP-bound β-tubulin. GTP-bound tubulin 

stabilize newly assembled subunit, however GTP is hydrolyzed by tubulin GTPase 

activity to GDP-tubulin which is more prone to depolymerization. Upon 

depolymerization, GDP-tubulin is released and requires nucleotide exchange to 

regenerate into polymerizable GTP-tubulin [80]. Furthermore, MT dynamics is 

controlled by other proteins such as stathmin or microtubule associated proteins 

(MAPs), which regulate microtubule stability depending on cell cycle events  [81]. 

α- and β-tubulin structure         

 α- and β-tubulin monomers share some structural similarities such as 

nucleotide-binding domain (GTPase domain) at the N-terminus (loops T1–T5), small 

globular (activation) domain (helixes H8-H10 and a beta sheets S7-S10) and 

C-terminal domain (H11-H12). On the other hand, the difference in helix H8 has an 
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impact on GTP hydrolysis during microtubule extension. While GTP bound to 

α-tubulin is non-exchangeable and is not hydrolyzed, GTP bound to β-tubulin at the 

plus end of growing microtubule is hydrolyzed upon interaction with α-tubulin 

subunit of the free dimer. Differences in loop T5 play probably a role in strength and 

reversibility of longitudinal contacts between tubulins [82], [83]. The longitudinal 

tubulin interactions between α-tubulin helix H8 and  β-tubulin subunit of adjacent 

dimer formed by loops S3-H3, S5-H5, and H11-H11 implicate microtubule lattice 

organization [84]. 

Microtubule nucleation      

 Centrosomes form the microtubule organizing centers (MTOCs) that nucleate 

microtubule assembly and establish microtubule polarity (Fig. 13c). Microtubule 

nucleation is regulated by γTuRC which acts as microtubule template. γ-tubulin 

complex proteins (GCPs) associate with γ-tubulin to form γ-tubulin small complex 

(γTuSC), a core of the microtubule nucleating machinery. The γTuSC consists of two 

γ-tubulin subunits and one GCP2 and GCP3 (Fig. 13a). The γTuSCs then assemble 

with GCP4, GCP5 and GCP6 into the γTuRC (Fig. 13b). According to the template 

model, 6 γTuSC subunits present ring of γ‑tubulins that make longitudinal contacts 

with α- and β-tubulin and allow further growth of microtubule plus end [85], [86].   

 

Figure 13. Template model of microtubule nucleation. Adapted from [85]. 
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Centrosomes 

During cell cycle the centrosome undergoes duplication in a highly regulated 

manner (Fig. 14). In addition, it plays a critical role in mitotic spindle organization. 

Centrosome consists of a pair of centrioles and as a result of cell division, cells begin 

the cell cycle with exactly one centrosome. Doubling mechanism results in 

asymmetric duplication of centrioles and as a consequence, the centrosome consists 

of one original centriole and one newly formed. The original centriole harbours 

subdistal and distal appendages that play crucial roles in anchoring microtubules. 

The pair of centrioles is embedded in the pericentriolar matrix (PCM). The PCM 

contains microtubule nucleating centres γ-TuRCs [87], [88]. Centrosome replication 

begins at the G1/S transition with nucleation of a procentriole at the proximal end of 

the mother centriole (Fig. 14). During S and G2 phases, the elongation of centrioles 

is stimulated by overexpression of centrosomal protein CPAP. In G2 phase, PLK1 

and Aurora A kinases induce centrosome maturation characterized by recruitment of 

PCM proteins and increased the ability to nucleate microtubules. Finally, the 

connecting linker is detached by Nek2 kinase and a kinesin related motor protein Eg5 

and centrosomes are separated [87]. 

 

Figure 14. Centrosome cycle. Adapted from [87]. 
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Spindle assembly  

The mitotic spindle is a bipolar array of microtubules constituted of 

kinetochore microtubules (K-MTs), non-kinetochore microtubules (nK-MTs) and 

astral microtubules (Fig. 15). Attachment of a number of K-MTs to a kinetochore 

leads to their stabilization into a kinetochore fibre (K-fibre), which mediates 

chromosome movement. The role of astral microtubules resides in positioning 

spindle through contacts with the cell cortex.  

 

Figure 15. Mitotic spindle assembly. Adapted from [43]. 

Formation of the mitotic spindle is driven by centrosome-, chromatin- and 

microtubule-mediated microtubule nucleation pathways. In contrast to the initial 

“search and capture“ model that assumes only stochastic search of microtubules, it is 

now widely accepted that there are additional factors facilitating spindle assembly. 

Chromatin mediated nucleation pathway creates a localized biochemical gradient of 

RanGTP-RanGDP that supports the nucleation and growth of microtubules. The 

RanGTP gradient is established by the association of its guanine nucleotide exchange 

factor RCC1 with the chromatin and cytoplasmic localization of GTPase-activating 

protein RanGAP1 [89]. Another mechanism involves regulation of microtubule 

nucleation via chromosome passenger complex. It is presumably a RanGTP 
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independent mechanism that negatively regulates microtubule depolymerizing 

proteins, such as mitotic centromere-associated kinesin (MCAK) and 

Op18/Stathmin, thereby facilitating microtubule stabilization. Chromosome 

movement and precise arrangement of microtubules are controlled by molecular 

motors. Transport towards plus ends is promoted by the large family of kinesins, 

whereas only one cytoplasmic dynein is recruited for the minus end transport.  

Moreover, there were identified more than 200 MAPs essential for spindle assembly. 

Therefore mechanistic details of microtubule nucleation pathways and their 

coordination remain to be revealed [90]. 

Microtubule targeting agents 

MTAs usually halt cell cycle in mitosis when mitotic spindle microtubules 

organize the precise division of chromosomal material (Fig. 16).  

 

Figure 16. Immunofluorescence images of microtubules in HCT116 cells. Cells 

were treated with 1 µM nocodazole, 1 µM paclitaxel and DMSO (control) for 24 hours. α tubulin was 

visualized by FITC and nuclei stained with DAPI, 100x objective. 

Thus, interference with mitotic spindle assembly is conventionally considered 

as a primary cytotoxic mechanism of MTAs [91]. There is, however, a large body of 

evidence that interphase microtubule network is also significantly affected by MTAs. 

These effects include axonal transport, transcription, translation, mitochondrial 

permeability, immune cell function, directional migration and centrosome clustering 
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[92]. An important target of some MTAs is tumor vasculature since tumor blood 

vessels display differential sensitivity to MTAs compared with normal vessels [93]. 

Abnormal organization of endothelial cells is more prone to damage of cytoskeleton 

and cell junctions and consequent tumor vasculature disruption leads to tumor 

ischemia and necrosis [94].       

 MTAs are structurally heterogeneous compounds, which bind to different 

sites of tubulin protein and stabilize assembled tubulin subunits or prevent their 

polymerization (Table 4, Fig. 17). The nature of interactions is also diverse, ranging 

from weak non-covalent to very strong or covalent.  

Table 4. Tubulin binding sites with the most important ligands. 

 

 

Figure 17. Visualization of MTAs binding sites on tubulin protofilament. The 

figure was prepared in collaboration with Pavlo Polishchuk Ph.D., M.Sc.; α-tubulin – pink, β-tubulin 

– blue, RB3/stathmin-yellow.  

http://imtm.cz/users/pavlo-polishchuk
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Colchicine binding site  

Colchicine is a plant alkaloid from Colchicum autumnale with anticancer and 

anti-inflammatory properties. Colchicine prevents proper tubulin polymerization by 

binding to β-tubulin subunit at the interface with α-tubulin. The tubulin assembly 

can, however, occur with the production of the curved tubulin dimer [95]. In addition 

to tubulin assembly inhibition, colchicine-site compounds stimulate tubulin-

promoted GTP hydrolysis in a reaction uncoupled from polymerization [96].  

Vinca alkaloids 

The vinca domain is composed of two neighbouring α and β-tubulin 

heterodimers since structural elements of both partners have been shown to 

contribute to ligand binding (Fig. 17) [97]. Therefore ligand acts as a wedge between 

two tubulin dimers and inhibits curved to straight conformational transition required 

for microtubule growth [84]. The presence of vinca site ligand can, however, lead to 

the formation of ring-like non-functional aggregates, which also contribute to 

microtubule destabilization. Affinities of the resulting liganded heterodimers for such 

polymerized spiral oligomers slightly affect overall affinity, despite the affinities 

towards tubulin heterodimers are comparable [98]. Vincristine (Fig. 18) and 

vinblastine are naturally occurring vinca alkaloids isolated from Catharanthus 

roseus, whereas vinorelbine, vinflunine (20,20-difluoro-3,4-dihydrovinorelbine) and 

vindesine are semi-synthetic analogues [99]. 

 

  

Figure 18. The structure of vincristine sulfate  
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Maytansine-site 

Maytansine-site is a binding site on β-tubulin involved in the formation of 

longitudinal contacts in microtubules. It is targeted by maytansine, its analogues and 

other compounds such as rhizoxin and PM060184. Binding of the ligand prevents 

longitudinal tubulin interactions and also binding of vinca-binding site ligands to 

vinca domain [100].  

Taxoid site 

Paclitaxel inhibits tubulin depolymerization by stabilizing longitudinal 

contacts and lateral interactions between protofilaments [101]. Paclitaxel (Fig. 19) 

was first isolated from the bark of Taxus brevifolia. Despite having a complex 

structure and poor water solubility, its preparation was solved by a semisynthetic 

method and aqueous solubility by formulation in Cremofor. The Cremofor-free 

paclitaxel formulations are designed in order to eliminate hypersensitivity reactions 

[102]. Novel strategies are being developed to improve efficacy in hypoxic tumors 

and tumors with MDR phenotype [103]. Paclitaxel derivative docetaxel is used for 

the treatment of solid tumors including breast, prostate, lung, ovarian and gastric 

cancer [104]. Cabazitaxel is semisynthetic taxane with antitumor activity regardless 

innate or acquired resistance. The preclinical study reported that it possess significant 

activity even in cancers resistant to other taxanes [105].  

 

       

Figure 19. The structure of paclitaxel.  
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Non-taxoid site ligands 

Laulimalide 

Marine product laulimalide (Fig. 20) is microtubule stabilizing agent that 

similarly to peloruside A interacts with β-tubulin site distinct from paclitaxel. 

Interestingly, the compounds display notable synergy with paclitaxel, epothilone or 

discodermolide [106]. Moreover, laulimalide is active against cell lines resistant to 

paclitaxel or epothilones A and B on the basis of mutations in the M40 human β-

tubulin gene [107].  

 

Figure 20. Laulimalide and peloruside A structures. Adapted from [108]. 

Peloruside A  

Peloruside A (Fig. 20) is 16-membered polyketide macrolactone isolated 

from marine sponge Mycale hentsheli. X-ray crystallography study with PELA 

bound to tubulin showed that PELA binds to a pocket at β-tubulin formed by 

hydrophobic and polar residues of helices H9 and H10 and loops H9–H90 and H10–

S9. PELA probably causes an allosteric stabilization of the M-loop responsible for 

lateral contacts with adjacent protofilaments [108]. PELA was shown to possess a 

significant antitumor activity in murine xenograft models. Moreover, it displays anti-

angiogenic activity and increases CIN frequency in cancer cells.  

Similarly to other MTAs, resistance to PELA is mediated by several 

mechanisms such as βIII tubulin isotype expression and β-tubulin mutation, that are 

in detail discussed in next section. Targeting non-taxoid site of β-tubulin has several 

advantages over taxane site and endorse the future potential use of PELA as 

a chemotherapeutic. PELA can synergize with other MTAs due to an unique binding 

site and, unlike paclitaxel, it is a poor substrate of P-gp efflux pump [109]. PELA 

maintains its efficacy in paclitaxel and epothilone resistant cell lines harbouring 

β-tubulin mutations at taxoid site as well as in cell lines with multidrug resistance 
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phenotype [110]. The effect of hypoxia on PELA efficacy has not been evaluated and 

it is subject of this thesis. 

 

Mechanisms of acquired resistance towards MTAs 

Development of drug resistance to MTAs is often associated with the limited 

clinical outcome of cancer therapy. Tumor susceptibility to paclitaxel, vinblastine 

and other MTAs can be altered by diverse mechanisms that include tubulin 

mutations, βIII tubulin isotype expression, altered expression of miRNA, multidrug 

resistance and hypoxia-induced resistance.         

Multidrug resistance       

 Overexpression of drug efflux pumps from the ATP binding cassette (ABC) 

family is a factor frequently responsible for tumor chemoresistance. ABC 

transporters constitute a large family of ATP dependent transmembrane proteins that 

participate in translocation of numerous substrates [111]. Although blocking P-gp 

mediated efflux of chemotherapeutics seemed initially as promising, it was shown to 

be very limited by toxicity [112]. While co-administration of ABC or P-gp 

competitive inhibitors was  ineffective, covalently bound ligands or drugs with high-

affinity to microtubules such as paclitaxel analogue CTX-40 could potentially 

overcome the resistance due to limited access to efflux transporters [113]. The 

covalent nature of zampanolide binding mode overcame the P-gp-mediated MDR 

mechanism, since it displayed comparable activity in the sensitive ovarian carcinoma 

cell line A2780 and its complementary subline with MDR phenotype [114]. 

Compounds that are less susceptible to P-gp drug efflux may possess novel 

pharmacokinetic and pharmacodynamic profiles, that may alter oral administration 

potential [115].           

Mutations or binding site alterations      

 Acquired resistance can be mediated through β-tubulin mutation, which in 

turn leads to substitution in aminoacid sequence and structural alteration. The 

substitution can be within specific site required for drug interaction, GTP-binding 

site or other sites. Despite numerous studies demonstrating the association of 

β-tubulin mutations with acquired drug resistance in cell lines, their clinical 

relevance needs to be investigated. While one study identified β -tubulin gene 

mutations as a strong predictor of response to paclitaxel [116], other studies reported 
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no contribution of mutations on paclitaxel resistance [117], [118]. Another striking 

difference was also in the frequency of clinical occurrence, since the latter detected 

no mutations. The majority of studies were conducted on cell lines with developed 

resistance to MTAs, although the development of such alterations in tumors remains 

debatable. Moreover, the sequencing interpretation is complicated by parallel 

expression of different tubulin isotypes and presence of tubulin pseudogenes. More 

recently, analysis of 90 breast cancer patient samples revealed mutations in tubulin 

βI, βIIA or βIVB isotypes, that increase their resemblance to the βIII isotype. These 

mutations were shown to confer invasiveness, survival advantage and resistance to 

reactive oxygen species (ROS) [119].          

βIII tubulin isotype expression      

 Tubulin gene family consist of several α and β tubulin isotypes, that can be 

differentially expressed in tissues or cells. For example, specialized microtubules 

such as ciliary axonemes, neuronal microtubules or microtubules of platelets and 

haematopoietic cells are enriched in βII, βIV or βVI-tubulin isotypes [120]. Distinct 

isotypes and post-translational modifications, in turn, modulate interactions with 

microtubule-associated proteins and affect the motility of motor proteins [121]. βIII 

tubulin isotype expression has been linked to drug resistance, especially towards 

antimitotic drugs [122]. It was shown to reduce the ability of paclitaxel to suppress 

microtubule dynamics and thus counteract the effect of paclitaxel [123], [124]. βIII 

tubulin expression was shown to be strong unfavourable prognostic marker in non-

small cell lung cancer (NSCLC) patients. Furthermore, it is more frequently 

expressed in advanced stage NSCLC [125] and its level correlates with lower PTX 

sensitivity [126]. In addition, similar results were obtained in a study of NSCLC 

patients receiving vinorelbine-based chemotherapy. High level of βIII tubulin 

expression in tumor cells is associated with resistance to vinorelbine and a poor 

prognosis [127].                     

MicroRNA          

 A large body of evidence links abnormal expression of miRNAs to resistance 

against MTAs, however the mechanisms of resistance are largely unknown. These 

small non-coding RNAs can posttranscriptionally attenuate protein expression by 

interactions with its mRNA. miRNAs including miR-34, miR-200c and others were 

shown to modulate sensitivity to paclitaxel or vincristine in many solid cancers. 

Numerous studies indicate that miRNAs can confer protective effect towards 
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apoptosis by affecting the expression of Bcl-2 family members, FOXO3A, ALDH1 

or caspases [128]. In addition, some miRNAs such as of let-7g, miR-138 modulate 

expression of drug efflux transporters including MDR1, glutathione-S-transferase-π, 

and MRP [129].              

Hypoxia mediated resistance       

 Oxygen homeostasis within cells is tightly controlled by hypoxia inducible 

factor 1 (HIF-1). HIF-1 is a transcription factor consisting of HIF-1α  and HIF-1β 

subunits, nevertheless HIF-1α plays a key regulatory role. In the presence of oxygen, 

HIF-1α is hydroxylated by prolyl hydroxylase (PHD) and factor inhibiting HIF-1 

(FIH-1), subsequently ubiquitinylated by von Hippel–Lindau E3 ligase tumor 

suppressor (VHL) and rapidly degraded by the ubiquitin-proteasome pathway (Fig. 

21) [130]. Under hypoxic conditions, however, low oxygen levels prevent 

hydroxylation and degradation of HIF-1α [131]. Stabilized HIF-1α then translocates 

to the nucleus, forms a heterodimer with HIF-1β subunit and in the presence of p300-

CBP transcriptional coactivators induces expression of target genes under hypoxia 

response element (HRE).  

 

Figure 21. HIF-1α pathway. Adapted from [103]. 
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Hypoxia induces expression of genes involved in cell proliferation, survival, 

angiogenesis or multidrug resistance such as vascular endothelial growth factor 

(VEGF), transforming growth factor β3 (TGF-β3), erythropoietin (EPO), glucose 

transporters (GLUT), C-MYC, P-gp and others [103]. The level of HIF-1α has 

a significant impact on the sensitivity of cancer cells to paclitaxel both in vitro [132] 

and in vivo [133]. In addition, taxotere and other MTAs down-regulate HIF-1α level 

on the post-transcriptional level and inhibit its transcriptional activity. So there is 

a complex interplay between microtubules and HIF-1α, because an intact 

microtubular network is required for HIF-1α accumulation [134]. Thus, oxygen 

deprivation contributes to resistance of solid tumors to chemotherapy. Moreover, 

periods of intermittent hypoxia further promote the evolution of more aggressive 

tumor phenotypes with altered susceptibility to apoptosis and enhanced angiogenesis 

[135], [136]. 

2.2. DNA damaging agents 

DNA alkylating agents induce DNA damage by directly alkylating purine 

bases. Monofunctional methylating agents temozolomide and dacarbazine form 

adducts with N- and O-atoms of DNA bases. Bifunctional alkylating agents 

melphalan, chlorambucil and cyclophosphamide possess two reactive sites. They 

crosslink two DNA bases or DNA with proteins. Chloroethylating agents carmustine 

form adducts at O
6
-guanine [137]. The alkylating-like platinum agents cisplatin, 

carboplatin and oxaliplatin bind guanine and adenine residues and form intrastrand 

crosslinks. Pyrimidine analogues 5-fluorouracil, gemcitabine and purine analogues 

fludarabine and cladribine are antimetabolites, which mimics natural nucleotides and 

interfere with DNA replication and nucleotide metabolism. Inhibitors of 

dihydrofolate reductase methotrexate, aminopterin and pemetrexed block nucleotide 

synthesis [138]. An important class of anticancer drugs are antimetabolites based on 

5-fluorouracil. They block the conversion of 20-deoxyuridine-5-monophosphate 

(dUMP) into 2-deoxythymidine-5-monophosphate by inhibiting thymidylate 

synthase. Interference with deoxynucleotide (dNTP) metabolism results in DNA 

damage [139].   
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2.3. Topoisomerase inhibitors 

Topoisomerases are enzymes essential for DNA strand separation during 

replication, transcription and recombination, since these processes generate DNA 

supercoiling. They are responsible for relaxation of supercoiled DNA and 

decatenation of interlocked DNA by binding to DNA and attacking DNA 

phosphodiester backbone. The mechanism includes the formation of an 

enzyme/DNA covalent intermediate by phosphotyrosine bond, strand passage and re-

forming of DNA phosphodiester backbone. Type I topoisomerases make single-

stranded cuts in DNA, whereas type II enzymes cut double-stranded DNA [140]. 

DNA topoisomerases are targets of clinically used anticancer drugs. Camptothecin 

derivatives topotecan and irinotecan are topoisomerase I inhibitors, whereas 

etoposide, doxorubicin, daunorubicin, mitoxantrone and amsacrine inhibit 

topoisomerase IIα [141].  

2.4. Inhibitors of mitotic kinases and related targets 

The underlying strategy of novel anti-mitotics and SAC inhibitors is the 

induction of SAC mediated cell cycle arrest or premature mitotic exit resulting in 

aneuploidy and massive genetic imbalance. These interventions, in turn, lead to 

apoptosis and suppression of cell proliferation. The targets are represented by Aurora 

kinase A and B, Polo-like kinase 1 and kinesins Cenp-E and KSP/Eg5 [26]. 

Barasertib, Alisertib and Danusertib are specific Aurora kinase inhibitors in 

clinical trials. Although inhibitors of such targets show less adverse effects than 

MTAs, their efficacy in solid tumors is limited. The reason for unsatisfactory results 

is apparently long doubling time of cells within the solid tumor. Therefore Aurora 

kinases inhibitors are currently under clinical investigation for the treatment of 

rapidly proliferating hematologic malignancies [142]. Rigosertib and Volasertib are 

dual inhibitors of PLK1 and phosphoinositide 3-kinase signaling pathways. 

GSK461364A is a selective ATP-competitive inhibitor of PLK1, which already 

underwent phase I clinical study and shows radiosensitizing effect [143].  

Kinesins are microtubule-associated motor proteins that move along the 

microtubules and contribute to the bipolar spindle assembly. Whereas Eg5 and Cenp-

E are plus end kinesins [26], HSET is minus end directed kinesin that acts as an Eg5 

antagonist. The kinesins are frequently overexpressed in various tumors, thus mitotic 
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kinesins such as Eg5 and HSET are targets of novel mitosis-directed inhibitors. 

Monastrol is the first identified inhibitor of Eg5 that induces mitotic arrest and mono-

astral cells. (S)-Trityl-L-Cysteine (STLC) is an ATP-non-competitive reversible 

inhibitor with higher affinity to Eg5 than monastrol. The potential of HSET 

inhibitors CW069 and AZ82 remains to be explored [144]. Clinical study of Cenp-E 

inhibitor GSK923295 showed stable disease in one-third of refractory cancer patients 

[26]. 

2.5. Inhibitors of cyclin dependent kinases 

Flavopiridol is a pan-CDK inhibitor (CDK1, CDK2, CDK4, CDK6, CDK7 

and CDK9) derived from chromone alkaloid. Although it possesses significant in 

vitro activity, achieved in vivo was substantially lower. Non-selective inhibitors such 

as flavopiridol and roscovitine do not allow the rational use of drug due to poor 

understanding of the mechanism of action. Therefore the second generation of CDKs 

inhibitors with higher specificity was developed [3]. Olomoucine II is a purine 

analogue of cytokinin origin. In comparison with other trisubstituted purine 

analogues such as roscovitine, bohemine, olomoucine and purvalanol A, it exhibits 

improved ability to inhibit cyclin B-CDK1 complex. It binds to ATP binding pocket 

of CDK2 [145]. Roscovitine (Seliciclib) is an inhibitor of CDK1, CDK2, CDK5, 

CDK7 and CDK9. However, its development was terminated during clinical studies. 

Although successful in preclinical studies, the clinical trials showed the limited 

efficacy of roscovitine as a single agent [146], [147].     

 Palbociclib is first specific CDK 4/6 inhibitor in clinics. It is mainly used in 

combination with other chemotherapeutics as palbociclib alone shows cytostatic 

activity without inducing apoptosis or senescence. The combination with letrozole 

was reported to prolong progression-free survival in metastatic hormone receptor 

(HR)-positive, HER2-negative breast cancer and received FDA approval in HER2-

negative luminal breast cancer. The presence of HR remains the only predictor of 

response. Therefore the research is oriented towards identification and 

characterization of biomarkers associated with response [8]. Dinaciclib (MK-7965, 

SCH727965) is second-generation CDK inhibitor specifically developed to inhibit 

CDK1, CDK2, CDK5 and CDK9 [3].  
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2.6. Inhibitors of Wee1 

The Wee1 kinase is overexpressed in many types of solid carcinomas and 

leukemias and has been associated with tumor progression. On the other hand, the 

lack of Wee1 expression in non-small cell lung carcinoma is a negative prognostic 

factor. Therefore, the efficacy of Wee1 inhibitors is critically dependent on the 

complex background of genetic alterations. For example, tumors dependent on 

functional G2/M checkpoint could be sensitized by Wee1 inhibitors to DNA-

damaging therapy (Fig. 22). Development of Wee1 inhibitors is complicated by high 

structural homology of ATP-binding site with other kinases [148]. Nevertheless, data 

from phase I clinical study of AZD1775 alone or in combination with cisplatin, 

carboplatin or gemcitabine show promising responses. Interestingly, the response 

rate in refractory solid tumors was correlated with p53 status. Thus, p53-deficient 

cells are preferentially sensitized damaging agents [149]. 

 

Figure 22. The role of Wee1 in the G2/M checkpoint. Adapted from [148]. 

2.7. Inhibitors of DNA damage signaling pathway 

The preclinical studies of Chk1 inhibitors UCN-01 and ICP-1 showed 

promising results, particularly in combination with DNA damaging drug cisplatin. 

UCN-01 failed in clinical trials. However, second-generation Chk1 inhibitors display 

better outcomes. Currently, SCH900776 is undergoing a phase II trial for the 

treatment of leukemia in combination with cytarabine [58]. LY2606368 is being 

evaluated in phase II clinical trial for the treatment of squamous cell carcinoma 

[150].  AZD6738 is ATR kinase inhibitor, which similarly as Chk1 inhibitors 

potentiates DNA damaging agents [151]. AZD6738 was shown to sensitize p53- or 
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ATM-defective primary chronic lymphocytic leukemia cells to chemotherapy [152]. 

Preclinical study of another ATR inhibitor NU6027 indicates that it sensitize p53 

deficient cells to hydroxyurea, cisplatin and temozolomide. In addition, it is 

synthetically lethal when combined with PARP inhibitor [153]. 

2.8. Proteasomal inhibitors 

Proteasomal degradation of specific cell cycle proteins is an integral part of 

cell cycle regulation. Thereby interference with ubiquitin/proteasome pathway can be 

used as a strategy for cancer treatment [154]. Bortezomib is clinically used dipeptide 

boronic acid derivative with anticancer activity. It reversibly and specifically inhibits 

the threonine residue of the 26S proteasome [155]. It was shown to abrogate 

degradation of p21, p27 and cyclins [154]. Disabled degradation machinery then 

leads to cell cycle arrest induced by multiple factors and endoplasmic reticulum 

stress caused by the accumulation of misfolded proteins (Fig. 23).  

 

Figure 23. Modulation of cell cycle checkpoints by proteasomal inhibitors. 

Adapted from [156]. 
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Proteasome inhibition was also reported to increase the endogenous level of 

reactive oxygen species that in turn causes a higher rate of DNA damage. Moreover, 

stabilization of p53 induces expression p21, a cyclin dependent kinase inhibitor that 

inactivates cyclin B-CDK2 complex. In addition, proteasome inhibition modulates 

numerous other signaling pathways including, but not limited to ATM, ATR, 

Rb/E2F, NFκB and MAPK. As in the case of other therapeutics, cancer resistance 

provoked a development of the second generation of proteasome inhibitors such as 

Carfilzomib, Salinosporamide A and MLN9708 [156]. 

2.9. Histone deacetylase inhibitors 

Posttranslational modifications such as acetylation play a central role in the 

regulation of gene transcription. Acetylation of histone proteins alters secondary 

DNA structure and repress gene expression [157]. This regulatory mechanism 

participates in repression of E2F-dependent genes, since Rb mediate recruitment of 

histone deacetylase (HDAC) to E2F promoter sites. In addition, HDAC inhibitor 

depsipeptide was reported to induce p21-dependent G1 and p21-independent G2 

arrest with alteration of cyclin D1 and cyclin E expression [154]. HDAC inhibitors 

modulate acetylation pattern of histones and nonhistone proteins, which in turn 

results in increased or decreased gene expression. Thereby HDAC inhibitors affect 

diverse cellular processes including DNA replication, cell cycle arrest and apoptosis. 

HDAC inhibitors can be divided into several classes such as hydroxamic acids, 

cyclic peptides, bibenzimides and short-chain fatty acids. Although HDAC inhibitors 

possess limited clinical efficacy in monotherapy, vorinostat and depsipeptide 

received FDA approval for treatment of T-cell lymphoma. Currently, there are 

clinical trials investigating novel HDAC inhibitors as well as combinatorial therapies 

with conventional drugs  [158].      

3. Betulinic acid and its analogues 

3.1. Betulinic acid 

Betulinic acid is a naturally occurring compound with many biological 

activities (Fig. 24). The extensive research efforts in this group were supported by 

evidence that betulinic acid is selectively cytotoxic against tumor cells. Moreover, 

melanoma cells were shown to be much more sensitive to betulinic acid in 

comparison with normal melanocytes [159]. The compound selectively induces 
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apoptosis, however beside apoptosis, it is also known to modulate multiple pathways 

involved in angiogenesis, survival or stress response.  

 

Figure 24. Chemical structure of betulinic acid. Adapted from [160]. 

 

Topoisomerase inhibition 

Betulinic acid has been shown to inhibit eukaryotic topoisomerase I and IIα 

by preventing topoisomerase-DNA interaction and formation of topoisomerase I–

DNA cleavable complex both in vitro and in vivo. The process does not involve 

intercalation in DNA and requires carboxylic group C-28 at C-17 [161], [162], [163]. 

Induction of intrinsic apoptosis 

Betulinic acid antitumor activity is associated with the production of reactive 

oxygen species (ROS), mitochondrial membrane potential perturbation,  

permeabilization of mitochondrial outer membrane release of apoptogenic factors 

cytochrome c and AIF to the cytosol and intrinsic apoptosis. Generation of ROS was 

monitored within 15 minutes after treatment and ROS are considered as key 

signaling molecules responsible for apoptosis induction, as the apoptosis was 

prevented by pretreatment with antioxidants such as reduced glutathione or vitamin E  

[164].  

Bcl-2 family members 

The effect of betulinic acid on proapoptotic and antiapoptotic Bcl-2 family 

members have not been clearly elucidated. Betulinic acid was reported to 

downregulate Bcl-2 gene expression in human lung carcinoma and human colon 

adenocarcinoma cells [165]. However, the data are in contradiction with previously 

published literature, where the level of Bcl-2 protein was not affected [166]. A study 

http://www.ncbi.nlm.nih.gov/pubmed/20012820
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in neck squamous cellular carcinoma cells showed no changes in Bcl-2 and Mcl-1 

levels following betulinic treatment, whereas proapoptotic family member Bax was 

downregulated  [167]. There is also evidence of Mcl-1 induction by betulinic acid in 

human melanoma [168]. The contradictory data can be to some extent explained by 

aberrant Bcl-2 family members expression in particular tumor cells or by cell line 

specific effects. Experiments with cells overexpressing antiapoptotic Bcl-2 family 

members showed that Bcl-2 and Bcl-xL can only temporarily protect against betulinic 

acid-induced apoptosis and the effect is independent on proapoptotic proteins 

Bax/Bak [169]. 

Inhibition of angiogenesis 

Betulinic acid has been shown to inhibit angiogenesis and reduce vascular 

endothelial growth factor (VEGF) levels in the tumor [170], [171]. Importantly, 

betulinic acid inhibits constitutive activation of STAT3, which is a crucial mediator 

of angiogenesis and direct transcriptional activator VEGF [172]. BA treatment 

suppressed the binding of STAT3 and HIF-1α to VEGF promoter in hypoxic 

condition [171]. In addition, STAT3 transcriptional targets include Bcl-xL, Bcl-2, 

cyclin D1 or survivin and betulinic acid treatment resulted in their downregulation 

[173]. It was also proposed, that modulation of mitochondrial reducing potential by 

betulinic can contribute to the antiangiogenic activity of betulinic acid [174]. 

3.2. Bardoxolone methyl 

Bardoxolone methyl is orally-available semi-synthetic triterpenoid derived 

from oleanolic acid. It is an activator of the Nrf2 pathway and an inhibitor of the 

nuclear factor-κB (NF-κB) and JAK/STAT pathways with anti-inflammatory and 

chemoprotective effect (Fig. 25). Keap1/Nrf2 and NF-κB pathways are modulated 

through reversible adducts between cysteine residues in target proteins Keap1 or IκB 

kinase and α,β-unsaturated carbonyl groups on rings A and C. The bardoxolone 

methyl mode of action is dependent on concentration. While low nanomolar doses 

have a protective effect against reactive oxygen species, micromolar concentrations 

induce apoptosis accompanied by reduced glutathione levels and elevated ROS 

levels [175], [176]. Bardoxolone methyl has been shown to possess antiproliferative 

activity in vitro and antitumorigenic effect in vivo. The inhibition of cell proliferation 

is mediated by inhibition Akt, NF-кB, MAPK (Erk1/2) and mTOR signaling 

pathways and results in apoptosis. The preclinical study in pancreatic ductal 

http://en.wikipedia.org/wiki/Triterpenoid
http://en.wikipedia.org/wiki/Oleanolic_acid
http://en.wikipedia.org/wiki/Nrf2
http://en.wikipedia.org/wiki/NF-%CE%BAB
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adenocarcinoma indicates possible destruction of residual disease and prevention of 

relapse. In addition, bardoxolone methyl treatment prolonged the survival of mice 

MiaPaCa-2 xenografts [177].  

                                                                                                                  

Figure 25. Bardoxolone methyl (CDDO-Me) induced activation of antioxidant 

response pathway and suppression of NF-κB pathway. Adapted from [175]. 

The data from the first clinical trial indicated objective antitumor activity 

against mantle cell lymphoma and anaplastic thyroid carcinoma. Surprisingly, it has 

been found to improve glomerular filtration. Therefore another clinical trials 

evaluated bardoxolone methyl for the treatment of chronic kidney disease. However, 

the clinical trial was terminated phase III because of cardiotoxicity [176]. Other 

clinical investigations were conducted for the treatment of pulmonary hypertension 

and chronic kidney disease associated with type 2 diabetes [175]. Bardoxolone 

methyl is well tolerated with relatively long terminal phase half-life (39 hours at 

900mg/day) following oral absorption [176]. 

http://en.wikipedia.org/wiki/Pulmonary_hypertension
http://en.wikipedia.org/wiki/Type_2_diabetes
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Figure 26. Chemical structures of bardoxolone methyl and bevirimat.  

3.3. Bevirimat 

Bevirimat is first in class HIV maturation inhibitor (Fig. 26). Unlike other 

anti-HIV drugs which inhibit reverse transcriptase, integrase or protease, it targets 

Gag precursor maturation and interferes with HIV replication. Bevirimat specifically 

inhibits cleavage of the Ca-spacer protein1 (SP1) intermediate, which is a late event 

in the HIV-1 Gag processing cascade, and results in the release of non-infectious 

virus particles. Thus, the progression of infection from host cells to new cells is 

efficiently blocked. However, antiviral response to bevirimat was not uniform among 

the patients in phase II and the clinical trial was terminated in 2010, because of the 

natural polymorphism of the target Ca-SP1 junction, which confers a natural 

resistance of the virus to bevirimat. Further analysis identified V7 polymorphism in 

SP1 as a primary determinant of naturally occurring resistance to bevirimat [178].  

3.4. Semi-synthetic triterpenes      

Triterpenes display low aqueous solubility and limited bioavailability due to 

their lipophilic nature [179]. This limitations can by solved by appropriate 

derivatization and formulation. New compounds are designed with respect to 

available chemistry approaches that are employed in order to improve 

pharmacological properties of the active compound. In addition, new structures must 

be developed with special attention to patentability. Therefore an accent is put on 

unexplored modifications of triterpene scaffolds.     

 Lupane skeleton can be modified by core modification on rings A, D and E. 

For example by ring cleavage or condensation of different heterocyclic rings. The 

another possibility is a modification on three accessible positions at carbon 3, 28 and 
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30 [180]. The introduction of side chain can alter, increase or abolish biological 

activity, but also affects hydrophobicity of the whole molecule, which in turn 

significantly influences overall activity. Compounds modified with suitable side 

chain and ester bond can be developed as prodrugs. A prodrug is a compound that is 

administered in its inactive or less active form with appropriate pharmacological 

properties and transformed into an active form in the target cells or tissue. These 

esterase-activated prodrugs are usually converted into an active form in the blood. 

Most commonly used prodrug groups are esters, amides, ethers, hemiesters and 

glycosides [181].  
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II. AIMS OF THE STUDY  

 

The aim of the thesis is to evaluate antiproliferative properties of small-molecule 

compounds in vitro. According to the origin of compounds and their drug 

development status,  the specific aims can be further subdivided: 

 

I. Peloruside A efficacy  in hypoxia pre-exposed  human colorectal carcinoma 

cells  and comparison with clinically used microtubule targeting drugs 

paclitaxel and vincristine  

 Assess efficacy of peloruside A and model microtubule targeting compounds 

in hypoxic conditions  

 Discover alterations induced by drugs or hypoxia exposure 

 Find the underlying mechanisms responsible for differential efficacy of 

peloruside A and paclitaxel in hypoxia pre-exposed colorectal carcinoma 

cells 

II. Cell cycle modulatory properties of novel triterpene analogues with yet 

unknown mode of action  

 Determine cytotoxic/cytostatic activity 

 Analyze cell cycle modulation by flow cytometry methods 

 Find relationship between structure and activity with respect to unpublished 

results of G2/M arrest induced by triterpenes 
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III. MATERIALS AND METHODS 

 

Compounds and reagents 

Peloruside A (PELA) was kindly provided by Dr Peter Northcote of the 

School of Chemical and Physical Sciences, Victoria University of Wellington. 

Taxol® (PTX) was purchased from Bristol-Myers Squibb Company (New York 

City, NY) and vincristine sulphate (VCR) from Teva Czech Industries s.r.o. 

(Komarov, Czech Republic). Unless otherwise mentioned, all reagents were 

purchased from Sigma-Aldrich (Prague, Czech Republic). The studied triterpene 

analogues are listed below (Table 5, Fig. 27). 

Table 5. 

Structure Compound Reference 

2,2-Dibromodihydrobetulonic acid I [195], [182] 

Betulin  II [182]  

Dihydrobetulin-3β-acetate  III [182] 

Acetyldihydrobetulinic acid IV [182] 

Dihydrobetulinic acid  V [182] 

Benzyl dihydrobetulinate  VI [182] 

Benzyl dihydrobetulonate  VII [182] 

Benzyl 2α-hydroxydihydrobetulonate  VIII [182] 

Benzyl 2,2-difluorodihydrobetulonate  IX [182] 

2,2-Difluorodihydrobetulonic acid  X [182] 

Benzyl-2,2-difluorodihydrobetulinate  XI [182] 

2,2-Difluorodihydrobetulinic acid  XII [182] 

2-Hydroxyallobetulon XIII [182] 

Difluoroallobetulone  XIV [182] 

Difluoroallobetulin  XV [182] 

3β-O-hemiglutaryl-2,2-difluorodihydrobetulinic 

acid  XVI 

[182] 

3β-O-hemisuccinyl-2,2-difluorodihydrobetulinic 

acid  XVII 

[182] 

3β-O-3´,3´-dimethylhemiglutaryl-2,2-

difluorodihydrobetulinic acid  XVIII 

[182] 

3β-O-3´,3´-dimethylhemisuccinyl-2,2-

difluorodihydrobetulinic acid  XIX 

[182] 

2,2-Difluoro-19β,28-epoxy-18α-oleanane-3β-yl 

hemiglutarate  XX 

[182] 

2,2-Difluoro-19β,28-epoxy-18α-oleanane-3β-yl 

hemisuccinate  

 

XXI 

 

 

[182] 
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2,2-Difluoro-19β,28-epoxy-18α-oleanane-3β-yl 

3´,3´-dimethylhemiglutarate  XXII 

[182] 

Allobetulon XXIIIa [183] 

2-Bromoallobetulon XXIIIb [183] 

2-Thiocyanatoallobetulon XXIIIc [183] 

Methyl betulonate XXIVa [183] 

2-Bromomethyl betulonate XXIVb [183] 

2-Thiocyanatomethyl betulonate XXIVc [183] 

Methyl oleanonate XXVa [183] 

2-Bromomethyl oleanonate XXVb [183] 

2-Thiocyanatomethyl oleanonate XXVc [183] 

Oleanonic acid XXVIa [183] 

2-Bromooleanonic acid XXVIb [183] 

Oleanonic acid XXVIc [183] 

30-Oxobetulinic acid XXVII [184], [185] 
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Figure 27. Chemical structures of triterpenoids in the study (continues on the 

next pages). 
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Cell Culture 

T-lymphoblastic leukemia cell line CCRF-CEM, chronic myelogenous 

leukemia cell line K562, lung carcinoma cell line A549, colorectal carcinoma cell 

line HCT116 and non-tumor skin fibroblasts BJ and MRC-5 cell lines were 

purchased from the American Tissue Culture Collection (ATCC). HCT116p53-/- 

deficient in p53 were purchased from Horizon Discovery. The daunorubicin-resistant 

CCRF-CEM cell line CEM-DNR bulk and paclitaxel-resistant K562-Tax sublines 

were selected in our laboratory by the cultivation of maternal cell lines in increasing 

concentrations of daunorubicin and paclitaxel, respectively. The CEM-DNR bulk 

cells overexpress the P-gp and LRP protein, while K562-Tax cells overexpress only 

P-glycoprotein [186]. Human cervical cancer HeLa cells expressing the Fluorescence 

Ubiquitination Cell-Cycle Indicator (FUCCI) were obtained from RIKEN (Japan). 

Cells were cultured in appropriate medium (Sigma-Aldrich) supplemented with 10 % 

fetal calf serum 100 U/mL penicillin and 100μg/mL streptomycin in humidified 

incubator under atmosphere of 95 % air and 5 % CO2 at 37 °C. For specific 

experiments evaluating the effect of hypoxic conditions the cells were cultivated in 

Heracell 150i humidified incubator (Thermo Fisher Scientific, Waltham, MA) at 

37ºC/1% O2, 94% N2 and 5% CO2 levels. These hypoxia conditioned cells are 

labeled as HC and control cells cultivated parallelly in normoxia as NRX. Unless 

mentioned otherwise, all drug treatments following hypoxia preconditioning of cells 

were performed under normoxic conditions of 5% CO2/atmospheric air at 37ºC in 

a standard humidified incubator.   

Plasmids, transfections and transductions 

HCT116 were transduced with ready-to-use HIF-1 lentiviral particles (AMS 

Biotechnology, Oxfordshire, UK) following the manufacturer’s instructions. All 

infections were performed in the presence of 8 µg/mL polybrene 

infection/transfection reagent (Merck Millipore, Billerica, MA) in bio-safety II 

cabinets and HIF-1α overexpressing cells were selected by blasticidin. The 

Proteasome Sensor Vector (pZsProSensor-1) for protein degradation monitoring was 

purchased from Clontech. It encodes green fluorescent protein (ZsGreen) fused to the 

mouse ornithine decarboxylase (MODC) degradation domain (amino acids 410–

461). Ubiquitin-GFP encoding plasmid with G418 selection marker was a kind gift 
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from Dr. Martin Mistrík. Transfections were performed using jetPRIME (Polyplus) 

according to manufacturer´s instructions. Stably transfected cells were selected using 

G-418 (Sigma-Aldrich). 

Cell viability and cytotoxicity  assays 

MTS assay in 384-well plates used for IC50 value determination of triterpenes. 

 MTS assay was performed at Institute of Molecular and Translational 

Medicine by robotic platform (HighResBiosolutions). Cell suspensions were pre- 

pared and diluted according to the particular cell type and the expected target cell 

density (27 000−33 000 cells/mL based on cell growth characteristics). Cells were 

added by automatic pipetor (30 μL) into 384-well microtiter plates. All tested 

compounds were dissolved in 100% DMSO and 4-fold dilutions of the intended test 

concentration were added in 0.15 μL aliquots at time zero to the microtiter plate 

wells by the echo-acoustic noncontact dispensor Echo550 (Labcyte). The 

experiments were performed in technical duplicates and three biological replicates. 

The cells were incubated with the tested compounds for 72 h at 37 °C, in a 5% CO2 

atmosphere at 100% humidity. At the end of the incubation period, the cells were 

assayed by using the MTS test. Aliquots (5 μL) of the MTS stock solution were 

pipetted into each well and incubated for an additional 1−4 h. After this incubation 

period, the optical density (OD) was measured at 490 nm with an Envision reader 

(PerkinElmer). The IC50 value, the drug concentration that is lethal to 50% of the 

tumor cells, was calculated from the appropriate dose−response curves in Dotmatics 

software. 

MTT assay used for IC50 value determination in PELA study.   

 5000 cells were seeded in 96-well plates and after overnight incubation 

treated with compounds in 3-fold dilutions. Cells were incubated for 72 h at 37°C 

and 5% CO2 atmosphere. 10 μL of MTT solution was then added to each well and 

incubated for 3 hours. Formazan crystals were dissolved in 100 µL of 10% SDS 

(w/v, pH 5,5) and absorbances measured using plate reader at 540 nm. Three 

independent experiments were performed in triplicates and IC50 values were 

determined from appropriate curves using GraphPad Prism (GraphPad Software, San 

Diego, CA).  
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FACS Analysis 

 Treated cells were harvested, washed with cold PBS and fixed in cold 70% 

ethanol and stored at -20°C. Fixed cells were permeabilized 15 min with 0,25% 

Triton X-100 in phosphate buffered saline (PBS), blocked in 1% bovine serum and 

incubated with anti-phospho-Histone H3 (Ser10) antibody (Merck Millipore). 

Subsequently, the samples were treated with 50 μg/mL RNase, stained with 

propidium iodide and analyzed by FACSCalibur (Becton Dickinson) flow cytometer 

at 488 nm. Distribution of cells in G1, S and G2/M phases of the cell cycle was 

analyzed using ModFitLT (Verity) and reflects viable population prior the fixing 

procedure. The particles with propidium iodide content lower than G1 cells were 

considered as fragmented DNA of apoptotic cells.  

BrdU Incorporation analysis 

 30 min before harvesting, the cells were pulse-labelled with 10 μM 5-bromo-

2-deoxyuridine (BrdU). The cells were fixed overnight with ice-cold 70% ethanol, 

resuspended in 2 M HCl and following 30 min incubation at RT washed with 0.1 M 

Na2B4O7 and blocked with PBS containing 0.5% Tween-20 and 1% BSA. BrdU 

incorporation was analysed using Anti-BrdU antibody clone MoBu-1 (Exbio) and 

secondary antimouse-FITC antibody (Sigma-Aldrich). The cells were then washed 

with 1×PBS and incubated with 0.1 mg/mL propidium iodide and 0.5 mg/mL RNase 

A for 1 h at room temperature and analyzed by flow cytometry using a 488 nm single 

beam laser (FACSCalibur, Becton Dickinson). Percentage of cells with incorporated 

BrdU was analysed using CellQuest software.  

BrU Incorporation analysis 

Prior the trypsinization the cells were treated with 1 mM 5-bromouridine 

(BrU) for 30 min. Subsequently, the cells were fixed 15 min in 1% paraformaldehyde 

with 0.05% of NP-40 at room temperature and stored overnight at 4 °C. Fixed cells 

were washed with 1% glycine in PBS and stained with primary anti-BrdU antibody 

clone MoBu-1  crossreacting to BrU (Exbio) for 30 min at RT, washed with 1×PBS 

and labelled with secondary antimouse-FITC antibody (Sigma-Aldrich). Following 
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1-hour incubation in 1% paraformaldehyde with 0.05% NP-40 the samples were 

stained with propidium iodide (0.1 mg/mL) and treated with RNase A (0.5 mg/mL) 

for 1 h at room temperature. The percentage of positive cells was analysed using 

CellQuest software.  

Immunofluorescence 

 HCT116 cells grown on coverslips were washed in PBS and fixed in 3% 

paraformaldehyde and 10 mM MES, 150 mM NaCl, 5 mM EGTA, 5 mM MgCl2, 5 

mM glucose, pH 6.1. Following the blocking with 5% goat serum in PBS 

(SpinChem) for 60 min samples were incubated 60 min with α-tubulin (DM1A) 

mouse monoclonal antibody (Cell Signaling) and for purpose of dual staining also 

with rabbit anti-HIF-1α antibody from (Santa Cruz) in PBS containing 1% BSA and 

0.3% Triton  X-100. For visualization were used Alexa Fluor-568, Alexa Fluor-488 

and Alexa Fluor-647 conjugated anti-mouse or anti-rabbit antibodies (Life 

Technologies). After each step the samples were washed three times with 1x PBS for 

5 min. The samples were mounted with Vectashield Mounting Medium with DAPI. 

Images were captured using a spinning disk confocal microscope (Zeiss) with CSU-

X1 unit (Yokogawa). 

Western blot analysis 

 Cultured cells were lysed in RIPA buffer or, in case of HIF-1α detection, in 

sodium dodecyl sulfate (SDS) buffer. The protein concentration in RIPA lysates was 

determined using the Bicinchoninic acid kit (Sigma-Aldrich). 20 µg of total protein 

was separated on a 10% or 12% SDS-containing polyacrylamide gel. Proteins were 

transferred to nitrocellulose membrane (Bio-Rad). Membrane was blocked with 5% 

non-fat dry milk in TRIS buffered saline with 0,1% Tween 20 (TBST) for 60 min 

and subsequently incubated with primary antibody in TBST with 5% bovine serum 

albumin overnight at 4°C. Primary antibodies against human β-actin, cyclin B1 and 

p53 were purchased from Sigma-Aldrich, cyclin D1 antibody was obtained from 

Merck Millipore. Rb, phospho-Rb (Ser795), acetyl-α-tubulin (Lys40) and p21 

antibodies were from Cell Signaling, HIF-1α was purchased from Santa Cruz, 

caspase 8 and caspase 3 antibodies were from Bio-Techne Corporation. Following 

three washing steps with TBST for 5 min, the membrane was incubated in TBST 

with 5% non-fat dry milk and secondary Alexa Fluor-488 conjugated anti-mouse or 
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anti-rabbit antibodies (Life Technologies). Images were acquired after three washing 

steps with TBST for 5 min using ChemiDoc Imaging system (Bio-Rad). 

Intracellular tubulin polymerization assay 

 Cells were harvested, washed twice with PBS (37 °C) and lysed in 100 µL 

hypotonic buffer (1 mM MgCl2, 2 mM EGTA, 0.5% Nonidet P-40, cOmplete 

Protease Inhibitor Cocktail Roche, 20 mM Tris-HCl, pH 6.8). Soluble and 

polymerized tubulin fractions were separated by centrifugation at 14000 rpm for 10 

minutes at RT. Pellet was resuspended in 100 µL hypotonic buffer, incubated 10 

minutes on ice and disrupted by sonication. After addition of 25 µL of 5x SDS 

sample buffer, the samples were denaturated 5 minutes at 95 °C, processed according 

to the western blot protocol and probed against α-tubulin as described above. The 

solubilized and polymerized tubulin fractions were analyzed densitometrically using 

ImageJ. The percentage of polymerized tubulin was calculated as the ratio of 

polymerized tubulin and total tubulin from both fractions. 

HeLa-FUCCI and time-lapse imaging 

 HeLa-FUCCI cells in 384-well plates CellCarrier (PerkinElmer, Waltham, 

MA) were first subjected to 4 h and 24 h hypoxia. Immediately following hypoxia, 

but before drug treatment, cells were imaged in a CellVoyager™ CV7000 High-

throughput Cytological Discovery System (Yokogawa Electric Corporation, 

Musashino, Tokyo, Japan) using a 20× objective. NRX and HC cells were then 

treated with MTAs using an automatic liquid handler (Echo 555; Labcyte, 

Sunnyvale, CA), and the imaging was continued for 24 h at an interval of 2 h in an 

atmosphere of 5% CO2/air/37ºC. Geminin-mAG (green) and Cdt1-mKO2 (red) 

fluorescent proteins were excited by 488 nm and 561 nm laser lines, and their 

emission signals were collected using 515/30 nm and 595/40 nm band pass filters, 

respectively. The exposure time for both channels was set to 500 ms. Captured 

images were exported to Columbus™ Image Analysis Software for analysis (version 

2.7.1; PerkinElmer). The red and green channels were merged to create a third 

temporary channel, which was used in the next analysis step for determination of the 

segmentation of nuclei and measurement of mean fluorescence intensity of each 

channel separately within a selected object. To analyse the distribution of cell-cycle 
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phases, a scatter plot of mean fluorescent intensities of Cdt1-mKO2 (Red) was 

plotted against Gem-mAG (Green). The plot was then divided into three different 

areas, and the percentage of cells in each area was calculated. Following cell-cycle 

recording, phase selection criteria were applied: cells with mean fluorescent 

intensities in the red channel > 320 and green channel < 320 were assessed as G1-

phase cells, G1/S-phase cells (red > 320 and green > 320) and S/G2/M-phase cells 

(red < 450 and green > 320). Cell roundness was calculated using the formula: R = 

[area × π × (perimeter)2] ⁄4. Round cells were presumed to have an R = 1. Threshold 

compactness (TrCom), a measure of the multinucleation of cells, was calculated 

following the method described by P. Kask [187]. A low TrCom value indicates 

a multinucleated cell [187]. Phase contrast images were acquired by Zeiss Axio 

Observer 6.1 microscope. 

Statistical analysis 

 All statistical analyses were carried out in GraphPad Prism, and results were 

considered significant at p ≤ 0.05. Unless otherwise stated, data were analyzed by 

one-way ANOVA with Tukey’s multiple comparison test, and are presented as the 

mean ± SEM. 

Chemical Structures  

 The structures were created using ChemBioDraw v. 12 (Perkin-Elmer). 
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IV. RESULTS AND DISCUSSION 

IV.a Peloruside A efficacy  in hypoxia pre-exposed  human 

colorectal carcinoma cells  and comparison with clinically 

used microtubule targeting drugs paclitaxel and vincristine   

 

Insufficient tumor vasculature and oxygen deprivation contribute to 

differential sensitivity of solid tumors to chemotherapy. Hypoxia alters cancer cell 

response to taxane-site-binding drugs (see chapter 2.1 Microtubule targeting agents 

above). However, the susceptibility of non-taxoid site ligands such as peloruside A 

(PELA) to hypoxia mediated alterations is unknown. In the present study, we 

compared the cytotoxic effects of PELA to the effects of paclitaxel (PTX) and 

vincristine (VCR) in colorectal HCT116 cancer cells under normoxic and hypoxic 

conditions.  
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Results 

The initial experiments on HCT116 and HCT116 HIF-1α cells were 

conducted to assess response to hypoxia exposure. In normoxia, HCT116 HIF-1α 

cells show higher expression of  HIF-1α subunit than HCT116 (Fig. 28A). Hypoxia 

exposure for 4 and 24 hours resulted in higher HIF-1α levels in both cell lines. 

Nevertheless HIF-1α total level was still higher in HCT116 HIF-1α. An 

immunofluorescence staining also revealed a higher accumulation of  HIF-1α in the 

nucleus in hypoxia conditioned cells (Fig. 28B). Thus, 4 hour and 24 hour hypoxia 

exposure is capable of inducing cellular response to low oxygen condition. In 

addition, flow cytometry analysis indicated a slight increase in G1 phase population 

following 24 hour exposure to hypoxia (Fig. 28C).  

Figure 28. Induction of HIF-1α in cells exposed to hypoxic insult. Western blot 

showing the expression of HIF-1α in HCT116 cells and HCT116 transfected with HIF-1α following 4 

h and 24 h hypoxia exposure. The calculated densities are relative to expression of normoxic cells (B) 

Cells were exposed to 4 h and 24 h and stained with DAPI (blue), and antibodies for HIF-1α (green) 

and α-tubulin (red). An increase in the accumulation of HIF-1α is seen in cells exposed to hypoxia for 

4 h and 24 h. 100x objective, Scale bar – 10 µm. (C) Flow cytometry analysis of cells immediately 

following hypoxia show an increase in G1, and a decrease in S and G2/M cells in 24h-H-exposed 

cells.  
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To determine whether hypoxia affects sensitivity to PELA or clinically used 

MTAs, both cell lines were first exposed to hypoxia for 4 or 24 h and then treated 

with PELA, PTX or VCR in normoxia for 72 h. The MTT assay dose response 

curves showed that there was no difference in the cytotoxicity of PELA and VCR in 

hypoxia-preexposed cells (Fig. 29A, 29B). In contrast, 24-hour hypoxia pre-exposure 

significantly increased the resistance of HCT116 and HCT116 HIF-1α cells to PTX. 

Comparison of calculated IC50 values confirmed that PELA exerted an uniform 

cytotoxic effect, whereas hypoxia pre-conditioned HCT116 and HCT116 HIF-1α 

cells were less sensitive to PTX. The susceptibility to VCR was also significantly 

altered in 24-hour hypoxia conditioned HCT116 HIF-1α (Fig. 29C). 
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Figure 29. The effect of hypoxia pretreatment on cytotoxicity of PELA, PTX 

and VCR. (A, B) Dose-response curves of PELA, PTX and VCR in HCT116 (A) and HCT116-

HIF-1α (B). Cells were treated with drugs in normoxia for 72 h, or first exposed to hypoxia for 4 h 

and 24 h, and then treated with MTAs in normoxia for 72 h. Arrows indicate a significant right-shift in 

dose-response curves of paclitaxel in cells exposed to 24 h hypoxia. (C) Bar graphs showing the 

averaged IC50 values of PELA, PTX and VCR in normoxic and hypoxia-pretreated cells are presented. 

Pre-exposing HCT116 and HCT116-HIF-1α cells to 24 h hypoxia increases their resistance to PTX 

compared to normoxic cells. VCR is significantly less cytotoxic only in HCT116-HIF-1α cells 

following 24 h hypoxia. *** p < 0.001, ** p < 0.01, * p < 0.05, n = 4-5, one-way ANOVA with 

Tukey’s multiple comparison test.    
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Next, flow cytometry analysis was performed to examine if the reduced 

cytotoxicity is accompanied with lowered capability to promote mitotic arrest (Fig. 

30).  

 

Figure 30. Modulation of the cell cycle by MTAs. Treatment with 200 nM PELA for 16 

in normoxia results in significant increase in G2/M block in HCT116 pre-exposed to 4h-H. * p < 0.05, 

n = 4, one-way ANOVA with Tukey’s multiple comparison test. 

HCT116 and HCT116 HIF-1α were pre-conditioned and treated 16 hours 

with MTAs. Notably, 200 nM PELA, 20 nM PTX and 20 nM VCR caused more or 

less equal percentage of G2/M arrested cells. Therefore these concentrations were 

also used for following experiments. The potencies of PTX and VCR to induce 

G2/M phase block remained unaffected by hypoxic pre-exposure. 200 nM 

concentration of PELA induced G2/M arrest more potently in 4 hour pre-conditioned 

HCT116 cells than in cells without hypoxia pretreatment.    

 To gain further insight into PELA-induced G2M arrest in hypoxia-

conditioned cells, changes in cell-cycle-associated proteins following drug treatment 

were examined. Hypoxia preconditioning resulted in downregulation of cyclin D1 

and hypophosphorylation of retinoblastoma protein (Rb) in both parental and HIF-1
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 cells (Fig.31). 

 

Figure 31. PELA effects expression of cell cycle-associated proteins in HCT116 

and HCT116-HIF-1α cells.  

Hypoxia pre-exposure for 4 h and 24 h resulted in hypophosphorylation of Rb 

at Ser795 in HCT116 and HCT116-HIF-1α cells. On the other hand, cyclin D1 

expression  was not modulated by overexpression of HIF-1 in normoxic conditions. 

PELA and PTX at 200 nM reversed Rb hypophosphorylation in hypoxia conditioned 

cells. VCR treatment did not affect Rb phosphorylation.    

 Treatment with MTAs resulted in an increase in cyclin B1 levels, which 

reflects the higher number of G2/M arrested cells. 24 hour hypoxia preconditioning 

reduced cyclin B1 expression, but PELA and other MTAs clearly abrogated this 

trend (Fig. 32). Hypoxia and MTAs induced expression of cyclin dependent kinase 

inhibitor p21, the effect was particularly apparent HIF-1 overexpressing cells. 
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Figure 32. Cyclin B1 expression in HCT116 and HCT116-HIF-1α cells.  

Next, to better understand the effects of PELA on cell cycle of hypoxia-

pretreated cells at single cell level we utilized the HeLa-FUCCI model system. The 

system enables monitoring the cell cycle phases in real time. However, evidences 

indicate that certain MTAs induce abnormal fluorescence in HeLa-FUCCI cells, 

making it difficult to precisely distinguish cell-cycle changes [188]. We noticed 

a similar abnormal fluorescence and therefore, employed image analysis of cell 

rounding and TrCom to classify mitotic and multinucleated cells. PELA at 200 nM 

resulted in a significant increase in mitotic cell rounding in HeLa-FUCCI  

preincubated in hypoxia for 24 hours (Fig. 33A). Similarly to the flow cytometry  

data, PELA at 200 nM caused an increased MCR in 24 h hypoxia preconditioned 

HeLa-FUCCI cells (Fig. 33B). In contrast, pre-exposure negatively affected MCR 

after 2 nM PTX treatment when compared to NRX cells. There was no difference in 

the effect of VCR on MCR in NRX and HC cells.  
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To exclude the contribution of apoptosis to observed cell rounding, HeLa-

FUCCI cells were subjected to simultaneous treatment with MTAs and a pan-caspase 

inhibitor Z-VAD-FMK with 2-hour preincubation (Fig. 34). PELA and other MTAs 

induced cell rounding even in the presence of caspase inhibitor, indicating specificty 

of mitotic rounding.  

 

Figure 34. Pre-treatment of HeLa-FUCCI cells with 50 M Z-VAD-FMK for 2 h and 16 hour 

simultaneous treatment with Z-VAD-FMK and 200 nM PELA, 20 nM PTX or 20 nM VCR did not 

inhibit MTA-mediated MCR. 10× objective. 
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To examine the effects of  PELA-induced stabilization of MTs, cells after 4h-

H and 24h-H were analyzed for changes in the expression of acetylated α-tubulin 

following treatment for 16 h (Fig. 35). There was a dose-dependent increase of 

tubulin acetylation following PELA and PTX treatment. Whereas PELA and PTX at 

20 nM induced a comparable level of acetylation in HCT116 cells, 4 hour hypoxia 

prevented PTX-mediated tubulin acetylation. Acetylated tubulin level remained 

unaffected by vincristine treatment.  

 

 

Figure 35. PELA-induced stabilization and polymerization of tubulin remains 

unaffected in hypoxia-exposed cells. Representative blots of Ac-tubulin in normoxia and 

hypoxia-subjected HCT116 and HCT116-HIF-1α cells following PELA, PTX and VCR treatment are 

shown.  

Because hypoxia is known to modulate intracellular tubulin polymerization, it 

was of particular interest to determine the level of PELA-stabilized microtubules. 

Incubation of cells for 4 and 24 hours in hypoxia led to a lower level of polymerized 

tubulin, the effect was even more significant in HCT116 HIF-1α cells. While 200 nM 

PELA and 20 nM PTX polymerized comparable amounts of tubulin in NRX cells, 

the same concentration of PTX was less efficient in cells exposed to 4h-H (Fig. 36). 

Furthermore, PELA ability to promote tubulin polymerization in normoxia was 

unaffected by HIF-1α overexpression. On the contrary, HIF-1α overexpression 

significantly reduced the sensitivity of HIF-1α cells to PTX. VCR-treated cells 
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showed consistently  high level of soluble tubulin of approximately 90% (data not 

shown). 

 

Figure 36. PELA-induced stabilization and polymerization of tubulin remains 

unaffected in hypoxia-exposed cells. (A) Representative blots of soluble (S) and polymerized 

(P) tubulin following treatment with PELA and PTX in NRX and hypoxia-exposed are presented. (B) 

There is no effect of hypoxia on PELA-induced polymerization of tubulin; however, 4h-H 

significantly affected tubulin polymerization in HCT116 and HCT116-HIF-1α cells following PTX 

treatment. *** p < 0.001, ** p < 0.01, * p < 0.05, one-way ANOVA with Tukey’s multiple 

comparison test, n = 4-5. (E) Under NRX conditions, HCT116-HIF-1α cells are significantly more 

resistant to PTX-induced polymerization than HCT116 cells. **p < 0.01, n = 3-4, Student t-test, 

unpaired.  

Analysis of DNA fragmentation indicated no cytotoxic effect on cells 

cultivated in hypoxia for 4 and 24 hours (Fig. 37). On the other hand, hypoxia 

affected cytotoxic activity of PTX. There was significantly less apoptosis following 

PTX treatment of hypoxia-conditioned parental and HIF-1α cells. There was no 

effect of hypoxia on PELA- and VCR-induced apoptosis. 
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Figure 37. Apoptosis in hypoxia  preconditioned cells following treatment with 

MTAs. Flow cytometry analysis indicates a significant decrease in PTX- but not PELA- and VCR-

mediated apoptosis of parental and HIF-1α cells pre-exposed to hypoxia. * p < 0.05 compared to NRX 

cells, n = 3-4.  

To determine if hypoxia altered apoptosis of cells following PELA treatment, 

we examined the changes in the activation of apoptosis-associated caspase 3 and 8 

proteins by western blot. PELA at 200 nM resulted in the cleavage of caspase 3 and 8 

both in NRX and hypoxia pretreated cells, indicating that hypoxia did not alter 

PELA-induced cell apoptosis (Fig. 38). However, hypoxia affected the activation of 

caspase 3 following PTX but not VCR treatment. Lower concentrations of MTAs did 

not result in the activation of caspases both in NRX and hypoxic cells. Hypoxia by 

itself did not induce apoptosis in the untreated cells. 
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Figure 38. Caspase cleavage in HCT116 HC cells following PELA treatment. 

NRX and HC cells were treated with PELA, PTX and VCR for 16 h and cleavage of caspase-8 and -3 

were analyzed by western blot. Arrows indicate the cleaved caspase bands. Caspase 8 and 3 blots are 

from different gels. n = 3. 
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Discussion 

Microtubule targeting agents constitute an important class of drugs widely 

used in cancer therapy. Microtubule stabilizing drugs such as paclitaxel and other 

taxanes have a critical role in cancer treatment and management. However, their 

activity is often lowered by hypoxia-associated alterations in solid tumors [103]. 

Recently, several studies demonstrated extraordinary properties of peloruside A 

(PELA), a non-taxoid-site microtubule-stabilizing agent isolated from marine sponge 

Mycale hentscheli [109], [189]. Nevertheless, the impact of hypoxia on PELA 

efficacy has not yet been revealed. Although complex rearrangements induced by 

hypoxia in vivo cannot be perfectly simulated in 2D culture, hypoxia-conditioning is 

often used to provide evidence for differential sensitivity in conditions more 

resembling the situation in solid tumors [135]. The level of HIF-1α have significant 

impact on the sensitivity of cancer cells to paclitaxel [133]. Therefore we compared 

the cytotoxic effects of PELA to the known effects of PTX in colorectal HCT116 

cancer cells under normoxic and hypoxic conditions. Our data show that hypoxia 

pre-exposure does not alter the susceptibility of parental and HIF-1-expressing 

HCT116 cells to PELA. In agreement with previous studies, hypoxia significantly 

decreases cytotoxicity of PTX [132,190,191]. Therefore, hypoxia abrogates PTX-

mediated stabilization of microtubules, most likely by alterations in the expression of 

microtubule associated proteins, which could also contribute to MTA resistance 

[192]. The differential effect of PELA and PTX on cell cycle could be caused by the 

different concentration of each drug. However, PELA at 200 nM and PTX at 20 nM 

induce the comparable amount of polymerized tubulin in normoxia. On the other 

hand, treatment with 20 nM PELA and 20 nM PTX resulted in equal level of tubulin 

acetylation. In contrast to previously published study [193], we did not observe 

a significant effect of hypoxia on the G2/M arrest of hypoxia-conditioned cells 

following PTX treatment. This difference is probably caused by the different method 

of cell pretreatment. We first exposed the cells to hypoxia and then treated them with 

MTAs in normoxia for an additional 16 h which apparently resulted in the 

degradation of the majority of HIF-1 in untreated cells. However, preconditioned 

cells display prolonged response to hypoxia, which is demonstrated by 

hypophosphorylated Rb and decreased levels of cyclin D1 in cells transferred to 

normoxia for 16 hours. Therefore, hypoxia has long-lasting effects on molecular 
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signaling in cancer cells. The downregulation of cyclin D1 and Rb 

hypophosphorylation is probably result of p21 activation in hypoxic condition. 

Unsurprisingly, PELA treatment led to the mitotic arrest and a high percentage of 

cells in G2/M phase. Low concentration 40 nM PELA was reported to interfere with 

the formation of kinetochore-microtubule attachment and induce aneuploidy. 

Interestingly, low PELA doses increase the frequency of pseudo-metaphase cells, 

which are not detected by the spindle assembly checkpoint [189]. Abnormal mitosis 

and mitotic slippage have been reported to enhance the cytotoxicity of PTX through 

p53-mediated apoptosis in different cancer cell types. The induction of apoptosis 

upon multinucleation and post-slippage DNA damage significantly contributes to 

PTX cytotoxicity [194]. Our data demonstrate that PELA induces caspase-dependent 

apoptosis accompanied by  DNA fragmentation in both parental and HIF-1-

expressing cells. The obtained results indicate that PELA-induced alterations in 

microtubule dynamics promote cell cycle arrest and apoptosis regardless of hypoxia 

pretreatment in vitro. Thus, PELA activity is worthy of further investigation in 

a physiologically relevant model of a solid tumor. 
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IV.b Cell cycle modulatory properties of novel betulinic acid 

analogues with unknown mode of action  

 

The aim of the study was biological characterization of novel 

fluoroderivatives synthesized at colaborating chemistry departments. A set of 

dihydrobetulinic acid derivatives containing highly electronegative 2,2-difluoro 

moiety or their intermediates was tested against cancer cell lines to prove the 

hypothesis, that electronegative moiety at C2 position increases anticancer activity. 

This tendency was observed in previous study of dihydrobetulonic acid  with 

bromine substituents [195]. The impact of novel fluorderivatives on cancer cell cycle 

was of particular interest, because fluorine introduction is known to alter molecular 

recognition and may completely change the mode of action. The collected data from 

chemistry and biological part were published [182]. Study on triterpenoid thiazoles 

[183] provided oportunity to prove, if the electronegative substituent increases 

cytotoxicity of other triterpenoid scaffolds such as oleanonic acid,  methyl 

oleanonate and methyl betulonate. In addition, the potential mode of action of novel 

oleanonic acid thiocyanate will be discussed with respect to original unpublished 

data of G2/M arrest inducing triterpene XXVII. Therefore the data indicative of 

XXVII inhibitory effect on proteasome are shown in results. Synthesis and 

anticancer activity of XXVII were described previously [184], [185]. 
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Results 

In vitro cytotoxic activity of triterpenoid derivatives was tested against 

CCRF-CEM T-lymphoblastic leukemia cells (Table 6). The most active compounds 

of the tested set were 2,2-difluorodihydrobetulonic acid X, that is structurally related 

to 2,2-dibromodihydrobetulonic acid I, and methyl betulonate derivative XXIVb. 

Other active compounds with an IC50 value up to 10 micromolar concentration were 

almost exclusively acids with a free carboxyl group in C-28 position. With the 

exception of XXIVb, methylesters showed generally lower cytotoxic activity in 

comparison with free acids. Dihydrobetulinic acid  derivatives modified with acetyl 

or benzyl group at C-28  IV, VI were less active than unsubstituted dihydrobetulinic 

acid V.  Introduction of fluorine atoms to position 2 significantly increased the 

cytotoxicity as apparent from comparison of corresponding pairs of dihydrobetulinic 

acid V (IC50 = 9.2 µM) and 2,2-difluorodihydrobetulinic acid XII (IC50 = 4.0 µM) or 

benzyl dihydrobetulinate VI (IC50 = 69.4 µM) and 2,2-difluorodihydrobetulinate XI 

(IC50 = 13.4 µM) (Fig. 39, Table 6). Interestingly, the data indicate that difluoro 

moiety can counteract the unfavourable effect of benzyl moiety. 2-bromo moiety of 

XXIIIb, XXIVb and XXVIb imparts cytotoxic activity in a similar manner as 2,2-

difluoro substitution and significantly improved the activity of previously inactive 

allobetulon XXIIIa, methyl betulonate XXIVa and less active oleanonic acid XXVIa. 

Thus bromine introduction had a striking impact since allobetulon analogues are 

frequently inactive. 2-thiocyanate substituted compounds XXIVc and XXVIc 

followed the same trend, however they were less cytotoxic than bromine containing 

derivatives. The general trend of slightly higher cytotoxicity of 3-oxoderivatives than 

3-hydroxyderivatives is evidenced by comparison of X with XII (Fig. 39). 

Hemiesters XVI, XVII, XVIII and XIX (Fig. 40) show comparable activity with 3-

hydroxylated 2,2-difluorodihydrobetulinic acid XII (Fig. 39). Difluoroallobetulin 

hemiesters XX, XXI and XXII were much less active than those made from 2,2-

difluorobetulinic acid, however, they were more active than 2,2-difluoroallobetulins 

XIV and XV (Table. 6). 
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Table 6. Cytotoxic activity against CCRF-CEM lymphoblastic leukemia cell line 

presented as IC50 concentrations. The standard deviation is typically up to 10% of the 

average value. 

 

Compound IC50 (µM) 

I 1.0 

II 250.0 

III 250.0 

IV 14.1 

V 5.2 

VI 69.4 

VII 68.3 

VIII 15.6 

IX 69.8 

X 2.4 

XI 13.4 

XII 4.0 

XIII 250.0 

XIV 250.0 

XV 250.0 

XVI 4.2 

XVII 8.3 

XVIII 4.9 

XIX 4.5 

XX 23.5 

XXI 102.0 

XXII 127.0 

XXIIIa >50.0 

XXIIIb 5.2 

XXIIIc 43 

XXIVa >50.0 

XXIVb 2.9 

XXIVc 10.8 

XXVa >50.0 

XXVb 14.0 

XXVc 29.0 

XXVIa 15.1 

XXVIb 4.5 

XXVIc 6.4 

XXVII 7.2 
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Figure 39. Effect of fluorine substituents on cytotoxicity. CCRF-CEM IC50 values are 

shown to demonstrate improved cytotoxicity.  

 

Figure 40. Effect of hemiester side chain on cytotoxicity.  
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The cytotoxic activity of the most active derivatives were further tested on six 

cancer cell lines of different histogenetic origin and on two types of normal human 

fibroblasts BJ and MRC-5 (Table 7). The cancer cell lines were derived from T-

lymphoblastic leukemia CCRF-CEM, chronic myelogenous leukemia K562 and 

colon carcinoma (HCT116, HCT116p53-/-). Sublines with multi-drug resistance 

(MDR) phenotype CCRF-CEM-DNR-bulk and K562-Tax (in the table CEM-DNR, 

K562-TAX) were employed to predict possible effect of MDR. The IC50 value of 

tested compounds was in low micromolar range at most of the cancer cell lines. 

Compounds I and X showed the highest cytotoxicity, however they displayed 

toxicity against normal human fibroblasts as well as other compounds. HCT116 p53 

status had low or no impact on the susceptibility of HCT116 to tested compounds. 

With the exception of V and X, the compounds show slightly lower activity 

against daunorubicin resistant CCRF-CEM-DNR-bulk cell line. On the other hand, 

compounds show highly comparable activity in K562 and K562-Tax. 

 

Table 7. Cytotoxic activities of selected compounds on tumor and normal cell 

lines. CCRF-CEM IC50 values are shown for comparison with its resistant subline.  

  Cell line 

Compound CEM CEM-DNR K562 K562-TAX HCT116 HCT116p53-/- BJ MRC-5 

I  1.0 7.0 0.9 1.1 2.4 2.6 13.3 8.0 

V 5.2 5.5 3.7 4.8 15.1 4.6 24.7 12.8 

X 2.4 6.2 2.6 2.3 4.4 4.7 15.4 9.1 

XII 4 10.9 5.5 4.1 7.3 5.8 18.7 14.7 

XVI 4.1 14.7 6.5 5.8 6.1 5.9 34.7 29.2 

XVII 8.3 24.4 18.3 19.8 14.8 8.6 76.6 27.9 

XVIII 6.2 15.7 12.9 16 14.2 7.1 39.6 14.7 

XIX 4.5 11.4 11.8 11.5 8.5 3.7 26 12.8 

XXIIIb 5.2 >50.0 11.7 7.5 21.5 22.8 >50.0 >50.0 

XXIVb 2.9 15 9 11 14.9 12.4 22.9 26.3 

XXIVc 10.8 >50.0 15.5 >50.0 34.6 29.9 32.3 36.1 

XXVIb 4.5 14.8 2.1 13.5 4.1 8.2 27.7 20.0 

XXVIc 6.4 31.1 28.6 >50.0 23.6 16.3 >50.0 48.0 

 

Next, flow cytometry methods were employed to further characterize the anti-

tumor properties of the active compounds. The influence on the cell cycle of CCRF-

CEM cells was analyzed after the 24 hour treatment with 1× and 5×IC50 

concentration (Table 8).  
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Table 8. Cell cycle phase distribution in the entire cell population(%). Cell cycle 

data of XXVII with IC50 CEM value 7.2 µM are adapted from [185]. 

Used concentration          

(IC50) 
Sub G1 

(%) 

G0/G1  

(%) 

S            

(%) 

G2/M           

(%) 
pH3Ser10

  

(%) 

BrdU 

positive 

cells (%) 

BrU 

positive 

cells (%) 

Control 0 3.4 41.6 44.2 14.2 1.6 58.8 48.8 

I 1x 4.8 37.6 51.0 11.4 NA 64.4 52.5 

  5x 26.2 33.2 52.9 13.9 NA 45.1 39.6 

V 1x 5.3 34.4 51.4 14.2 NA 64.5 46.7 

  5x 5.3 28.8 62.3 9.0 NA 55.6 33.0 

X 1x 2.9 39.4 47.6 13.1 NA NA NA 

  5x 1.3 39.1 39.7 21.2 NA NA NA 

XII 1x 2.5 39.7 50.2 10.2 NA 61.4 35.6 

  5x 8.5 31.6 57.5 11.0 NA 34.8 1.7 

XVI 1x 3.0 45.6 43.9 10.5 NA 60.0 39.4 

  5x 2.3 44.2 39.4 16.4 NA 41.3 30.1 

XVII 1x 3.0 46.2 44.2 9.6 NA NA NA 

  5x 3.3 43.2 36.9 20.0 NA NA NA 

XVIII 1x 1.9 42.8 46.8 10.4 NA NA NA 

  5x 2.7 42.6 41.6 15.8 NA NA NA 

XIX 1x 2.8 44.4 44.6 11.1 NA NA NA 

  5x 3.7 40.1 40.0 19.9 NA NA NA 

XXIIIb 1x 5.8 44.8 41.0 14.3 1.0 52.2 41.4 

  5x 43.6 44.3 37.9 17.8 1.7 37.2 31.8 

XXIVb 1x 7.8 40.2 38.2 21.5 2.8 26.0 49.3 

  5x 32.5 45.6 31.1 23.4 2.4 13.3 1.4 

XXIVc 1x 3.4 36.1 47.9 15.9 2.1 41.1 47.5 

  5x 58.5 30.9 41.3 27.8 1.0 13.8 1.0 

XXVIb 1x 6.0 42.7 42.5 14.8 1.1 61.7 53.5 

  5x 57.7 45.4 39.9 14.7 1.6 36.2 24.6 

XXVIc 1x 41.6 56.9 22.8 20.4 1.1 10.5 5.4 

  5x 83.1 34.9 25.3 39.8 0.3 2.9 0.6 

XXVII  1x 8.0 10.7 49.0 40.3 4.9 NA NA 

  5x 40.4 13.4 59.6 27.0 3.7 NA NA 

 

Treatment with compounds I, V and XII at 5×IC50 caused a shift in cell cycle 

from G1 to S phase. A lower percentage of G1 cells can be associated with lower 

proliferation rate as apparent from reduced level of BrdU incorporating cells. In 

addition, an increase in S phase indicates that compounds disturb S phase 

progression, most likely by the non-specific mechanism. Compound XII completely 

inhibited synthesis of cellular RNA transcripts, which suggest massive interference 

with cellular processes. The level of BrU incorporation was less affected by 5×IC50 
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concentrations of other compounds. Compound XVI had no direct impact on cell 

cycle with the exception of reduced BrdU and BrU incorporation into DNA and 

RNA, respectively.         

 Cell cycle profile analysis revealed G2/M arrest after treatment of CCRF-

CEM cells with XXIVb, XXIVc and XXVIc that was most pronounced effect among 

tested derivatives, compounds X, XVII and XIX displayed weaker effect. The results 

could be in some cases of 5×IC50 dose, however, affected by high DNA 

fragmentation. Nevertheless, the sub-G1 population in the majority of analyzed cells 

was below 10 %. Phosphorylation of histone H3 at Ser10 as a mitotic marker did not 

indicate cell cycle arrest in M-phase after treatment with XXIVb, XXIVc and 

XXVIc. Thus XXIVb, XXIVc and XXVIc arrest cell cycle progression most 

probably in G2 or during the transition to M phase by an unknown mechanism that 

remains to be solved.        

 According to our experience, triterpene derivatives induce G2/M phase block 

rather rarely. The analogous question was resolved during the previous original 

unpublished study of C-30 modified betulinic acid analogue XXVII that induced 

G2/M phase block of the cell cycle (40.3 %). The level of phospho H3 at Ser10 

induced by XXVII was, however, higher (4-5 %) than of XXVIc  (1.1 %). 

 A detailed study revealed interference with ubiquitin-proteasome system as 

visible from Proteasome Sensor accumulation (Fig. 41A). The inhibition is, however, 

in much higher concentrations in comparison with specific proteasome inhibitor 

bortezomib. Ubiquitin is predominantly bound to histones and upon treatment with 

betulinic acid derivative, ubiquitin bound proteins were translocated from the nucleus 

and accumulated in the cytoplasm in a similar manner as after treatment with specific 

proteasomal inhibitor bortezomib (Fig. 41B). Western blot of ubiquitinylated 

proteins showed dose-dependent accumulation of ubiquitin-bound proteins (Fig. 

41C, D). Nevertheless, the concentration of bortezomib sufficient to promote the 

same effect was more than 2 orders of magnitude lower. 
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Figure 41. XXVII inhibits proteasome-mediated degradation of ubiquitinylated 

proteins. (A) Accumulation of fluorescent proteasomal substrate Proteasome Sensor in U2OS cells 

after 20-hour treatment with indicated compounds. (B) Nucleus to cytosol translocation of ubiquitin-

GFP in U2OS cells after 4 h treatment with 0.1 µM Bortezomib and 30 µM XXVII. (C and D) The 

dose-dependent level of ubiquitin and K29-, K48- and K63-ubiquitinylted proteins in U2OS cells 

following 4 h treatment. (E) XXVII structure and IC50 values obtained for CCRF-CEM and U2OS cell 

lines. IC50 CEM value adapted from [185]. 
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Discussion 

The aim of the study was a biological characterization of novel triterpene 

fluoroderivatives. A set of dihydrobetulinic acid derivatives containing highly 

electronegative 2,2-difluoro moiety or their intermediates was tested against cancer 

cell lines to prove the hypothesis, that electronegative moiety at C2 position 

increases anticancer activity. This tendency is indicated by cytotoxic activity of 2-

bromo dihydrobetulonic and 2,2-dibromo dihydrobetulonic acid [195]. Fluorine 

atoms were introduced to the position 2 of dihydrobetulinic acid since other 

possibilities (alkyl-flouro and aryl-fluoro moieties) would probably further increase 

its hydrophobicity. To decrease overall hydrophobicity, various hemiester groups 

were introduced at position 3. The impact of novel fluorderivatives on cancer cell 

cycle was of particular interest because fluorine introduction is known to alter 

molecular recognition and may completely change the mode of action. 

Organofluorine compounds  represent a significant group of drugs in the 

pharmaceutical industry, although fluorine is very rarely found as part of natural 

organic compounds. Due to high electronegativity of fluorine and other chemical 

properties of fluorine, the C-F bond is extremely polar and its presence increases 

lipophilicity (logP) and absorption, which affects the pharmacological properties in 

general. It also shows higher thermal and chemical stability in comparison with C-H 

bond [196], [197], [198], [199]. The comparison of 2,2-difluoro with unsubstituted 

counterparts confirms the hypothesis that a strong electron withdrawing group in 

position 2 increases the cytotoxicity of triterpene derivatives. The cytotoxic activity 

of bromine and fluorine containing derivatives was highly comparable. However, 

fluorine is potentially more preferred since organofluorine compounds are widely 

used in clinics. Although 2-thiocyanate substitution enhanced the activity of inactive 

compounds, the effect was not as convincing as the case of 2,2-difluoro substituent. 

In addition, recent report showed also cytotoxic activity of 2-amino allobetulin [200]. 

Another finding is that these difluoroderivatives had high cytotoxic activity, when 

they contained a free carboxylic group or methylester. The absence of carboxyl 

group is therefore presumably responsible for the low activity of allobetulin 

derivatives. The results indicate that tested compounds display generally low 

selectivity. Therefore future research must be focused on the improvement of the 

potential therapeutic window between cancer and normal cells. Activities of all 
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lupane hemiesters were comparable with the activity of structures without long side 

chains. Nevertheless, hemiester groups most likely affect water solubility and can 

provide an advantage in terms of possible formulations with cyclodextrins. In 

contrast to bevirimat, hemiester group is not an important part of the pharmacophore 

for anticancer activity. This finding is not surprising when we consider the molecular 

basis of inhibition of virus maturation through the interaction of bevirimat with viral 

GAG protein. Flow cytometry analysis revealed accumulation in S phase after the 

treatment of CCR-CEM cells with I, V and XII and G2/M arrest of the cell cycle 

induced by XXIVb, XXIVc and XXVIc. The effect is mediated by an unknown 

mechanism, however, with respect to original unpublished data of G2/M arrest 

inducing betulinic acid derivative XXVII (synthesis and basic anticancer activity 

were described previously [184], [185]), the proteasomal inhibitory activity is rather 

unlikely. Although oleanonic acid thiocyanate XXVIc induced G2/M arrest of the 

cell cycle, it did not elevate phospho H3 at Ser10 in contrast to XXVII. A different 

mode of action is also evidenced by high structural diversity between XXVIc and 

XXVII. While XXVIc is oleanonic acid derivative with modified position C-2 and C-

3, XXVII is betulinic acid analogue with substitution at opposite C-30. XXVII 

induced G2/M arrest might be, as in the case of proteasomal inhibitor bortezomib, 

a result of ATM mediated checkpoint arrest [201]. In addition, a higher level of 

mitotic cells can be caused by poor degradation of proteasomal substrates such as 

cyclin B1, whose degradation is required for further progression from mitosis [50]. 

 The observed proteasomal inhibition by XXVII is in concordance with 

literature, since the C-3 and C-30 positions of betulinic acid with larger side chains 

were reported to increase the inhibition of the chymotrypsin-like activity of 20S 

proteasome [202]. Nevertheless, a more detailed study employing proteasome 

activity assay is needed for the in vitro validation of proteasome inhibitors derived 

from betulinic acid. On the other hand, these advanced tests are reasonable only for 

highly active compounds.         

 The study provides evidence for future design of new structures. Because it 

can not be further directed towards more electronegative substituents at C-2, the 

possibility of the side chain in another position should be considered to increase 

activity and specificity.   
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V. SUMMARY 

The cell cycle is a sequence of events necessary for successful DNA 

replication and subsequent cell division into two daughter cells. Cell cycle 

dysregulation and abnormal activation of pathways that stimulate cell cycle 

progression are the underlying factors in cancer development. Although the key 

players in cell cycle regulation have been identified, the complexity of signaling 

pathways complicates specific targeting of cancer cells. In addition, cancer cells 

possess great ability to counterbalance the interventions by various compensatory 

mechanisms. Therefore, novel targets and strategies, as well as small molecule 

inhibitors, are being developed. However, new drugs such as kinase inhibitors 

targeting cyclin dependent kinases, Aurora kinases, Chk1 and Chk2 and Wee 1 show 

limited activity in monotherapy. On the other hand, combined therapy with 

conventional chemotherapy may improve cytotoxic activity or overcome drug 

resistance [203]. Moreover, the therapeutic effect of novel drugs is also affected by 

therapeutic indication. For example, Aurora kinases inhibitors did not meet the 

expected outcomes in clinical studies for the treatment of solid tumors, whereas 

higher response rates were achieved in hematologic malignancies. Nevertheless, the 

vast majority of clinically used chemotherapies relies on activation of cell cycle 

checkpoints that mediate cell cycle arrest upon DNA damage or incorrect mitosis. 

The most important class of antimitotic drugs are microtubule targeting agents 

(MTAs) that interfere with mitotic spindle formation, although they were also shown 

to upset cellular functions of interphase cells.      

 This PhD thesis integrates two studies dedicated to cancer cell cycle targeting 

by small molecule compounds. The first study is focused on inhibition of 

microtubule dynamics, a known molecular target of peloruside A (PELA). The 

efficacy of MTAs such as paclitaxel is often limited by hypoxia-associated 

alterations in solid tumors, however, the susceptibility of PELA to such alterations 

has not been determined. Therefore, the study compared the effects of hypoxia-

mediated cellular changes on microtubule stabilization promoted by peloruside A 

and paclitaxel or microtubule assembly inhibition induced by vincristine. The study 

showed that hypoxia pre-exposure has no effect on the susceptibility of HCT116 

cells to PELA. In contrast, hypoxia significantly reduced the cytotoxicity of PTX and 

prevented PTX-induced apoptosis. The data demonstrate that the ability of PELA to 
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induce G2/M arrest is not modulated by hypoxia conditioning of HCT116 cells in 

contrast to PTX. Hypoxia pretreatment also significantly reduced level of PTX-

stabilized microtubules and level of PTX-induced tubulin acetylation. Thereby 

hypoxia pre-exposure reverses the PTX-induced changes in microtubule structure 

and probably affects the binding of microtubule-associated proteins (MAPs).

 These findings indicate that oxygen deficiency in solid tumors has a striking 

impact on response to MTAs. In addition to direct effects of HIF-1α on microtubules, 

HIF-1α-mediated altered expression of the cell cycle, multidrug resistance-associated 

and apoptosis-regulating proteins also results in a poor response of tumor cells to 

MTAs in hypoxia. In contrast to PTX, PELA is a poor substrate of P-glycoprotein 

(P-gp), a downstream target of HIF-1α. Thus PELA is potentially less sensitive to 

HIF-1α mediated P-glycoprotein expression than PTX and it was shown to have 

favourable outcomes in a number of cancer cell lines resistant to PTX. The obtained 

results suggest that MTAs that bind to an alternative site than the taxane site, can 

potently inhibit the growth of hypoxic cancer cells with altered microtubule 

sensitivity. Nevertheless, further validation in more sophisticated pre-clinical models 

is needed to assess PELA potential for treatment of solid tumors.    

 The second study is focused on characterization of antiproliferative activity of 

novel triterpene derivatives with the yet unexplored molecular target. Despite 

betulinic and oleanonic acid analogues have been extensively studied for more than 

two decades, a broad spectrum of their biological activities and low target specificity 

limit their clinical potential. However, recent systematic bioinformatic analysis of 

drug discovery data revealed that low-affinity drugs with multiple targets could be in 

complex disease more effective than high-affinity binders [204]. The triterpenes 

bardoxolone methyl and bevirimat failed in clinical trials due to side effect or 

development of drug resistance. On the other hand, these compounds inspire the 

design of novel triterpenoid analogues with improved activity and bioavailability. 

One of these approaches employs introduction of fluorine atoms to enhance 

bioavailability and molecular recognition. Therefore, the study evaluated the 

potential of fluorinated dihydrobetulinic acid analogues. The set of 2,2-

difluoroderivatives, derivatives with electronegative substituents in the same position 

and their intermediates were tested against cancer and non-cancerous cell lines. An 

electronegative moiety such as difluoro-, bromo- or thiocyano- substituents enhanced 

the cytotoxic activity of triterpenoid scaffolds. However, the comparison of activities 
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towards cancer cell lines and normal fibroblasts indicates low selectivity of tested 

compounds. The most active compounds induced S phase or G2/M arrest in CCRF-

CEM. The exact mechanism of G2/M arrest induced by XXIVb, XXIVc and XXVIc 

is unknown, but unlike previously studied betulinic acid derivative and proteasomal 

inhibitor XXVII, the treatment did not induced H3 phosphorylation at Ser10. 

Thereby novel compounds probably do not act as modulators of the ubiquitin-

proteasome system. In conclusion, this thesis summarises the progress in targeting of 

the cell cycle in cancer and shows the importance of novel small-molecule agents in 

cancer treatment.          

 In conclusion, the studies revealed promising anticancer activities of 

peloruside A and semisynthetic triterpenes and form the basis for further research.  
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Souhrn 

Buněčný cyklus je ohraničen dvěma po sobě následujícími buněčnými 

děleními a sestává ze série kroků nezbytných pro rozdělení buňky. Nádorové buňky 

často vykazují deregulaci buněčného cyklu a nadměrnou aktivaci signalizačních drah 

stimulujících růst. Přestože hlavní regulační dráhy buněčného cyklu jsou známy, 

specifické cílení na nádorové buňky zůstává obtížné. I přes významné pokroky 

v biomedicínském výzkumu zůstávají základem pro léčbu používaná cytostatika 

interferující s biosyntézou DNA nebo dynamikou mikrotubulů. Předložená disertační 

práce integruje různé přístupy k vývoji nových protinádorových látek interferujících 

s průběhem buněčného cyklu.       

 Pelorusid A inhibuje dynamiku mikrotubulů stabilizací jejich podjednotek, 

avšak na rozdíl od paklitaxelu se pelorusid A váže na odlišné místo podjednotky β-

tubulinu. Nedostatečné zásobení kyslíkem je zodpovědné za sniženou účinnost 

paklitaxelu při léčbě solidních nádorů, studie byla tedy zaměřena na dosud neznámé 

účinky pelorusidu A v hypoxických podmínkách. Pro srovnání byly experimenty 

provedeny i s klinicky používaným inhibitorem polymerizace mikrotubulů 

vinkristinem. Studie ukázala, že preinkubace buněk kolorektálního karcinomu 

HCT116 v hypoxii indukovala HIF-1α dráhu, avšak citlivost nádorových buněk 

k pelorusidu A a vinkristinu se nezměnila. V souladu s literaturou, hypoxické 

podmínky významně snížily účinnost paklitaxelu. Hypoxie také snížila schopnost 

paklitaxelu indukovat blok v G2/M fázi buněčného cyklu a stabilizovat mikrotubuly. 

Naopak pelorusid A si zachoval vysokou účinnost, stabilizoval mikrotubuly 

a stimuloval jejich acetylaci bez ohledu na preinkubaci. Stejný trend snížené 

cytotoxicity paklitaxelu byl patrný i v aktivaci kaspáz a indukci apoptózy. 

V hypoxických podmínkách solidního nádoru vzniká stres, který je příčinou alterací 

v homeostáze i v odpovědi k protinádorové léčbě. Navíc hypoxií indukovaná 

aktivace transkripčních faktorů HIF-1α vede k expresi proteinů regulujících 

metabolismus, angiogenezi i apoptózu. Transkripčním cílem HIF-1α je 

i P-glykoprotein zodpovědný za mnohočetnou lékovou rezistenci. To může mít 

i další navazující efekt na rozdílnou citlivost k paklitaxelu a pelorusidu A, protože 

pelorusid A na rozdíl od paklitaxelu není substrátem pro P-glykoprotein. Z dat 

předložených v této práci vyplývá, že pelorusid A má silný protinádorový účinek, 

který není negativně ovlivněn stimulací drah odpovědi na hypoxické podmínky. 
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Studie prokázala významný potenciál nových látek, které interagují s jiným 

vazebným místem β-tubulinu než taxany.       

 Cílem druhé studie byla charakterizace protinádorové aktivity triterpenů 

s neznámým mechanismem účinku. Přestože deriváty kyseliny betulinové 

a oleanonové jsou intenzivně  studovány, jejich široká biologická aktivita komplikuje 

jejich klinické využití i určení vazebných partnerů na molekulární úrovni. Nicméně 

i léčiva s více cíli mohou být ve výsledku efektivní proti komplexním onemocněním 

[204]. Některá analoga triterpenů jako bevirimat nebo bardoxolon methyl již byla 

testována v preklinických a klinických zkouškách pro léčbu AIDS nebo chronického 

selhání ledvin, bardoxolon methyl má navíc také silné protinádorové účinky. 

V souvislosti s protinádorovou aktivitou je nejvíce prostudovaným triterpenem 

kyselina betulinová, která selektivně indukuje vnitřní dráhu apoptózy nádorových 

buněk. Navíc bylo prokázáno, že inhibuje topoizomerázu eukaryot i angiogenezi 

v solidních nádorech. Vhodnými modifikacemi kyseliny betulinové může být také 

ovlivněna její schopnost indukovat blok v různých fázích buněčného cyklu. Zavedení 

fluoru je v medicinální chemii často používanou strategií ke zlepšení biodostupnosti 

a účinku léčiv, a proto byla studie zaměřena na 2,2-difluoro deriváty kyseliny 

dehydrobetulinové. Soubor derivátů s  2,2-difluoro a dalšími elektronegativními  

skupinami (Br, SCN) i jejich meziprodukty byly testovány na panelu nádorových 

i nenádorových linií. Elektronegativní substituent v poloze 2 významně zvyšoval 

cytotoxickou aktivitu triterpenů, tento trend byl patrný i u původně neaktivních 

allobetulinů. V porovnání substituentů vykazovaly thiokyanáty slabší účinnost než 

fluorderiváty. Z výsledků cytotoxicity proti nádorovými buněčným liniím 

a nenádorovým fibroblastům však vyplývá nedostatečná selektivita proti nádorovým 

buňkám. Analýza buněčného cyklu CCRF-CEM metodami průtokové cytometrie 

prokázala blok v S fázi indukovaný deriváty I, V a XII. Deriváty XXIVb, XXIVc and 

XXVIc způsobovaly akumulaci buněk v G2/M fázi, avšak analýza fosforylace 

histonu H3 na Ser10 jako mitotického markeru vyloučila mitotický blok. 

Mechanismus jakým tyto látky interferují s buněčným cyklem je předmětem dalšího 

výzkumu. Nicméně ve srovnání s dalším derivátem kyseliny betulinové XXVII 

uvedené látky zřejmě nepatří do skupiny triterpenů inhibujících ubiquitin-

proteazomový systém. Studie přispěly k hlubšímu pochopení protinádorové aktivity 

pelorusidu A a semisyntetických triterpenů. 
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