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Abstract  

Pancreatic cancer is one of the deadliest types of malignant diseases. Asymptomatic early tumour 

stages, tumour heterogeneity, cancer cell plasticity and unusually dense pancreatic stroma are 

responsible for the poor prognosis attributed to late diagnosis and therapy resistance. Therefore, 

targeting of a pivotal element common for any cell type within the tumour, e.g. mitochondria, 

may bring significant improvement. 

In this work, we demonstrate mitochondrial targeting of metformin, an anti-diabetic drug 

associated with reduced risk of developing pancreatic cancer, substantially increases 

accumulation of the compound in mitochondria. In consequence, we show that mitochondrially 

targeted metformin, MitoMet, eliminates pancreatic cancer cells in more than 1000-fold lower 

concentration than used for its parental compound. Following interaction with respiratory 

complex I (CI), MitoMet inhibits mitochondrial respiration, activates AMP-activated protein 

kinase pathway and causes depolarization of mitochondrial membrane potential in pancreatic 

cancer cells. Moreover, MitoMet induces cell cycle arrest and apoptosis, which is partially 

mediated via increased level of reactive oxygen species (ROS), and suppresses pancreatic tumour 

growth in vivo. Interestingly, SMAD4-deficient pancreatic cancer cells manifest decreased 

responsiveness to MitoMet when compared to cells with intact SMAD4. Furthermore, SMAD4 

deletion alters mitochondrial function, morphology and upregulates autophagy pathway. To our 

surprise, stimulation of TGFβ pathway, whose central signalling mediator affecting 

transcriptional profile of a cell is SMAD4, mimics the effects of SMAD4 loss, including reduced 

sensitivity to MitoMet. Our findings demonstrate, for the first time, that SMAD4 loss leads to 

elevated autophagic removal of mitochondria, i.e. mitophagy, which is in part triggered by 

constitutive activation of MAPK/Erk signalling. On the other hand, autophagy in PDAC cells 

treated with TGFβ is not accompanied by mitophagy. Interestingly, while increased mitophagy 

upon SMAD4 loss in PDAC cells partially mediates increased resistance to MitoMet, TGFβ-

induced resistance to this compound in SMAD4-positive cells is not linked to autophagy but 

rather to activation of epithelial-mesenchymal transition. Finally, we report that in comparison 

with MitoMet, mitochondrially targeted tamoxifen, MitoTam, eradicate PDAC cells irrespective 

the SMAD4 genotype and activity of TGFβ pathway likely due to ROS overload and rapid 

inhibition of mitochondrial respiration. 
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To conclude, we provide evidence that mitochondrial targeting is particularly relevant strategy 

to combat pancreatic cancer. Moreover, we propose SMAD4 as a diagnostic marker for adequate 

choice of therapeutic regimen, since its loss initiates different cellular programmes responsible 

for limited treatment success and worsened outcome of the disease. 

 

Key words 

Pancreatic cancer, TGFβ pathway, SMAD4, mitochondrial targeting, metformin, mitophagy. 
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Abstrakt 

Rakovina slinivky břišní je jednou z nejčastějších příčin úmrtí na rakovinu. Mezi hlavní aspekty 

vedoucí k nepříznivé prognóze tohoto onemocnění se zpravidla řadí pozdní diagnóza a odolnost 

vůči zavedeným terapeutikům. Pozdní diagnóza je způsobena především bezpříznakovými 

časnými fázemi vývoje nádoru. Léková rezistence je pak zapřičiněna různorodým složením 

nádoru, neobvykle rozsáhlým nádorovým mikroprostředím a přizpůsobivostí jednotlivých 

buněčných komponent na měnící se energetické podmínky. 

Předchozí výsledky v naší laboratoři prokázaly, že cílením bioaktivních molekul do mitochondrií 

se výrazně posiluje jejich akumulace v těchto organelách. Vzhledem k tomu, že podání 

metforminu je u pacientů s cukrovkou 2. typu léčených touto látkou spojováno se sníženým 

rizikem výskytu rakoviny slinivky břišní, upravili jsme strukturu metforminu tak, aby byla 

zvýšena jeho koncentrace v místě svého působení, tedy v mitochondriích. Tato práce ukazuje, že 

mitochondriálně cílený metformin, tzv. MitoMet, eliminuje buňky nádoru slinivky břišní 

v porovnání s mateřskou látkou ve více než 1000 krát nižší koncentraci. MitoMet potlačuje 

mitochondriální respiraci, aktivuje dráhu kinázy AMPK a způsobuje depolarizaci 

mitochondriálního membránového potenciálu v buňkách nádoru slinivky břišní v důsledku 

interakce s mitochondriálním komplexem I (KI). MitoMet navíc navozuje zastavení buněčného 

cyklu a programovanou buněčnou smrt, která je částečně vyvolána zvýšenou produkcí 

kyslíkových radikálů v pankreatických rakovinných buňkách. Na základě našich výsledků jsme 

zjistili, že MitoMet také zpomaluje růst nádorů slinivky břišní in vivo na myším modelu. Účinnost 

látky MitoMet v buňkách rakoviny slinivky břišní však souvisí s jejich expresním profilem 

transkripčního faktoru SMAD4. Konkrétně pankreatické rakovinné buňky, které postrádají 

funkční SMAD4 faktor, vykazují sníženou citlivost na MitoMet ve srovnání s buňkami, které 

funkční SMAD4 faktor mají. Dále jsme prokázali, že vyřazení faktoru SMAD4 z funkce kromě 

snížené citlivosti na MitoMet vede k mitochondriálním změnám a zvýšené aktivaci autofagické 

dráhy. Stejné účinky jako v případě SMAD4 delece jsme překvapivě pozorovali 

v pankreatických rakovinných buňkách i po aplikaci růstového faktoru TGFβ, jehož signalizace 

je do jádra přenášena právě prostřednictvím SMAD4.  

Tato práce jako první popisuje, že ztráta SMAD4 v pankreatických rakovinných buňkách vede 

k zesílení mitofagie, tedy procesu odstranění mitochondrií pomocí autofagické dráhy, která je 
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částečně aktivována prostřednictvím MAPK/Erk signalizace. Mitofagie je i z části příčinou 

snížené citlivosti SMAD4-deficientních pankreatických rakovinných buněk vůči látce MitoMet. 

Překvapivě jsme však zjistili, že TGFβ v pankreatických rakovinných buňkách s funkčním 

SMAD4 faktorem mitofagii nepodněcuje a snížená citlivost vůči látce MitoMet je spíše spojena 

s aktivací epiteliálně-mesenchymální přeměny. Prokázali jsme ovšem, že jiná mitochondriálně 

cílená látka interagující s KI, tzv. MitoTam, která byla také navržena v naší laboratoři, eliminuje 

buňky nádoru slinivky břišní bez ohledu na funkci SMAD4 nebo TGFβ stimulaci. Rozdíl v 

účincích obou mitochondriálně cílených látek je pravděpodobně určen rychlejším působením 

látky MitoTam na mitochondriální respiraci a související nadměrnou produkcí kyslíkových 

radikálů. 

Naše výsledky poskytují důkazy o mitochondriálním cílením jako mimořádně účinné strategii 

v boji proti rakovině slinivky břišní a nabízí možné využití SMAD4 faktoru pro vhodný výběr 

léčby tohoto onemocnění. Ztráta SMAD4 totiž pravděpodobně aktivuje takovou buněčnou 

signalizaci, která ovlivňuje odpověď na protirakovinné látky a může být i zodpovědná za 

zhoršený průběh rakoviny slinivky břišní. 

 

Klíčová slova 

Rakovina slivivky přišní, dráha růstového faktoru TGFβ, SMAD4, mitochondriálně cílené látky, 

metformin, mitofagie. 
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1. Introduction 

Pancreatic cancer is one of the most frequent causes of cancer-associated deaths. Yet, all 

therapeutic regimens up to date show limited improvement in patients survival or else, fail 

completely [6]. The poor prognosis of pancreatic cancer can be attributed to several factors. First, 

due to asymptomatic early tumour stages, pancreatic cancer is usually diagnosed late, when a 

tumour have already formed metastasis. Second, pancreatic cancer cells yield genetic 

modifications altering metabolic pathways and driving the tumorigenesis forward. 

Simultaneously, development of dense tumour microenvironment and subsequent nutrient and 

oxygen-deprived conditions prompt both malignant and non-malignant cells to introduce 

adapting strategies in order to sustain their survival, proliferation and/or metastatic capacity. In 

consequence, pancreatic cancer cells are very difficult to aim by conventional drugs. Third, 

established tumour microenvironment, crosstalk between particular tumour components and 

ability of cancer and non-cancerous cells to respond to dynamic conditions due to dysregulated 

cellular signalling lead to resistance to administered treatment approaches [7]. Therefore, a 

potentially promising window for early diagnosis and treatment of pancreatic cancer may be 

provided by determining detection markers of molecular subtypes of the disease and by targeting 

of key aspects indispensable for any cancer cell, respectively. 

SMAD4 has been suggested as one of the potential prognostic markers since its loss/mutation 

appears with high frequency in pancreatic carcinoma and is associated with worsened outcome 

of the disease and therapy resistance [8, 9]. SMAD4 is a transcription factor and central mediator 

of the TGFβ pathway, which has a dual role in cancer [10]. In early tumour stages, TGFβ/SMAD4 

signalling exerts anti-proliferative and pro-apoptotic function suppressing tumour progression. 

On the other hand, it also promotes proliferation and/or differentiation of many cell types and 

activates tumour microenvironment in later cancer stages, facilitating the tumour growth [10]. 

Some studies ascribe the functional TGFβ switch to loss of SMAD4, further corroborating 

possible application of this protein in determining different pancreatic cancer phenotypes 

observed in patients [11]. TGFβ pathway is also a prominent inducer of epithelial-mesenchymal 

transition (EMT). Although this process has been generally regarded as crucial for malignant 

transformation, it is nowadays being rather implicated to affect drug responsiveness [12-14]. Of 
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note, activated EMT programme also interconnects with remodelling of mitochondrial 

metabolism [15]. 

Mitochondria became a point of interest in cancer research since an accumulating evidence had 

suggested that cancer is a metabolic disease rather than just a genetic disorder. While firstly 

presumed to be impaired in malignant neoplasms, these organelles have been lately implied by 

our laboratory and other research groups as the main regulatory hub of cancer cells necessary to 

remain functional [16-19]. Not only mitochondria play an essential role in energy production but 

they also partake in control of biosynthetic pathways, cancer cell survival, apoptosis or redox 

signalling [16]. Moreover, mitochondrial quality control system, i.e. mitochondrial fusion, 

fission, biogenesis and mitophagy, has been proposed the main adaptive mechanism of cancer 

cells that facilitates their metabolic reprograming upon changing environmental conditions and 

energy requirements [20]. In addition, dysregulation of this system has been associated with 

tumour progression and resistance to therapeutics in different types of malignancies, including 

pancreatic cancer [21, 22]. Clearly, since mitochondria are most likely responsible for enhanced 

metabolic plasticity and decreased drug sensitivity of tumour cells, they have become a new 

molecular target of anti-cancer agents, also referred to as mitocans [23]. 

Several retrospective studies demonstrated decreased incidence of pancreatic cancer in diabetic 

patients treated with metformin, a drug indicated to interact with respiratory complex I (CI) [24, 

25]. CI is a very intriguing target in cancer therapy, as it plays a crucial role in maintaining 

metabolic and redox homeostasis as well as biosynthetic processes [16]. Since anti-neoplastic 

effects of metformin are often indicated in supra-pharmacological concentrations, our laboratory 

in collaboration with the Service Technology Laboratory of the Institute of Biotechnology 

modified metformin by tagging it with triphenyl phosphonium (TPP+) [26]. TPP+ is a delocalized 

cationic moiety, which induces accumulation of bound bioactive molecules in mitochondria in 

order to maximize their activity there [27]. 

This project focused on examining the anti-cancer effects of our novel compound, 

mitochondrially targeted metformin, MitoMet, in pancreatic cancer cells. Moreover, we explored 

anti-tumorigenic effects of another TPP+ modified drug, mitochondrially targeted tamoxifen, i.e. 

MitoTam. Since MitoTam had been also shown to target CI and efficiently suppress growth of 

different types of tumours as demonstrated in phase I clinical trial, its repurposing in a hard-to-
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treat pancreatic cancer, seemed very appealing. This study demonstrates that MitoMet is 

profoundly more efficient when compared to its parental counterpart. However, its cytotoxic 

effects in pancreatic cancer cells are attenuated upon TGFβ stimulation or SMAD4 loss due to 

EMT-induced resistance or upregulation of mitophagy, respectively. Therefore, in line with 

recent findings, we propose SMAD4 as a prognostic marker in pancreatic cancer. Importantly, 

we show that MitoTam eliminates pancreatic cancer cells regardless the activity of 

TGFβ/SMAD4 pathway.  
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2. Literature review 

2.1. Pancreatic cancer 

There has been made an extensive progress in detection methods and therapeutic strategies to 

combat various types of cancer over the last few decades. Yet, pancreatic cancer remains one of 

the deadliest malignant diseases with 5 year survival rate at 9% being globally the seventh leading 

cause of cancer-related deaths, and it is expected to rise further [6]. The unfavourable prognosis 

of pancreatic cancer is associated with asymptomatic early tumour stages and unspecific 

symptoms. Additionally, it is a consequence of therapy resistance acquired through substantial 

metabolic adaptations, tumour heterogeneity and development of dense tumour 

microenvironment (TME) [7]. At the time of diagnosis, most patients manifest borderline 

resectable, locally advanced or inoperable metastatic disease. The only curative option of this 

malignancy to date is surgical resection, for which merely 20% of patients are eligible. Still, 90% 

of patients undergoing surgery relapse, and the median survival remains as low as 18 months [7]. 

New therapeutic approaches are therefore urgently needed. 

The risk factors linked to development of pancreatic cancer include smoking, excessive alcohol 

consumption, aging, family history and genetic factors. Pancreatic cancer is also frequently 

diagnosed in obese patients and/or in patients with type 2 diabetes mellitus (T2DM) [28-31]. In 

brief, excessive lipid intake from the diet leads to expansion of adipose tissue and subsequent 

devascularization, hypoxia and inflammation in pancreatic β-cells, resulting in insulin 

overproduction, obesity and/or T2DM. Abnormal blood sugar levels and insulin resistance are 

indeed associated with complications of pancreatic carcinoma, since insulin controls glucose 

uptake and promotes cellular growth and division while reducing pro-apoptotic signalling. 

Insulin overproduction may therefore promote tumour progression [32]. Besides, T2DM patients 

medicated with metformin, the most frequently prescribed anti-diabetic drug, have reduced risk 

of developing this type of carcinoma [33]. While knowledge of molecular mechanism linking 

pancreatic cancer to T2DM or vice versa is lacking, recent evidence suggests a role of the 

transforming growth factor β (TGFβ) pathway. It has been demonstrated that TGFβ-mediated-

hyperglycaemia induces epithelial-mesenchymal transition and stem cell development, and that 

it activates some cancer cells as well as non-cancerous cells, leading to tumour growth [34, 35]. 
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For this reason, TGFβ signalling appears as a promising target to be investigated as a part of 

treatment strategies of pancreatic cancer. 

 

2.2. Pancreatic ductal adenocarcinoma 

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic cancer, 

accounting for 90% of all cases [7]. PDAC most often develops from non-invasive intra-epithelial 

neoplasms in the head of the pancreas. Due to accumulation of genetic mutations and expansion 

of dense stroma, these low-cancer-risk lesions evolve into carcinomas in situ with cellular and 

nuclear defects representing the precursor of invasive disease. The driver mutations in PDAC are 

in KRAS (kirsten rat sarcoma viral proto-oncogene), CDKN2A (cyclin-dependent kinase inhibitor 

2A), TP53 (tumour protein p53) and SMAD4 (SMAD family member 4) genes [36]. However, 

pancreatic cancer exome and genome analysis recognized average of 60 exome alterations and 

thousands of non-coding mutations together affecting 12 partially overlapping signalling 

pathways underlining an exceptional diversity of the disease [37, 38]. Importantly, only a 

minority of metastasis-specific gene modifications have been identified, suggesting that tumour 

transformation is triggered early by the driver mutations. Nonetheless, the metastatic capacity is 

substantially regulated by other factors such as establishment of tumour microenvironment and 

immune response [36, 39]. 

Apart from the conventional model of PDAC development via gradual accumulation of localized 

genetic alterations, a recent evidence suggests that the so-called chromothripsis may occur [40]. 

Chromothripsis is described as radical coincidental chromosomal rearrangements, which arise 

after an initial transformation event, leading to high genomic instability and accelerated transition 

into metastatic disease. It has been demonstrated that in 65% of PDAC cases at least one 

chromothripsis event is involved [40]. Moreover, several studies identified a population of cells 

with unique metabolic, migratory, self-renewal and tumorigenic properties that can differentiate 

in a hierarchical manner into any cancer cell type found within the tumour [41-43]. Pancreatic 

cancer stem cells (PCSCs) have been shown to be largely responsible for the aggressive, 

metastatic and chemo-resistant nature of PDAC. Although the first assumptions considered 

PCSCs as a single entity, it is now believed that PCSCs present a state that cells can acquire by 
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means of signals from tumour-associated cells, the TME and the generated selective pressure 

[44]. Regardless the model of tumour evolution, activating KRAS mutation and telomere 

shortening are noted as the early events in pancreatic carcinogenesis thereafter followed by 

inactivation of tumour suppressor genes, most frequently CDKN2A, TP53 and SMAD4 [7, 45]. 

2.2.1. Frequent genetic alterations 

The KRAS oncogene encodes a member of GTP-binding proteins of the RAS family. It transmits 

extracellular stimuli via a phosphorylation cascade into a nucleus when activated by GTP, 

positively affecting cell survival signals, i.e. cell growth, proliferation and migration or anti-

apoptotic signalling [46]. More than 90% of PDAC tumours acquire a point mutation of the KRAS 

gene, predominantly in codon 12. Such point mutation commonly leads to replacement of glycine 

residue with aspartate in the polypeptide chain and consequently hinders the interaction with the 

GTPase-activating protein [47]. As a result, bound GTP cannot be hydrolysed and aberrant 

KRAS protein remains constitutively active, as consequently do the downstream effectors, 

mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K) pathways. 

The signalling enables pancreatic cells to increase their proliferative rate, suppresses apoptotic 

pathways and supports the invasive phenotype being sufficient to promote pancreatic 

carcinogenesis [46]. 

Tumour suppressors CDKN2A and p53, two master regulators of cell cycle, cell death and DNA 

damage response, can prevent expansion of cells with mutant KRAS. Nevertheless, when 

inactivated or deleted in PDAC, they further promote tumour transformation by facilitating the 

accumulation of additional genetic and signalling aberrations. Similar effects are also attributed 

to other less frequently mutated genes in PDAC, including BRCA1, BRCA2 or ATM [7]. 

SMAD4 is a member of the SMAD family of proteins that transmits extracellular signals directly 

to the nucleus. The extracellular signals belong to the TGFβ family of ligands, and SMAD4 acts 

as a principal mediator of this TGFβ signalling. The TGFβ/SMAD4 pathway affects critical 

cellular processes including proliferation, differentiation, cell death and migration. It thus 

appears as an attractive mediator that drives oncogenesis [11].  
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2.3. TGFβ/SMAD4 pathway 

TGFβ is a superfamily of cytokines that includes the TGFβ family of inflammatory isoforms 

TGFβ1, TGFβ2 and TGFβ3, the family of activins and inhibins, the family of growth and 

differentiation factors, the bone morphogenic protein family and other ligands [10]. All of the 

TGFβ superfamily cytokines affect multiple opposing embryonic and cellular processes based 

on cellular context. Transmission of the signal into a cell is facilitated via their corresponding 

cognate receptors that, in turn, activate receptor-regulated SMAD proteins (rSMADs) and, 

consequently, SMAD4. 

  

Figure 1: TGFβ pathway. Upon binding, TGFβ activates TGFβ receptors II and 

receptors I. TGFβ receptors, in turn, phosphorylate and activate the downstream 

targets, either receptor-regulated SMAD proteins (SMAD2, SMAD3) or non-SMAD 

proteins. The SMAD-dependent pathway results in translocation of SMAD4 into the 

nucleus and induction of specific gene expression. The non-SMAD pathway induces 

protein kinases p38, JNK, Ras-Erk, PI3K/Akt and microtubule reorganizing Rho-like 

GTPases, whose signaling responses are context dependent. Adapted from [4]. 
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The signalling of TGFβ family of ligands, summarized in Fig. 1, p.13, is mediated by specific 

type II and type I TGFβ receptors with serine-threonine and tyrosine kinase activity, respectively. 

Upon ligand binding to type II receptors, TGFβ receptors assemble into heterotetrameric 

complexes, leading to activating trans-phosphorylation of a type I receptor. The type I receptor 

then transduces the signal into the nucleus by phosphorylating the downstream effectors, 

rSMADs. For TGFβ family, the rSMADs represent SMAD2 and SMAD3. As a result, 

phosphorylated rSMADs can bind with high affinity SMAD4 protein, also referred to as the 

common mediator molecule, altogether forming a heterodimer or heterotrimer. These protein 

complexes translocate to the nucleus and control expression of target genes that are involved in 

the regulation of cell cycle, apoptosis, proliferation, immune response, wound healing or fibrosis 

[10]. 

Besides the canonical SMAD-mediated signal transduction, TGFβ ligands activate SMAD-

independent signalling, e.g. MAPK/Erk (extracellular signal-regulated kinase), PI3K/Akt 

(protein kinase B) and JNK/p38 (c-Jun N-terminal/p38 mitogen-activated protein kinases) 

pathways. TGFβ also activates Rho-like GTPases that are engaged in organizing microtubule 

cytoskeleton, affecting cell adhesion and migration [10]. Moreover, the TGFβ pathway is 

managed not only by extracellular signals but also by several feedforward and feedback loops. 

Hence, it is characterized by great robustness, versatility and plasticity. Interestingly, this 

pathway is also deregulated in many diseases including malignant pathologies. 

TGFβ pathway has a dual role in cancer. First, it contributes to suppressing tumour progression, 

especially in the early tumour stages, by inducing growth arrest and apoptosis. In particular, it 

promotes hampering of mitogenic signalling usually in a SMAD-dependent manner, e.g. by 

mediating induction of cyclin-dependent kinase inhibitors, death-associated protein kinases or 

via downregulating proliferative and survival factors. [10]. Second, not only TGFβ acts as a 

tumour suppressor, but it can also promote tumorigenesis and increase aggressiveness in late 

stages of PDAC progression. As a tumour promoter, TGFβ prompts many specific cell types, 

including fibroblasts or epithelial cells, to proliferate and/or differentiate, leading to activation of 

tissue microenvironment and fibrosis. In addition, TGFβ maintains stemness and self-renewal of 

mesenchymal stem cells, stimulates angiogenesis, cellular motility and epithelial plasticity, 

enabling EMT, and modulates immune system function [10]. All of these processes are favoured 
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by cancer cells to stimulate carcinogenesis and belong among the main hallmarks of cancer as 

characterized by Hanahan and Weinberg [48]. 

The functional duality of TGFβ is particularly prominent in PDAC, in which alteration of at least 

one of the TGFβ signalling genes always manifests itself [37]. When normal pancreatic cells or 

pre-malignant PDAC cells divide rapidly, the TGFβ pathway induces cytostasis or 

differentiation, or activates programmed cell death. In later stages of PDAC, which are 

characterized by aberrant TGFβ signalling, PDAC cells, however, evade from growth 

suppressing effects of the pathway and use such signalling conversion in their advantage to 

promote cancer cell proliferation, survival and expansion of the TME. Therefore, the tumour 

suppressive role of TGFβ shifts to pro-oncogenic activity, also being reinforced by other genetic 

modifications mentioned above, and leads to invasiveness and metastases. In fact, several studies 

ascribe the functional TGFβ switch to be linked with SMAD4 loss/mutation [11]. 

2.3.1. Role of SMAD4 in pancreatic cancer 

SMAD4 is associated with tumour development, especially in PDAC where its alteration occurs 

with unusual frequency compared to other cancer types. PDAC cells acquire either deletion of 

both SMAD4 alleles, or intragenic mutation in one allele with loss of the other allele. The genetic 

alterations of SMAD4 generally originate in a mutational hotspot region in the conserved C-

terminal MH2 domain leading to disrupted ability to interact with other SMAD proteins and 

DNA-binding factors [49]. As a result, transduction of TGFβ signals is impaired. This leads, for 

instance, to upregulation of the glycolytic enzyme phosphoglycerate kinase 1 (PGK1), which has 

been confirmed to inhibit expression of E-cadherin, a protein that mediates cell-cell adhesion, 

whereby participating in epithelial-mesenchymal transition [50]. EMT, described more in detail 

later, is a reversible process by which epithelial cells gain migratory and invasive properties and 

resulting quasi-mesenchymal phenotype that is regarded as pivotal for malignant transformation. 

Although EMT is usually activated by functional TGFβ/SMAD4 pathway, the recent findings of 

PGK1 function as well as a study by Wang et al. show that it is also present in SMAD4-mutated 

cells [50, 51]. Interestingly, it has been demonstrated that the level of SMAD4 also coordinates 

the runt-related transcription factor Runx3, which modulates extracellular matrix and promotes 

metastatic spread [52]. Despite the notion that SMAD4 inactivation alone is sufficient to induce 
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neither carcinogenesis nor the invasive cancer phenotype, pancreatic tumours with impaired 

SMAD4 are, in fact, more proliferative, invasive and angiogenic. In consequence, they have 

increased propensity to metastasize and are linked to worse patient prognosis [8, 9, 13, 50-54]. 

Of note, poor prognosis may be also associated with resistance to radiation therapy and 

chemotherapy observed in SMAD4-depleted PDAC cells [55, 56]. Loss of SMAD4 and 

subsequent deregulation of the TGFβ pathway are therefore of great research interest in order to 

understand their indisputable impact on the development, aggressiveness and resilience of 

pancreatic cancer. Further research in this field, however, is still needed [57]. 

2.3.2. Epithelial-mesenchymal transition 

Malignant transformation has been often attributed to EMT (Fig. 2), a process directed by 

complex signalling networks involving for instance epigenetic modifications, miRNAs, 

transcriptional control or extracellular matrix (ECM) components and inflammatory response. 

Figure 2: Epithelial mesenchymal transition and cancer cell plasticity. Due to genomic and metabolic stress, 

crosstalk between cancer cells and non-cancerous cells in primary tumour leads to augmented excretion of 

a variety of factors, including TGFβ. TGFβ then drives transition of cells from their epithelial to 

mesenchymal state, which is characterized, e.g. by expression of N-cadherin and vimentin, increased 

invasiveness and enhanced metastatic capacity. Most tumour cells remain in the so-called hybrid state, 

maintaining certain epithelial as well as mesenchymal markers and acquiring increased cellular plasticity. 
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On a transcriptional level that is controlled mainly by TGFβ signalling, the master regulators are 

represented by the zinc finger proteins SNAI1 and SNAI2 (snail family transcriptional 

repressors), the zinc finger E-box binding homeobox (ZEB) protein and the Twist transcription 

factor. While SNAI and ZEB proteins inhibit expression of epithelial markers such as E-cadherin, 

claudin and occludin, Twist induces invasiveness of PDAC cells by activating mesenchymal 

markers including N-cadherin or vimentin [58]. Thus, during EMT, cells undergo cytoskeletal 

reorganization and phenotypic changes to gain invasive and migratory properties, which allow 

them to invade into the blood stream and distal organs. Most tumour cells, however, express both 

epithelial and mesenchymal markers, therefore are considered to undergo the so-called partial 

EMT. The hybrid phenotype, in fact, helps PDAC cells in collective migration, since they possess 

certain epithelial characteristics allowing them to stay interconnected, and to form secondary 

tumour foci, as well as mesenchymal features, by which they attach to the ECM. Indeed, 

complete EMT has rather been observed under in vitro conditions only [58]. 

EMT affects the outcomes of PDAC. For example, it has been observed that PDAC cells 

disseminate early during EMT, even before a malignant tumour becomes visible. This may relate 

to the difficulties in early diagnosis and consequent worsened prognosis in patients [59]. 

However, recent reports suggest that EMT, by its nature of modifying cellular characteristics and 

behaviour, should be reconsidered to contribute to chemo-resistance rather than tumour 

progression [12, 13]. This is in line with the study by Zheng et al., which showed that some of 

the major transcription factors necessary for EMT are dispensable for metastatic spread of PDAC 

and, at the same time, increased EMT programme manifests impaired response to gemcitabine 

therapy [14]. Importantly, although previously assumed SMAD4-dependent, EMT can be 

activated also independently of SMAD4 in PDAC cells [60]. Moreover, patients with SMAD4-

negative PDAC, that has been also correlated to increased therapeutic resistance, exhibit even 

worsened outcome of the disease [8, 9, 51, 54, 56, 61]. 

To conclude, the role of EMT in pancreatic cancer certainly needs to be further elucidated, as 

does the role of SMAD4. Based on recent data, EMT can be triggered also independently of 

TGFβ/SMAD4 signalling and, in any case, does not necessarily drive pancreatic tumourigenesis 

but rather chemoresistance. Importantly, SMAD4 loss is associated with poor PDAC prognosis 

compared to tumours with intact SMAD4. Thus, SMAD4 status may determine different cancer 
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programmes of PDAC cells and appears as an attractive prognostic marker in diagnosis of this 

malignancy.  

2.3.3. Tumour microenvironment 

TGFβ extensively modulates tumour microenvironment, supporting the pro-metastatic 

phenotype of PDAC [10]. Pancreatic TME is unusually abundant and dense, and makes up almost 

90% of the tumour mass. It is formed upon strong interplay between cancer cells and non-

cancerous cells, including pancreatic stellate cells, cancer-associated fibroblasts, immune, 

endothelial and neuronal cells, and factors produced by all of these cell types, e.g. cytokines, 

growth factors, extracellular matrix proteins and non-collagenous proteins [62]. The TME 

components are directed primarily by TGFβ to promote autocrine signal transduction, 

inflammation, matrix deposition, angiogenesis and attenuation of apoptosis and immune 

response. In addition, TME facilitates a composition of the cancer stem cell niche that modulates 

the cell fate, i.e. whether the cells in such environment undergo symmetric division, 

differentiation or reactivate cellular plasticity and stem-like properties. Collectively, the TME 

components metabolically support tumour-associated cells and induce desmoplasia, which 

disrupts normal pancreatic tissue, leads to blood vessel compression and creates hypoxic and 

nutrient-deprived environment [62]. In consequence, pancreatic tumours engage complex 

adaptation mechanisms, which are discussed in the next chapter, to deal with such kind of stress. 

 

2.4. Adaptation strategies of pancreatic cancer cells 

One of the main features of pancreatic cancer, linked to a low success of its therapy, is the 

development of tumour microenvironment. PDAC cells need to cope with extreme 

environmental conditions to meet their energetic and biomass demands to survive, proliferate 

and metastasize. For this reason, PDAC cells and other cancer components cooperate in order to 

adapt interconnected strategies including metabolic remodelling, utilization of oxidoreductase 

(redox) signalling and use of salvage pathways. 
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2.4.1. Metabolic remodelling 

Adaptation of cancer cells to nutrient stress is one of the key factors, which drives oncogenesis 

via genetic and metabolic remodelling (Fig. 3, p.20). Perhaps the first observation of ‘rewiring‘ 

of energy utilization in cancer cells was characterized by Otto Warburg who noticed that 

glycolysis was favoured over oxidative phosphorylation (OXPHOS) via lactic acid fermentation 

despite the availability of oxygen [63]. This phenomenon of aerobic glycolysis, also referred to 

as the Warburg effect, is advantageous in many cancers including PDAC, in which it is controlled 

mainly by oncogenic KRAS [64]. Mutations in KRAS leads to upregulation of many elements 

of the glycolytic pathway, which is further enhanced by p53, another frequently mutated gene in 

PDAC [65]. As a result, e.g. glucose transporters GLUT1 or glycolysis rate-limiting enzymes 

hexokinase, phosphofructokinase and lactate dehydrogenase are overexpressed, mostly by means 

of Erk, PI3K and AMPK (AMP-activated protein kinase) signalling [64]. This allows PDAC 

cells to meet their ATP and glucose demands, maintain redox homeostasis via regeneration of 

NADH and enhance glucose carbon flux towards the non-oxidative pentose phosphate (PPP) 

pathway to generate nucleotide precursors [64]. Moreover, hypoxic environment, which is 

especially prominent in PDAC, stabilizes the hypoxia-inducible factor (HIF1) [66]. HIF1 triggers 

transcription of genes involved in glucose metabolism and angiogenesis to further support cell 

survival under oxygen-low conditions. In particular, it negatively regulates expression of 

pyruvate dehydrogenase, a key enzyme of a protein complex that links glycolysis to the 

tricarboxylic acid (TCA) cycle [66]. High glycolytic flux can be hereby sustained. 

Overexpression of glycolytic enzymes also results in elevated production of lactate, which is 

cytotoxic under normal conditions. Therefore, lactate monocarboxylate transporters and 

connexin channels are upregulated in pancreatic tumours so that lactate can move outside of a 

cell and provide alternative energy source for neighbouring cells [67, 68]. Moreover, high levels 

of lactate modulate the TME and consequently promote cell invasiveness and immune escape 

[69]. 

Although aerobic glycolysis had been considered as mitochondrial impairment for a long time, 

it is now widely accepted that functional mitochondria are indispensable to direct metabolic 

reprogramming, cellular growth, survival, angiogenesis and other tumorigenic processes [70]. 

The role of mitochondria in cancer is discussed in chapter 2.7. 
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PDAC cells strongly rely on glutamine metabolism as the principal source of nitrogen and carbon 

for biosynthesis of macromolecules and for redox balance [71]. In brief, glutamine is deamidated 

to glutamate, which is converted by glutamate dehydrogenase (GLUD1) to a TCA cycle 

intermediate, α-ketoglutarate. This anaplerotic reaction stimulates not only the TCA cycle but 

also generation of NADH and de novo synthesis of nucleotides and lipids, thus serves as an 

important reservoir of building blocks for cell survival and growth. PDAC cells, however, make 

use of mutant KRAS that decreases expression of GLUD1 and, at the same time, markedly 

elevates expression of cytosolic aminotransferase (GOT1). In this way, glutamate is converted 

to aspartate, which GOT1 together with malate dehydrogenase and malic enzyme metabolizes to 

pyruvate. This cascade of reactions, also referred to as the KRAS-driven non-canonical 

glutamine metabolism, is the primary source of NADPH since the NADPH-producing oxidative 

PPP is attenuated in KRAS-mutant PDAC, and has been shown to affect redox balance and 

cellular growth in PDAC cells [71].  

Figure 3: Metabolic remodelling in PDAC. As a result of mutant KRAS and deregulation of PI3K, MAPK, 

AMPK and HIF1 pathways, cellular metabolism is transformed in order to provide increased glucose 

intermediates and maintain NAD(P)H pool to sustain energy production and nucleotide biosynthesis. HIF1 

(hypoxia-inducible factor 1), PI3K (phosphatidyl inositol 3-phosphate), MAPK (mitogen-activated protein 

kinase), AMPK (AMP-activated protein kinase), GLUT1 (glucose transporter 1), HK (hexokinase), PFK 

(phosphofructokinase), LDH (lactate dehydrogenase), VEGF (vascular endothelial growth factor), MCT 

(monocarboxylate transporter), PDH (pyruvate dehydrogenase). Adapted from [5]. 
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2.4.2. Redox signalling 

Reactive oxygen species (ROS) are primarily produced in mitochondria as a result of high 

metabolic activity. Therefore, cancer cells experience increased levels of ROS and oxidative 

stress. While non-malignant cells avoid oxidative damage, it is advantageous for cancer cells to 

maintain and further enhance ROS generation, which promotes metabolic remodelling, genomic 

instability and inflammation [72]. Accordingly, apart from KRAS driven modulation of 

mitochondrial metabolism, PDAC cells increase expression of NADPH oxidases, one of the 

major sources of intracellular ROS [73]. In addition, pancreatic oncogenesis is also supported by 

ROS-induced activation of HIF1. HIF1 stimulates vascular endothelial growth factor (VEGF)-

mediated neoangiogenesis, inhibits telomerase activity enabling unrestrained proliferation, 

supports invasion and metastasis and promotes drug resistance [69]. However, excessively 

increased ROS levels lead to induction of apoptosis. For this reason, PDAC cells upregulate 

antioxidant defence as well to escape the cytotoxic effects of ROS [72]. For example, PDAC 

cells cope with excessive ROS generation by alternative glutamine metabolism described above 

that generates NADPH pool and promotes synthesis of glutathione, able to scavenge ROS [71]. 

Moreover, even though mutant KRAS contributes to elevated oxidative stress necessary for 

development of precancerous lesions, it also modulates activity of autophagic processes and 

numerous tumour suppressors to gain further control of ROS levels [74, 75]. Altogether, PDAC 

cells maintain high pro-tumorigenic levels of ROS but, at the same time, the ROS production is 

kept below the level at which it activates cell death signalling. Importantly, the shifted redox 

equilibrium can serve as a target for anti-cancer therapy since additional induction of ROS may 

be devastating for PDAC cells. 

2.4.3. Autophagy 

Due to dense pancreatic stroma and poor vasculature, several salvage pathways, e.g. autophagy, 

compensate the consequent limited nutrient and oxygen availability in PDAC. Under normal 

conditions, autophagy is an essential protective mechanism to maintain metabolic homeostasis 

and cell integrity by means of recycling of macromolecules and organelles. Upon activation by 

cellular or nutrient stress and subsequent AMPK and mTOR (mechanistic target of rapamycin) 

signalling, double membrane nucleation is initiated. Cytoplasmic material is engulfed as the 
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membrane elongates, expands and forms an autophagophore. Complete enclosed vesicle, an 

autophagosome, then fuses with a lysosome, where lysosomal enzymes degrade the cargo 

material. The resulting sequestered macromolecules are released into the cytosol and can be 

reused in bioenergetic and anabolic pathways [1].  

Numerous interacting protein complexes, predominantly from the evolutionary conserved 

autophagy-related protein (Atg) family, regulate the autophagic pathway, illustrated in Fig. 4. 

Initiation of autophagy involves ULK1 (unc-51 like autophagy activating kinase 1) together with 

Beclin1 and PI3K complexes that translocate to the nucleation site recognized by Atg9 and 

activate local production of phosphatidylinositol 3-phosphate (PI3P) [76]. While Beclin1 

determines whether a cell undergoes autophagy or apoptosis, PI3P signalling results in 

recruitment of the Atg12-5-16 protein complex followed by binding of LC3 (microtubule 

associated protein 1 light chain 3) to phosphatidylethanolamine. This membrane-bound lipidated 

form of LC3 (LC3II) not only attracts other components of the autophagic system but it also acts 

as a docking site for cargo receptors such as sequestome 1, also called p62, that bind molecules 

or organelles destined for autophagic degradation. Finally, LC3II also facilitates membrane 

elongation and closure of the phagophore membrane, resulting in a mature autophagic vesicle 

[76, 77]. Several studies identified non-canonical autophagosome formation usually bypassing 

some steps of the mechanism described here. For example, under certain conditions autophagy 

can be independent of AMPK/mTOR, ULK1 signalling or Atg5/7 conjugation [78-80].  

Apart from the stress-induced type of intercellular non-specific molecular recycling, there are 

several specific autophagic processes. These are activated through selective autophagy-linked 

Figure 4: Autophagy. The canonical autophagic pathway is triggered upon AMPK/mTOR-mediated stress stimuli that 

activate autophagy initiating proteins, ULK1 and PI3K, leading to generation of PI3P at the nucleation site. PI3P then 

recruits Atg12-5-16 protein complex, which induces lipidation of LC3. Consequently, lipidated LC3II elongates phagophore 

membrane and mobilizes receptor proteins, marking the cargo material and emerging vesicle for degradation. Resultant 

autophagosome fuses with lysosome and engulfed macromolecules are degraded and recycled. Adapted from [1]. 
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receptor proteins that recognize their corresponding cargos, e.g. mitochondria, peroxisomes, 

RNA granules or pathogens. Importantly, molecular recycling via autophagy as well as 

autophagic removal of mitochondria, i.e. mitophagy, have been implicated in pathophysiological 

conditions including PDAC progression [81, 82]. 

2.4.3.1. Autophagy in PDAC 

In cancer, autophagy acquires contradictory roles according to the tumour type and stage. It 

prevents progression of primary tumour via reducing oxidative stress and associated tissue 

damage, inflammation and chromosome instability. The tumour suppressive role of autophagy 

has been confirmed in a number of studies, e.g. when exploring an impact of mutations in key 

autophagy genes or alterations in autophagy regulators. These include deletions in Beclin1, Atg5 

or Atg7 that were shown to increase a risk of tumour development in mouse models [83, 84].  On 

the other hand, autophagy promotes survival of cancer cells in already established tumours and 

autophagic flux is intensified in malignant diseases, including PDAC. Since autophagy is a 

catabolic process, it provides fuel for energy production, thereby enabling cancer cell 

proliferation, and preserves impaired homeostasis and functional organelles, especially 

mitochondria. In fact, Perera and others demonstrated that autophagy is critical to drive and 

maintain pancreatic tumours [75, 85]. Similarly, a study by Maertin and colleagues showed that 

growth of several pancreatic cancer cell lines depends on oxidative metabolism maintained 

largely by autophagy [86]. Interestingly, acidic pH in the ECM generated by excessive lactate 

accumulation, a characteristic feature of PDAC, has been indicated to activate autophagy [87]. 

Clearly, PDAC tumours are evidenced with high level of autophagy that is most often induced 

by aberrant KRAS and that may be both dependent and independent of the main AMPK/mTOR 

signalling [85]. As a matter of fact, SMAD4-deficient PDAC cells activate autophagy in response 

to TGFβ stimuli via MAPK/Erk signalling to suppress proliferation, promote cell migration and 

sustain cell survival [55, 88]. On the contrary, SMAD4-positive pancreatic tumours increase 

TGFβ-mediated autophagic flux to promote proliferation and inhibit cell migration [55]. These 

findings not only give new perspectives to the mechanism of autophagic signalling in PDAC, but 

also imply a critical role of SMAD4 protein that can regulate the impact on pancreatic tumour 

progression. Furthermore, apart from serving as an adaptation strategy of PDAC cells, autophagy 

also modulates other cell types by means of enhancing tumour-stroma metabolic crosstalk, 
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including PCSCs and tumour-infiltrating macrophages [89]. In summary, autophagy plays a 

major role in pancreatic cancer to overcome harsh conditions of pancreatic TME as well as to 

modulate both cancer and non-cancerous components in favour of tumour progression. 

2.4.3.2. Autophagy-related resistance in PDAC 

Current treatment strategies used in PDAC are mostly effective in patients with resectable 

tumours, while patients who develop distant metastases manifest very poor response to 

conventional drugs. The therapeutic failure is attributed to the development of drug resistance in 

pancreatic tumours. Resistance to anti-cancer treatment is likely caused by specific genetic 

alterations involved, e.g. in DNA repair or intercellular signalling, and by extensive changes in 

the tumour phenotype upon metabolic remodelling and salvage pathways. Indeed, inhibition of 

autophagy appears to improve activity of chemotherapy and targeted therapy as well as clinical 

outcome of PDAC [90-94]. The essential role of autophagy in PDAC is further emphasized by 

worsened prognosis in patients who manifest elevated levels of markers of autophagy, including 

LC3, Beclin1 and Atg5 [95]. This is in correspondence with the study by Rausch et al., which 

showed that therapy-resistant pancreatic tumours comprising cells with stem-like properties 

survive hypoxic and nutrient-deprived conditions via upregulation of autophagy [96]. Reliance 

of PDAC cells on HIF1-induced autophagy in order to transform into PCSCs further supports 

these observations [97]. Interestingly, the SMAD4 status also correlates with increased 

autophagy and resulting resistance to anti-cancer therapy in PDAC [56]. Of note, 

chemotherapeutics themselves may induce autophagy and drug resistance and, at the same time, 

autophagy suppression alone is not sufficient to stop or prevent PDAC progression [98]. 

Metabolic scavenging seems to be an efficient mechanism of cancer cells to survive when 

combating chemotherapeutic or radiation stress induced by cancer treatment [99, 100]. Although 

targeting of autophagy combined with chemotherapy or other molecular targets is currently 

subjected to clinical investigations that show promising results, more studies are needed fully to 

understand this process [93, 101]. 
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2.5. Current advances in pancreatic cancer therapy 

Molecular characteristics and tumour biology of PDAC discussed above demonstrate the barriers 

for therapeutic strategies that are crucial to surpass. The standard of care for resectable tumours 

is surgery followed by adjuvant therapy, usually chemotherapy. For a long time, 5-fluorouracil 

(5-FU) had been the treatment of choice for PDAC, but it was replaced by gemcitabine early in 

the 21st century [102]. Gemcitabine manifests lower toxicity compared to 5-FU, and its effects 

have been shown to be beneficial even for patients with poor prognosis. Therefore, it is 

considered as the ‘gold’ standard in pancreatic cancer treatment [103]. Based on a recent ESPAC-

4 trial, a combination therapy of gemcitabine and capecitabine is recommended for PDAC 

patients, since the median overall survival increased to 28 months compared to 25 months of 

gemcitabine monotherapy [104]. Neoadjuvant therapy is also often included in the treatment 

since it may enable surgery of initially unresectable tumours. Nevertheless, this benefit is noted 

only in very few prospective trials to date, some of them still ongoing [105]. For metastatic 

disease, FOLFIRINOX (a combination of cytostatic 5-FU, leucovorin, irinotecan and oxaliplatin) 

seems a promising regimen, but due to its high-grade toxicities, it is only eligible for young 

patients with good performance status [106]. For elderly, nab-paclitaxel in combination with 

gemcitabine is currently prevailing [107]. Despite certain progress made in the treatment 

approaches of PDAC in the past decades, poor prognosis with survival of only few months 

remains unchanged. Accordingly, there have been numerous targeted compounds tested alone or 

in combination with chemotherapy to improve outcomes of PDAC. Targeting of tyrosine-kinase 

signalling including RAS and PI3K, inhibiting cyclin kinases or using anti-angiogenic drugs are 

only several examples [108]. Great potential in the treatment of PDAC may also present targeting 

of the EMT, extracellular matrix, cancer stem cells or the immune system. Among them, IGFRI 

(insulin-like growth factor 1 receptor I) inhibitor ganitumab, PARP (poly ADP ribose 

polymerase) inhibitor olaparib or ECM inhibitor amrevlumab are already in phase III of clinical 

trials [109, 110]. 

Another interesting strategy has appeared with repurposing the antidiabetic drug, metformin, for 

cancer treatment [111]. Metformin is a mild inhibitor of respiratory complex I, which decreases 

the ATP/AMP ratio, therefore inhibits hepatic gluconeogenesis and lipogenesis via AMPK 

dependent and/or independent signalling. Although a number of studies demonstrated that 
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metformin exerts anti-tumour effects also discussed in chapter 2.8.1., its clinical significance is 

currently being disputed [26, 112]. However, mitochondrial targeting might be of great 

importance in PDAC as Sancho and others reported essential reliance of PDAC cells on 

functional mitochondria [113-115].  

Current knowledge in the field of PDAC and its therapy illustrate that determining and 

understanding the behaviour of distinct molecular subtypes of the disease and their response to 

treatment is increasingly relevant. Besides, personalised medicine may help in moving clinical 

research forward. In fact, many trials with targeted agents are often performed on a cohort of 

unselected patients predestining them rather limited success. New tools for early diagnosis and 

identification of key diagnostic markers should also bring further improvement of survival of 

PDAC patients. 

 

2.6. Mitochondria  

Mitochondria are semiautonomous organelles that participate in essential processes of a cell. The 

electron transport chain (ETC) complexes, catalysing transfer of electrons to one another or to 

final electron acceptor from coenzymes NADH and FADH2, mediate the best well-known 

function of mitochondria, oxidative phosphorylation. These reactions create and maintain 

electrochemical gradient across the inner mitochondrial membrane, which powers generation of 

ATP [116]. Importantly, mitochondria play a critical role not only in cellular metabolism but also 

in calcium signalling and homeostasis, apoptosis, synthesis of iron-sulfur [Fe-S] clusters or de 

novo pyrimidine synthesis [116, 117]. Moreover, mitochondria represent the main site of ROS 

production and a regulatory system of redox signalling affecting cell proliferation, differentiation 

and response to stress stimuli [118]. Finally, emerging evidence suggests that mitochondria serve 

as a principle machinery to adapt to diverse energy demands based on the cellular context and 

environmental conditions [119]. 
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2.6.1. Mitochondrial structure 

Mitochondria comprise of the inner (IMM) and outer mitochondrial membrane (OMM), the 

intermembrane space (IMS) that lies between the two membranes and the mitochondrial matrix, 

which is defined by the IMM [116]. There are numerous components found within these 

compartments such as protein transporters, channels and translocases, which are characterized 

by diverse molecular specificity and function, apoptosis regulators, enzymes as well as variety 

of metabolites [120]. While to some degree, the OMM resembles plasma membrane, the IMM is 

a unique structure that is permeable only to oxygen, carbon dioxide and water, and harbours 

protein complexes that partake in cellular respiration and metabolism, including the OXPHOS 

system [116]. Besides, the IMM forms protrusions into the matrix referred to as cristae, which 

are separated by cristae junctions. Cristae extend the membrane surface and create sub-

compartmentalized reticulum that enables mitochondria to increase their enzymatic capacity by 

enrichment of OXPHOS enzymes [116]. In fact, it has been demonstrated that mitochondrial 

ATP synthase directs morphology and compartmentalization of the IMM since it bends the 

membrane upon assembly of its dimers into rows resulting in cristae formation [121, 122]. 

Mitochondrial matrix contains circular molecules of mitochondrial DNA (mtDNA), metabolic 

enzymes, cofactors and other molecules. mtDNA encodes subunits of ETC complexes and genes 

that are utilized for mediating mitochondrial protein translation. However, majority of ETC 

subunits is also encoded by nuclear genome requiring precise synergy between the two genomes 

during mitochondrial biogenesis to prevent mitochondrial and cellular defects [116]. 

2.6.2. Oxidative phosphorylation 

Electron transport chain, also called respiratory chain, is a machinery of four multi-subunit 

complexes I - IV (CI – CIV) and two mobile electron carriers, coenzyme Q (CoQ) and 

cytochrome c, that connects mitochondrial respiration to ATP synthesis via complex V (CV, ATP 

synthase), altogether representing the OXPHOS system [123]. Energy stored in nutrients that are 

catabolized in the TCA cycle is transferred in the form of electrons to cofactors NAD+ and FAD. 

The resulting NADH and FADH2 are re-oxidized by ETC complexes and electrons further 

proceed through series of redox reactions to the final electron acceptor, molecular oxygen, which 

is reduced to water. Increasing redox potential of consecutive ETC complexes facilitates electron 
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transfer between them, allowing simultaneous translocation of protons to the IMS. Established 

proton gradient resulting in electrochemical potential is used by ATP synthase, which catalyses 

conversion of ADP and inorganic phosphate to form ATP [123]. 

CI is the largest (~1 MDa) of ETC complexes consisting of the total of 45 subunits, out of which 

the evolutionary conserved seven hydrophilic polypeptides are encoded by nuclear DNA and 

seven hydrophobic polypeptides are encoded by mtDNA [124, 125]. These polypeptides together 

with additional subunits are organized into NADH-oxidizing (N) domain, CoQ-reducing (Q) 

domain and the membrane P domain that pumps protons into the IMS, altogether forming a 

structure in a shape of the letter L [126]. The primary acceptor of two electrons from NADH is 

flavin mononucleotide (FMN) located in the N domain, which is linked to the CoQ-reducing site 

via eight redox [Fe-S] clusters. Following the oxidation of NADH, reduction of CoQ is 

accompanied by translocation of four protons across the IMM in the opposite direction of the 

electrochemical gradient [125].  

CII is another point of entry of electrons into OXPHOS, and it has a function both in the ETC 

and the TCA cycle, being at the crossroads of these two important pathways. The catalytic SDHA 

subunit binds FAD and drives oxidation of succinate to fumarate, consequently forming reduced 

FADH2. Electrons from this cofactor are then transferred by means of three redox [Fe-S] clusters 

leading to reduction of CoQ in the membrane domain. The energy released during this reaction, 

however, is not sufficient for proton translocation [127]. 

CIII has three redox centres incorporated in order to transport electrons from CoQ, reduced by 

CI and CII (CoQH2), to cytochrome c. This redox reaction is associated with translocation of 

protons into the IMS [128]. Since CoQH2 carries two electrons and cytochrome c possesses only 

a single heme group enabling it to accept just one electron, CIII employs the so-called Q-cycle. 

To complete reoxidation of one CoQH2, another CoQH2 molecule needs to enter CIII. Therefore, 

two Q-cycles allow transport of four protons across the IMM [129]. 

The last step of redox reactions of the ETC chain is facilitated by CIV, which reduces molecular 

oxygen into two molecules of water. Importantly, energy released from this reaction is also used 

for proton transport to IMS, further supporting the mitochondrial electrochemical gradient. 

Finally, energy of this gradient is used as a proton-motive force by ATP synthase to generate 

ATP [130]. 
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OXPHOS is without any doubt a highly complex system, whose mechanistic mode of action and 

structural organization have been under investigation for years. Hackenbrock and colleagues 

questioned the initial presumptions of OXPHOS as a rigid system with stable units of 

mitochondrial respiration. His research group suggested a fluid model, in which single 

independent mitochondrial complexes diffuse within the IMM and transmit electrons to CoQ and 

cytochrome c by means of random collisions [131]. However, when mitochondrial complexes 

were first detected separately as well as in larger assemblies, the so-called supercomplexes (SCs), 

new models were proposed to explain these experimental data [132]. A solid model of 

mitochondrial SCs could describe more efficient transport of electrons than the fluid one; 

nevertheless, it has not been possible to clarify how exactly these SCs are organized. This issue 

covers the model of plasticity postulated by Acin-Perez and Enriquez who proposed that 

rearrangements of the OXPHOS system are indispensable in order to keep enzymatic capacity of 

the machinery maximized and result from metabolic and environmental changes [133]. It has 

been observed that upon nutrient availability or stress signalling, the number of SCs as well as 

their organization vary [134]. Apart from the CI, CIII and CIV supercomplex, forming the 

respirasome, association of CI and CIII or CIII and CIV was detected [135]. Hence, it is likely 

that assembly into SCs and disassembly into single enzymes are in a dynamic balance, which is 

delimited by borderlines of the solid and fluid models.  

2.6.3. Mitochondrial quality control  

As described above, the mitochondrial function is subject to modification upon changing of 

metabolic and environmental conditions, affecting the overall morphology, content, quality and 

quantity of mitochondria. By fusion and fission mechanisms, i.e. mitochondrial dynamics, 

mitochondria can form fused tubular network of elongated mitochondria or they can exist as 

fragmented individually existing small round-shape entities. Together with mitochondrial 

biogenesis and clearance, i.e. mitophagy, mitochondrial dynamics represents constantly active 

quality control system of these organelles and, in fact, of a whole cell (Fig. 5, p.30).  
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2.6.3.1. Mitochondrial fusion and fission 

Mitochondrial fusion is characterized by colliding and joining of two mitochondria into a single 

mitochondrion, whereas during mitochondrial fission a mitochondrion divide into two daughter 

organelles. The major mediators of mitochondrial dynamics are from mitofusin and dynamin 

family of proteins with GTPase activity, endoplasmic reticulum and actin cytoskeleton that 

together facilitate membrane fusion or fission [136]. Under physiological conditions, cells 

maintain homeostasis between fusion and fission in order to protect functional mitochondria and 

optimal metabolic activity [137]. Moreover, when mitochondria or mtDNA are altered, 

mitochondrial dynamics ensures that cells cope with such situation in appropriate manner. In 

particular, mitochondrial fusion is required to keep mitochondria ‘healthy’ by mixing impaired 

mitochondria with their unimpaired counterparts. Interestingly, intact mitochondrial fission was 

reported necessary for efficient degradation of the damaged organelles [138, 139]. Therefore, 

while fused tubular mitochondrial network is associated with increased distribution of matrix 

components including mtDNA and consequently stimulation of oxidative metabolism and 

cellular survival, mitochondrial fragmentation is linked to stress responses and apoptotic 

signalling [137]. Yet, fragmented mitochondria have been noted essential during the G2/M cell 

Figure 5: Mitochondrial quality control system. Mitochondria adjust to metabolic and environmental conditions 

by changing their morphology, quality and quantity through processes of mitochondrial fusion, fission, biogenesis 

and degradation, i.e. mitophagy. Adapted from [2]. 
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cycle transition [140]. This clearly emphasizes a crucial role of mitochondrial dynamics in 

multiple cellular processes, and it also demonstrates its reliance on cellular context. 

2.6.3.2. Mitochondrial biogenesis 

New mitochondria arise via both mitochondrial fusion and fission since these organelles cannot 

be ‘created’ de novo. While mitochondrial fission increases the number of mitochondria, fusion 

increases mass of a single mitochondrion. Mitochondrial biogenesis depends on a balanced 

cooperation of nuclear and mitochondrial genome directing mitochondrial protein expression and 

import, mtDNA replication as well as membrane lipid transport [140]. The major regulators 

orchestrating mitochondrial biogenesis are nuclear respiratory factors (NRF), and peroxisome 

proliferator-activated receptor gamma co-activators 1 (PGC1) that target multiple mitochondria-

specific genes, e.g. subunits of OXPHOS complexes and assembly factors, mitochondrial 

transporter proteins, heme groups, or mitochondrial transcription factor A (TFAM) [141]. 

Extracellular and intracellular regulatory network of mitochondrial biogenesis is highly complex 

and is maintained in balance by mitophagy. These processes together manage mitochondrial 

turnover and homeostasis in order to replace eliminated mitochondria and vice versa. Therefore, 

many pathways related to mitochondrial dynamics control both of these opposing processes, 

often being interconnected. Such signalling includes pathways involving PGC1, NRF, AMPK, 

mTOR or Parkin [140]. 

2.6.3.3. Mitophagy 

Mitophagy mediates removal of redundant, aged or damaged mitochondria by virtue of a process 

of selective autophagy, and together with mitochondrial biogenesis maintains basal 

mitochondrial pool. It has been shown that high cellular metabolic activity is associated with 

enhanced levels of basal mitochondrial degradation and biogenesis [142]. There are several 

mechanisms and various stimuli leading to mitochondrial clearance based on different cellular 

context. In any case, mitochondria require some ‘eat-me’ markers to trigger their removal and 

initiate fission from the mitochondrial network as well as recruitment of the mitophagic 

machinery. Yet, the exact course of these events and their mechanistic explanation remain to be 

determined. 
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Mitophagy employs certain components of autophagic system; however, there are specific cargo 

receptor proteins that facilitate the selectivity for mitochondria. These receptors, either ubiquitin-

dependent or independent, determine the type of pathway leading to mitochondrial engulfment 

[143]. Following mitochondrion labelling, recruitment of the ULK1 protein complex initiates 

mitophagosome formation [144-146]. This step as well as subsequent maturation of 

mitophagosome and its fusion with lysosome is presumed to be identical for both mitophagy and 

autophagy. However, the role of the LC3 conjugation system is likely more complex in 

mitophagy since it has been found dispensable in some cells for triggering mitochondrial removal 

[78]. 

The ubiquitin-dependent mitophagy is referred to as Pink1 (PTEN induced kinase 1)/Parkin-

mediated mitophagy [144]. Pink1 is a serin-threonin protein kinase, which is activated upon 

depolarization of mitochondrial membrane potential (ΔΨm,i) that prevents Pink1 transport to the 

IMM and subsequent mitochondrial removal. Following autophosphorylation, stabilization and 

accumulation at the OMM, active Pink1 phosphorylates ubiquitin chains of proteins on the 

mitochondrial surface and attracts Parkin or other ubiquitin protein ligases. Subsequently, Parkin-

bound ubiquitin is also phosphorylated. In this way, Parkin acquires fully active conformation 

and ubiquitinates several substrates at the OMM that are subsequently phosphorylated by Pink1 

[144]. This amplifies the mitophagic signals and recruits receptors to mitochondria. Several 

receptor types have been found to recognize these phosphorylated ubiquitin molecules including 

autophagy- and mitophagy-specific proteins but current evidence of engagement of canonical 

autophagy receptors, such as p62, is being disputed [144, 147, 148]. Importantly, Pink1/Parkin 

activity also marks mitochondrial surface proteins for proteasomal degradation, which results in 

disruption of the OMM [149]. Furthermore, the proteasomal complex also targets proteins 

implicated in mitochondrial fusion, hence inducing mitochondrial fission and release from the 

endoplasmic reticulum [150, 151]. 

Apart from Pink1/Parkin mediated mitophagy, ubiquitin-independent proteins in the OMM can 

serve as receptors for direct recruitment of LC3 [152-154]. For example, BNIP3 (Bcl-2 

interacting protein-3) was shown to interact with nascent autophagosomal membrane, possibly 

because of upstream control signals, affecting its expression and posttranslational modifications 
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[155]. In addition, externalization of cardiolipin, a lipid found exclusively in the IMM, during 

dissipation of mitochondrial membrane potential was also shown to activate mitophagy [156]. 

In spite of the fact that mitophagy as a mechanism of mitochondrial degradation was proposed 

around the middle of the 20th century, the particular mechanism of the selection of mitochondria 

for mitophagy is still under discussion. Moreover, Pink1/Parkin pathway may be related to high-

stress conditions only as recently suggested [140]. Of note, mitophagy as well as the complete 

system of mitochondrial dynamics are implicated in a number of disorders, especially in 

neurodegenerative, cardiovascular and malignant diseases.  

 

2.7. Mitochondria in cancer 

Otto Warburg first suggested the association of mitochondrial function and cancer in 1920s as 

described in section 2.4.1. Warburg noticed that in spite of normoxia cancer cells preferably rely 

on glycolytic metabolism, rather than OXPHOS, and assumed this phenomenon, so-called 

aerobic glycolysis, is caused by mitochondrial impairment leading to tumour transformation [63]. 

This hypothesis, however, rather applies to rare circumstances, e.g. when mutations in the 

mitochondrial genome occur [157]. Thus, in majority of cases, functional mitochondria are 

required for tumorigenesis since a growing body of evidence has revealed that these organelles 

are involved in metabolic remodelling, cell division and survival, redox signalling, innate 

immunity, and angiogenesis as well as invasive and metastatic capabilities of cancer cells [16]. 

Besides, cells with impaired mitochondria upregulate mitophagy to maintain these organelles 

intact or to induce horizontal mitochondrial transfer in order to obtain healthy mtDNA [17, 18]. 

Moreover, mitochondrial targeting has been put forward as a promising strategy for efficient 

elimination of cancer cells [158-160]. 

2.7.1. Mitochondrial remodelling in cancer metabolism 

In brief, non-malignant cells receive signals via interacting of their respective cell surface 

receptor proteins with extracellular stimuli affecting their survival, growth, division or migration. 

This stimulus-receptor communication allows for transduction of the primary signal into a cell 

and transfers it to a final effector, predominantly via phosphorylation cascades. Cancer cells 
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utilize this mechanism as well; however, they direct its modification to obtain even higher energy 

and nutrient yields, favouring their rapid proliferation or invasiveness to other tissues. In order 

to do so, numerous oncoproteins and tumour suppressors cooperating in multiple metabolic and 

transcription pathways are altered in cancer cells. Importantly, since mitochondria act as a central 

hub of cellular metabolism, they represent a valuable tool of cancer cells to gain the control over 

metabolic remodelling based on their prevailing needs. For this reason, mitochondria 

communicate with the nucleus by sensing changes in their integrity and performance, leading to 

adjustment of nuclear gene expression to sustain cancer signalling. The central role of 

mitochondrial remodelling in this energy reprogramming has already been confirmed by 

extensive research investigating its effects on tumour growth by means of mtDNA depletion and 

its re-introduction, ETC modifications or via changes in redox homeostasis [18, 161, 162].  

Aerobic glycolysis have lower ATP yields, however, it achieves much faster production rates 

when compared to mitochondrial respiration. Therefore, proliferating cancer cells, which are 

exposed to glucose-rich environment, are more efficient in utilizing glycolysis, rather than 

OXPHOS, rapidly increasing the tumour mass [163]. Importantly, mitochondria are the leading 

system managing such increase in glycolytic rate as well as other principal regulatory 

mechanisms of cancer cell metabolism. They reduce the TCA cycle and OXPHOS, upregulate 

survival and proliferative signalling and enhance lipid synthesis or fatty acid and glutamine 

oxidation [16]. Despite glycolysis being generally considered a dominant metabolic pathway of 

cancer cells, mitochondrial OXPHOS has been shown to be upregulated as well, especially in 

metastatic cells of certain malignant neoplasms [164]. Therefore, the metabolic phenotype of 

cancer cells varies across different types of tumours and does not have to be uniform even within 

the same tumour. In addition, many types of cancer cells manifest a hybrid glycolysis/OXPHOS 

phenotype (Fig. 6, p.35), appearing to be advantageous for them for several reasons [164]. First, 

hybrid-state associated metabolic flexibility enables cancer cells to respond to environmental 

changes more quickly than cells harbouring only glycolysis or OXPHOS. Second, since cancer 

cells efficiently generate energy by both glycolysis and oxidative phosphorylation, they can also 

utilize glycolytic and fatty acid oxidation by-products such as pyruvate and NADPH, 

respectively. Finally, the hybrid state maintains moderate ROS levels to promote tumorigenesis 

without inducing cell death signalling. This is a result of the HIF1 pathway and ROS scavenging, 

e.g. via pyruvate and NADPH. Supply of NADPH is additionally provided by virtue of PPP cycle 
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and glutamine metabolism, which partially recruits reaction steps from the TCA cycle [164]. 

Such metabolic plasticity is also evident in PDAC and is associated with metastasis and therapy 

resistance [15, 114]. 

A recent model proposes that the interplay between glycolysis and mitochondrial respiration may 

be regulated via AMPK, HIF1 and redox signalling and specific interaction of these nodes could 

establish the three metabolic phenotypes, glycolysis, OXPHOS or glycolysis and OXPHOS at 

the same time [164]. In particular, AMPK as a cellular energy sensor is likely to control fatty 

acid and glucose oxidation, while HIF1, which is stabilized upon hypoxia and increased ROS 

levels, regulates the glycolytic pathway. Hence, active AMPK and low levels of HIF1 determine 

oxidative metabolism contrary to inactive AMPK and high levels of HIF1, which define 

Figure 6: Metabolic remodelling of mitochondria in cancer cells. Mitochondria adapt to various stimuli by adjusting 

their performance status and morphology. Rapidly proliferating cancer cells require high-energy production, which 

mitochondria ensure by downregulation of OXPHOS and stimulation of glycolysis and mitochondrial fission. On 

the other hand, non-proliferative cancer cells that demand energy for migration and invasion to other tissues 

increase mitochondrial respiration and accordingly, suppress glycolysis and form fused mitochondrial network. 

Glycolysis/OXPHOS phenotype is thus advantageous for cancer cells in order to maintain their proliferative as well 

as metastatic capacity, and is associated with retaining of cancer stemness. AMPK-HIF1-ROS circuit is considered 

as the master regulatory signalling of mitochondrial remodelling. Once AMPK is activated upon cellular stress, it 

induces oxidative metabolism, while HIF1 induces expression of enzymes involved in glycolytic pathway upon its 

stabilization. Both of these proteins also regulate each other through mutual inhibition and respond to redox 

signalling based on a cellular context.  
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glycolysis [164]. Importantly, when glycolysis is stimulated, OXPHOS is suppressed via 

mitochondria-metabolic proteins interactions [66, 142, 165-167]. Of note, elevated levels of 

ROS, which are especially characteristic for cancer cells, can lead to both increased AMPK 

activation and HIF1 stabilization promoting the hybrid state [164]. 

Metabolic adjustment of cancer cells is also reflected by changes in the mitochondrial 

morphology network. Mitochondrial fission and decreased oxidative metabolism have been 

linked to rapidly proliferating and highly glycolytic cancer cells, including PDAC cells, in order 

to preserve glycolytic intermediates and consequently provide the building blocks for cell growth 

[20]. At the same time, metastatic PDAC cells, whose migratory abilities are dependent on high-

energy demands, have increased mitochondrial fusion and OXPHOS function. This corresponds 

with the activity of PGC1 or c-Myc in PDAC, which not only participate in regulation of 

mitochondrial dynamics but also support anchorage-independent cancer cell growth [114, 168, 

169]. In addition, following inactivation of the mitophagic pathway, accumulation of 

mitochondrial aberrations results in mitochondrial dysfunction and consequently increased 

genomic instability and resistance to apoptosis [170]. Similarly, decreased expression of BNIP3 

observed in pancreatic cancer is associated with chemoresistance and poor prognosis [21, 22]. 

However, the role of mitophagy in cancer depends on the tumour type and stage since it can also 

stimulate cancer progression in advanced stages. For example, hypoxia- or Pink1-mediated 

upregulation of mitophagic flux may support cancer cell survival, migration and therapy 

resistance [171-173].  

Interestingly, upregulation of OXPHOS in PDAC is often attributed to activated EMT program. 

However, EMT has been also correlated to elevated glycolysis, suggesting that the link between 

EMT and mitochondrial metabolism is context-dependent [15, 174]. This could be possibly 

explained by activation of EMT via increased glycolytic flux followed by a switch of cancer cells 

towards the EMT phenotype, which in turn could increase the OXPHOS activity [175]. 

Moreover, cancer stem cells, including PCSCs, are strongly dependent on increased 

mitochondrial mass, mitochondrial membrane potential and mitochondrial activity, and are 

associated with increased metastatic potential and resistance to cancer treatment [113, 114]. The 

stem-like state could be therefore correlated to the EMT program. Nevertheless, this hypothesis 

as well as the precise mechanism of mitochondrial remodelling still need to be resolved.  
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2.7.2. Cancer cell survival and apoptosis 

Another hallmark of cancer is evading of cell death and sustaining of survival signalling [48]. 

Even though these processes are opposing each other, mitochondria act as a focal point for both 

of them. The survival mechanism is predominantly mediated by metabolic remodelling managed 

by mitochondrial reorganization discussed earlier. Programmed cell death, i.e. apoptosis, is a 

physiological process of highly controlled elimination of redundant cells during embryonic 

development or during exogenous and endogenous cellular impairment. Thus, apoptosis 

represents a defence mechanism to combat pathogens as well as cells after inflicting damage 

without altering tissue homeostasis. Importantly, ROS production and consequent nuclear and 

mtDNA damage are implied in initiating of programmed cell death and augmenting apoptotic 

signals [176].  

Based on the origin of signal induction, apoptosis is triggered via the extrinsic pathway by means 

of interaction of death receptors with death ligands at the plasma membrane or via the intrinsic 

pathway involving permeabilization of the OMM. In any case, activation of the initiator cysteine-

aspartic proteases, i.e. initiator caspases, transduces death signalling to the executioner 

components of both apoptotic pathways, including caspase-3, -6 and -7 [176].  

The internal stimuli are mostly related to cellular stress, upon which pro-apoptotic regulatory 

proteins of the Bcl-2 family initiate oligomerization of BAX and BAK (Bcl-2 associated protein 

X and Bcl-2 homologous antagonist, respectively) to form a pore in the OMM. As the OMM is 

permeabilized, cytochrome c is released into the cytosol. Through binding of cytochrome c to 

APAF-1 (apoptosis protease activating factor 1), an apoptosome complex assembles and attracts 

the initiator caspase-9 that, in turn, recruits the executioner caspases. In addition, pro-apoptotic 

signalling is promoted by the release of the SMAC/DIABLO protein, which counteract inhibitors 

of apoptosis. Therefore, once executioner caspases are activated because of cytochrome c and 

SMAC/DIABLO release, various cell proteins and DNA are degraded [176]. Loss of the 

mitochondrial membrane integrity is a point of no return for a cell, since it results in dissipation 

of ΔΨm,i followed by suppression of the mitochondrial function including OXPHOS machinery 

and induction of ROS production. Accordingly, this process is highly regulated via numerous 

pro- and anti-apoptotic proteins, and it is associated with ATP consumption. For this reason, 
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formation of permeability pores in the OMM is an irreversible process, as the cell enters the 

commitment phase. 

Obviously, apoptosis is a process that cancer cells prefer to avoid. For instance, since they favour 

harbouring DNA mutations, committing a cellular suicide upon DNA damage response 

commonly mediated through p53 signalling needs to be prevented. Linked to this, altered 

apoptotic signalling resulting from mutations of the p53 or apoptosis inducing factor genes is 

associated with a number of malignancies [70]. Moreover, it has been shown that cancer cells 

acquire unlimited cell division capacity by virtue of constitutive expression of telomerase. 

Telomerase prevents permeabilization of the OMM as well as chromosomal shortening, therefore 

its constitutive activation may bypass the so-called Hayflick limit, according to which 

proliferating cells divide 40-60 fold before becoming senescent [177]. To conclude, there is a 

clear evidence that cancer cells employ mitochondria not only to forestall pro-apoptotic stimuli 

but also to pursue anti-apoptotic and pro-proliferative pathways insuring their survival. 

2.7.3. Reactive oxygen species and redox signalling 

The OXPHOS machinery and mitochondrial NADPH oxidases are the main intracellular sources 

of reactive oxygen species, which represent essential components of cell signalling and 

homeostasis, acting in both protective and destructive manner [178]. As second messenger 

signalling molecules, ROS partake in regulating cell growth, survival, proliferation and 

differentiation as well as in adaptation to hypoxia, autophagy and apoptosis [72, 178]. Majority 

of ROS are generated as a result of leakage of electrons from the CoQ-binding centres of CI and 

CIII during electron transport; however, CII, glycerol-3-phosphate-dehydrogenase or pyruvate 

dehydrogenase and several other sites associated with substrate and oxidative phosphorylation 

have been recognized to produce ROS as well [178]. In any case, the level of cellular ROS is 

under systematic regulation by the antioxidant defence system that prevents their harmful effects, 

such as inflicting damage to proteins, lipids and nucleic acids, followed by their consequent 

breakage, loss of their function, membrane permeabilization or, perhaps most importantly, DNA 

damage. First, there are direct ROS scavengers, e.g. superoxide dismutase, which act at the 

primary ROS production sites and remove superoxide radicals. Next, enzymatic antioxidants 

neutralize other types of ROS and, at the same time, interact with ancillary factors such as 
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glutathione or thioredoxin in order to regain the reduced state, depicting the second and third line 

of antioxidant defence. The last regulatory line of maintaining redox homeostasis maintenance 

is mediated by non-enzymatic antioxidants, including vitamins C, D and E or amino acids [178].  

Cancer cells have been shown to feature increased levels of ROS; therefore, stimulating 

antioxidant defence appears as a tempting therapeutic strategy. Elevated ROS levels contribute 

to oxidative damage of certain pivotal oncoproteins, such as protein kinases of the MAPK and 

PI3K/Akt pathways, and they may promote genomic instability, eventually leading to 

tumorigenesis and metastasis [179]. However, Zhang et al. demonstrated that scavenging of ROS 

rather bypasses its mediated cytotoxicity and may even increase cancer cell survival due to 

strengthening antioxidant pathways, which are upregulated in tumours [180]. For instance, 

increased transcription of NRF2 detected in PDAC reduces the burden of ROS in the cells [181]. 

Likewise, oxidative stress triggers a compensatory feedback loop as it stimulates the PPP 

pathway, thus increases the levels of NADPH and subsequently limits ROS formation [64]. 

Clearly, cancer cells likely employ detrimental benefits of elevated ROS levels but maintain them 

under control by enhanced expression of antioxidant system. Of note, the transformed redox 

balance is also prominent in PDAC. A reverse approach, i.e. targeting of mitochondrial 

components that manage redox homeostasis and further inducing ROS production, may be 

therefore impossible for cancer cells to overcome, and will shift them into demise. 

 

2.8. Mitochondrial targeting 

The mechanism of carcinogenesis can vary even between individuals diagnosed with the same 

type of malignancy since the molecular and genetic basis is frequently patient-unique [37]. 

Therefore, given the essential role of mitochondria in cellular physiology as well as malignant 

transformation, these organelles appear as a druggable target with great potential to combat 

various tumour types including PDAC. Anti-cancer compounds acting directly on mitochondria 

in order to alter their integrity and function, consequently leading to selective elimination of 

cancer cells were termed mitocans [23], and have been classified into several groups based on 

their molecular target. This includes agents interfering with Bcl-2 family of proteins, ETC 

complexes and mitochondrial metabolism or antioxidant defence [23]. Some of them have 
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already entered pre-clinical and clinical trials, e.g. for treatment of breast cancer, prostate cancer 

or glioblastoma, such as the analogue of BH3 domain of Bcl-2 proteins navitoclax, gamitrinib 

inhibiting ATP synthase activity and AGI-5198 suppressing isocitrate dehydrogenase [182, 183]. 

Accumulating evidence also suggests targeting of ETC complexes, e.g. CII using α-TOS (α-

tocopheryl succinate), may contribute to anti-cancer treatment approaches [184].  

2.8.1. Complex I inhibitors 

Impairment of CI is mirrored by the ATP/AMP ratio, NADH/NAD+ ratio and ROS levels that 

together influence cellular energy production as well as biosynthetic and redox-regulated 

pathways during cancer cell proliferation, metastasis and tumour resistance. The importance of 

mitochondria in maintaining cancer cell energy and redox homeostasis, on which CI participate 

substantially, is discussed in chapter 2.7. The following section briefly summarizes evidence of 

CI non-energetic function, especially of managing the NADH/NAD+ pool in tumorigenesis. 

Mitochondrial CI stimulates proliferation of cancer cells by providing them with electron 

acceptors and regenerating oxidized cofactors. This was also suggested as a limiting factor in 

aspartate synthesis and was validated by Sullivan and others demonstrating that aspartate 

supplies enable ETC-deficient cancer cells to divide [19, 185]. Aspartate is a precursor of de 

novo pyrimidine biosynthesis, whose rate-limiting step is catalysed by dihydroorotate 

dehydrogenase (DHODH), an enzyme located at the IMM and dependent on mitochondrial 

respiration. Importantly, DHODH has been shown to restore tumour growth in mtDNA-depleted 

cancer cells, further corroborating involvement of mitochondrial respiration in anabolic 

processes [186]. Taken together, these reports highlight the importance of mitochondria in 

cancer; nevertheless, they point out that the crucial process responsible for tumour growth and 

mediated by mitochondria is pyrimidine biosynthesis and not ATP synthesis as was the general 

notion.  

In addition, CI-mediated control of the NADH/ NAD+ ratio is responsible for inducing HIF1 

stabilization when cancer cells are exposed to hypoxia [187]. NADH/ NAD+ homeostasis also 

regulates sirtuin signalling, which has been implicated in control of DNA integrity [188]. 

Furthermore, accumulation of NADH and shortage of ATP sources in CI-defective cancer cells 

may bypass pyruvate dehydrogenase, which is generally suppressed by stabilized HIF1, leading 
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to enhancement of alternative glutamine metabolism, one of the mechanisms of metabolic 

reprogramming employed by tumour cells [189]. Notably, this mechanism has been observed in 

PDAC too. 

To conclude, CI has emerged as the main regulatory point of cancer cells that not only shifts their 

energy metabolism towards aerobic glycolysis and modifies redox signalling but also adapts 

them to changing conditions of the TME, and provides them with essential metabolic plasticity. 

2.8.1.1. Biguanides 

Biguanides are organic compounds consisting of two guanidine molecules discovered in extracts 

of Galega officinalis. This medicinal herb had been utilised for a long time to treat fever, epilepsy 

or plague, even before its healing effects were well documented. In the 1920s, guanidine was 

implied to lower blood sugar levels in animals [190]. Accordingly, guanidine and its initial 

derivative compounds were proposed for treatment of diabetes; however, they were superseded 

by insulin due to their toxic effects at high doses. The interest in biguanides returned with the 

rediscovery of metformin, dimethylbiguanide that was able to reduce hyperglycaemia without 

inducing toxicity. Many years later, metformin was approved by the FDA for treatment of T2DM, 

and it has become the most frequently prescribed drug for this metabolic disorder [191]. For this 

reason, curative effects of metformin have been subjected to extensive research to understand its 

molecular basis and mechanism of action. Interestingly, metformin may be also repurposed for 

cancer therapy. 

Schneider and colleagues first reported anti-neoplastic effects of metformin and correlated them 

with obesity and incidence of pancreatic malignancies using a model of high-fed hamsters [192]. 

Following these findings, many retrospective studies were published indicating that diabetic 

patients treated with metformin manifest decreased risk of developing pancreatic cancer [24]. Up 

to now, metformin has been examined both alone and in combination with various 

chemotherapeutics or targeted therapeutics not only for treatment of pancreatic cancer but also 

of breast cancer, small cell lung carcinoma or colorectal tumours [193-196]. Despite the 

promising data of metformin use in pre-clinical studies, many research groups question its overall 

anti-tumorigenic activity as well as its efficacy, pancreatic tumours included [26, 197, 198]. 
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Therefore, results of ongoing metformin-based clinical trials are eagerly awaited in order to reach 

decisive conclusions. 

Regardless the long-time practice of metformin use in medicine, its mechanism of action in 

different pathologies is still under conflicting debates, since its effects are still not well defined. 

Metformin likely binds to amphipathic regions of CI, possibly stabilizing the enzyme in its 

inactive state, and suppresses a rate-limiting step associated with reduction of CoQ [25]. The 

resultant decrease in activity of the ETC chain leads to decrease of the ATP/AMP ratio and to 

activation of AMPK [199]. AMPK is a molecular switch sensing cellular fluctuations of AMP 

and ATP levels and subsequently inducing pathways that lead either to ATP production or its 

consumption. In this way, AMPK is considered a master regulator of cellular energy homeostasis. 

Therefore, AMPK-mediated signalling is probably responsible for the glucose-lowering effect of 

metformin so that it limits glucose supplies in the tumour and inhibits cancer cell growth [200, 

201]. Metformin has been also shown to inhibit gluconeogenesis via suppression of adenylate 

cyclase and associated decline in cAMP levels as well as via redox-dependent inhibition of 

mitochondrial glycerol-3-phosphate dehydrogenase, which increases the cytosolic NADH/NAD+ 

ratio [202, 203]. This can be reconciled with recent findings suggesting that metformin influences 

fructose-1,6-bisphosphatase as well [204]. Apart from controlling cellular metabolism, 

metformin-activated AMPK negatively regulates fatty acid synthesis and HIF1 stability [205, 

206]. Altogether, these processes result in activation of catabolic and inhibition of anabolic 

pathways [207, 208]. Therefore, cancer cells facing a lack of their energy needs are prompt to 

reduce their proliferative rates or even to induce cell cycle arrest and apoptosis. Besides, 

metformin has been recently demonstrated to inhibit migration and invasion of cancer cells via 

the AMPK pathway or by means of suppressing EMT signalling [209, 210]. 

Of note, the direct mode of action of metformin on CI described above is most frequently reported 

for its supra-pharmacological concentrations [211]. Even though metformin possesses a positive 

charge, which directs it into mitochondria where it can be imported mostly by virtue of organic 

cation transporters, clinically relevant concentrations, i.e. within micromolar range, have rather 

mild, if any, CI-inhibiting effect [212]. This is presumably caused by slow accumulation of the 

biguanide in mitochondria due to its hydrophilic nature. Thus, the bioavailability of metformin 

in tumours is still questionable [211]. Another aspect necessary to take into consideration when 
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evaluating the drug efficacy is the tumour heterogeneity and contribution of TME, which may 

limit the effects of metformin on certain cellular subpopulations. Moreover, metformin has been 

documented to promote tumour progression, at least in some cases [213]. Perhaps, this is linked 

to the weak interference of CI resulting in moderate tumour-promoting increase of ROS levels 

[213]. A more potent inhibition of CI may therefore bring the desired effects. Indeed, analogues 

of metformin, e.g. buformin and phenformin, are more efficient in eliminating cancer cells; 

however, they were shown to exhibit adverse side effects, in particular lactic acidosis [214]. 

2.8.1.2. Tamoxifen 

Tamoxifen is considered as one of the breakthroughs in oncology medicinal regimens, since it is 

the first drug to cure breast carcinoma, and has remained a widely used and efficient agent in 

treatment of oestrogen-dependent breast cancer for decades [215]. Although tamoxifen is 

primarily assumed to compete for a binding site of oestrogen receptor blocking the oestrogen 

signalling implied in breast cancer progression, several studies demonstrated that tamoxifen 

operates independently of this pathway as well. Interestingly, tamoxifen has been shown to alter 

mitochondrial function. In particular, it inhibits mitochondrial CI by interfering with its FMN 

region resulting in uncoupling of oxidative phosphorylation, activation of AMPK, impaired fatty 

acid metabolism and elevated autophagic pathway [216-218]. It is important to note that supra-

pharmacological concentrations of tamoxifen have been shown successful in eliminating other 

than breast tumours including glioma, melanoma or ovarian cancer [219]. Thus, many tamoxifen 

derivatives have been already tested in clinical trials [159, 219]. 

2.8.1.3. Other CI inhibitors in cancer treatment 

Apart from metformin and tamoxifen, there are several other CI inhibitors tested in pre-clinical 

and clinical trials. For example, CI-inhibiting carboxyamidotriazole orotate in combination with 

a DNA-methylating agent has been shown to improve the response of patients diagnosed with 

glioblastoma [220]. IACS-010759, another compound targeting CI, exhibited anti-tumour effects 

in advanced solid tumours, including PDAC, during phase I clinical trial. Similarly, activity of 

ME344 and mIBG (meta-iodobenzylguanidineis) is currently being evaluated in HER2-negative 

breast cancer and paraganglioma patients, respectively [221]. However, many clinically tested 
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CI-targeted compounds fail to achieve the anticipated therapeutic improvement, the reason for 

some of them being the unexpected toxicity or difficult drug delivery and some being likely due 

to unsuitable clinical settings. Importantly, more agents interfering with CI, such mubritinib or 

OPB-51602, are being examined in basic research, delivering promising results further 

confirming relevance of this strategy in cancer treatment [222, 223]. 

2.8.2. Targeting of mitochondria with triphenyl phosphonium 

Triphenyl phosphonium is a lipophilic cation, which accumulates at the interface of the IMM and 

the mitochondrial matrix. Due to the negatively charged plasma membrane (-30 to -60 mV) and 

positively charged and lipophilic nature of TPP+, this organic compound localizes in the cytosol 

at about 10-fold higher concentration, creating its transient cytosolic pool, therefore enhancing 

its quantity in mitochondria. Once in mitochondria, the concentration increases up to a several 

hundred fold (Fig. 7). Again, this is a result of opposing charges, the positive charge of TPP+ and 

highly negative charge at the matrix side of the IMM, since ΔΨm,i formed upon electrochemical 

gradient across the IMM is between -150 and -180 mV [27]. This charge-driven transport of TPP+ 

is significant especially in cancer cells, where protein transporters are often impaired upon 

mutational changes and are responsible for therapy resistance in some cases [224]. 

Figure 7: Mitochondrial targeting by bioactive molecules tagged with a lipophilic carrier, triphenyl 

phosphonium moiety (TPP+). Due to a negative charge of plasma membrane, TPP+ covalently bound to a 

bioactive molecule accumulates in 5-10 fold higher concentration in cytosol and then further localizes in 

mitochondria thanks to hyperpolarized mitochondrial membrane potential. In consequence, TPP+ can increase 

accumulation of bioactive molecules up to 500-fold. Adapted from [3]. 
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TPP+ is partially selective towards cancer cells that have more hyperpolarized ΔΨm,i in 

comparison with non-malignant cells but to a certain extent it can affect the healthy cells too. For 

this reason, TPP+ is generally utilized as a lipophilic carrier targeting carbon chain-bound 

bioactive compounds, whose activity is tumour-specific, to mitochondria, multiplying their 

concentration in this compartment [27]. The research group of Murphy and Smith modified the 

antioxidant CoQ with TPP+ to form mitochondrially targeted ubiquinone (MitoQ), which first 

used this strategy. Indeed, MitoQ was able to decrease the level of ROS in several mouse models 

linked to pathologically elevated oxidative stress including ischemia-reperfusion injury or 

hepatitis C-induced liver disease [225]. 

Under physiological conditions, antioxidant defence controls the level of ROS and initiates 

apoptotic signalling when certain ROS limit is exceeded. On the other hand, cancer cells 

continuously exposed to oxidative stress employ mechanisms that allow them to augment such 

limit in order to benefit from ROS signalling but prevent the cell death induction. Targeting of 

antioxidants to mitochondria and reducing ROS levels, as is the case of MitoQ, is certainly a 

possible approach to avoid the pro-tumorigenic effects of ROS. Nonetheless, further and rapid 

introduction of oxidative stress into cancer cells may lead to exhausting the capacity of their 

antioxidant system and triggering apoptosis eventually [226]. Targeting of ETC complexes, 

which we have also employed in our laboratory, was shown to eliminate cancer cells in several 

tumour types confirming this hypothesis [227, 228]. For instance, we designed and synthesised 

MitoVES, a pro-oxidant α-tocopheryl succinate (α-TOS) tagged with TPP+. MitoVES 

significantly inhibited activity of mitochondrial CII and exhibited enhanced anti-cancer 

properties when compared to α-TOS itself in mesothelioma and breast carcinoma [158, 229]. 

Furthermore, we used the same strategy to develop mitochondrially targeted tamoxifen, 

MitoTam, in order to enhance its accumulation at CI, one of the main sites within a cell where 

ROS are generated [159]. Surprisingly, MitoTam eradicated breast cancer cells both in vitro and 

in vivo more efficiently than its parental compound. The anti-neoplastic effects of MitoTam were 

mediated by suppressing CI-dependent respiration, disrupting mitochondrial SCs and generating 

excessive levels of ROS [159]. Moreover, MitoTam was also documented to eliminate cancer 

cells without causing senescence, a permanent cell cycle arrest, promoting tumour development 

due to alteration of tumour microenvironment, which is often induced by conventional 
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therapeutics [230]. Of note, MitoTam has successfully underwent phase I clinical trial for 

treatment of advanced solid tumours with excellent toxicity profile in patients.  

Given the role of mitochondria in PDAC, the outstanding results of mitochondrial targeting as 

cancer therapy, and emerging evidence suggesting potential use of metformin to treat pancreatic 

tumours, we developed another mitochondrially targeted compound, MitoMet, whose anti-cancer 

effects in pancreatic cancer cells are the focus of this study. Moreover, since MitoTam is being 

currently repurposed for the treatment of T2DM [unpublished data], a metabolic disorder 

associated with increased risk of PDAC, we also utilised this agent in our model. 
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3. Research aims 

The aim of this project was to evaluate the anti-tumour activity of mitochondrial complex I 

inhibitors, MitoMet and MitoTam, on pancreatic cancer cells, and to clarify the mechanism of 

action of these agents. Different vulnerability of a chosen panel of pancreatic cancer cells to 

tested mitochondrially targeted compounds was analysed with regard to the activity of the 

TGFβ/SMAD4 signalling pathway. We hypothesized that loss of SMAD4 leads to mitochondrial 

remodelling and correlates with resistance of pancreatic cancer cells to mitochondrially targeted 

agents. The specific experimental goals of this study were as follows: 

 

1. Elucidation of the effects of MitoMet in pancreatic cancer using in vitro and in 

vivo models. 

a. Ability of MitoMet to eliminate pancreatic cancer cells 

b. Mode and site of action of MitoMet-induced cytotoxicity 

c. Impact of MitoMet treatment on pancreatic tumour growth in vivo 

 

2. Characterization of metabolism of pancreatic cancer cells  

a. Analysis of metabolic profile of pancreatic cancer cells 

b. Phenotypic changes of pancreatic cancer cells resulting from SMAD4 

loss 

 

3. Role of TGFβ signalling and SMAD4 loss in mitochondrial remodelling and 

EMT 

a. Effect of TGFβ/SMAD4 on mitochondrial remodelling and sensitivity of 

pancreatic cancer cells to complex I inhibitors 

b. Effect of TGFβ/SMAD4 on EMT 

 

4. Application of MitoTam and its comparison to MitoMet in treatment of 

pancreatic cancer.
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4. List of methods 

Below is a list of methods used by the author while preparing the publications included in the 

thesis. 

Cell culture 

 pancreatic cancer cell lines 

 bacterial strains 

Viability assays 

 crystal violet assay 

Electrophoretic methods and western blotting 

 agarose gel electrophoresis 

 SDS-PAGE 

Flow cytometry measurements 

 cell cycle and cell death assessment using pyronin and propidium iodide, and 

Annexin-V-FITC probes, respectively 

 detection of ROS using the H2DCFDA probe 

 detection of mitophagy using the mtKeima probe 

 analysis of mitochondrial protein turnover using the pMitoTimer probe 

Genetic manipulation methods and cloning 

 preparation of PaTu 8902 SMAD4 KO and reconstituted cells using the 

Crispr/Cas9 gene editing method 

 preparation of cellular sublines using DNA constructs and expression vectors 

 RNA interference using siRNA and shRNA 

 preparation of PaTu 8902 cells devoid of mtDNA (ρ0 cells) 

qPCR 

 determination of mtDNA level 
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Metabolic assays 

 high resolution respirometry 

 Seahorse XF analysis 

 analysis of ATP content by the ATP colorimetric assay 

Microscopy 

 fluorescence microscopy 

 confocal microscopy 

 image analysis using ImageJ and Hyugens software 

Mouse model 

 subcutaneous xenografts 

 oral and intraperitoneal administration 

 measurement of tumour volume using ultrasound imaging  
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5. Results 

This dissertation thesis is based on two original research articles, one first author and one co-

author publication enclosed in extenso in chapter 9. The relevance of these publications in the 

dissertation as well as contribution of the author is described below. 

 

5.1. Boukalova, S., Stursa, J., Werner, L., Ezrova, Z., Cerny, J., Bezawork-Geleta, A., 

Pecinova, A., Dong, L., Drahota, Z. and Neuzil, J., 2016. Mitochondrial targeting of 

metformin enhances its activity against pancreatic cancer. Molecular cancer 

therapeutics, 15(12), pp.2875-2886. 

 

In this research paper, we focused on examining effects of a novel anti-cancer agent, MitoMet, 

in pancreatic cancer cell lines and in mouse models of PDAC. First, in collaboration with the 

Service Technology Laboratory of the Institute of Biotechnology, we designed and synthetized 

mitochondrially targeted analogues of metformin and compared their toxicity towards PDAC 

cells. Since norMitoMet (in this work referred to as MitoMet) eliminated PDAC cells most 

efficiently among the tested molecules, we employed this compound in all further experiments. 

Importantly, we showed that MitoMet exerts anti-tumour effects in about 20-fold lower 

concentrations than metformin and that it is highly selective for pancreatic cancer cells while 

non-cancerous cell lines were less affected. Moreover, we noticed that MitoMet promotes AMPK 

signalling more strongly than metformin. Next, we demonstrated that MitoMet induces cell cycle 

arrest in PDAC cells and that this is linked to induction of programmed cell death, which was 

activated by MitoMet but not by the parental compound. Interestingly, we observed that 

responsiveness to MitoMet differs among the tested pancreatic cancer cell lines, and we 

correlated this to their reliance on mitochondrial/glycolytic metabolism. In addition, we showed 

that MitoMet acts predominantly on mitochondrial complex I, most likely by means of its binding 

to the CoQ cavity of CI. MitoMet primarily inhibited CI-mediated respiration, on which PDAC 

cells depend significantly, stimulated ROS production, and induced depolarization of ΔΨm,i. 

Importantly, we explained that cytotoxic effects of MitoMet are at least partially mediated by 
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increased levels of ROS. Lastly, we confirmed that MitoMet is also efficient in eliminating 

PDAC cells in vivo, since it suppressed tumour growth of pancreatic xenografts. 

Contribution to the publication: Initial data only obtained from experiments with Panc-1 cell line 

using flow cytometry, high-resolution respirometry and in vivo model, which are included in this 

article, were used in diploma thesis of the author. I further contributed to this publication with 

experimental work extended to other pancreatic cancer cell lines and human foreskin fibroblasts 

(BJ cells). In particular, I conducted the following experiments, which are related to this thesis: 

analysis of cell cycle and cell death using flow cytometry, measurement of ATP content by the 

ATP colorimetric assay, assessment of mitochondrial respiration in NDI1-transduced cells and 

in vivo experiments using MiaPaCa-1 cell line for subcutaneous tumour grafting. I was also 

engaged in data evaluation, statistical analysis and manuscript writing/revision. 

 

5.2. Ezrova, Z., Nahacka, Z., Stursa, J., Werner, L., Vlcak, E., Viziova, P.K., Berridge, M.V., 

Sedlacek, R., Zobalova, R., Rohlena, J. and Boukalova, S., 2021. SMAD4 loss limits the 

vulnerability of pancreatic cancer cells to complex I inhibition via promotion of 

mitophagy. Oncogene, pp.1-14. 

 

In our previous work, we observed that increased sensitivity to MitoMet corresponds with 

increased reliance on oxidative metabolism in PDAC cells. We hypothesized that mitochondrial 

function and responsiveness to mitochondrial inhibitors may be associated with their SMAD4 

status. Therefore, in this study, we determined the principle of differential response of PDAC 

cells to mitochondrially targeted agents with respect to their SMAD4 genotype and activity of 

TGFβ pathway. In particular, we showed that PDAC cells with intact SMAD4 manifest increased 

sensitivity to MitoMet as well as to other biguanides and that they are desensitized to these 

compounds by administration of TGFβ. On the other hand, SMAD4-deficient cells were resistant 

to biguanides and irresponsive to TGFβ-mediated effects. We further demonstrated that SMAD4 

loss is associated with altered cristae morphology and increased mitochondrial fragmentation and 

mitophagy, which is compensated by enhanced mitochondrial biogenesis. Of note, we proved 
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that increased mitophagy is at least partially responsible for resistance to MitoMet in SMAD4-

deficient cells. Although application of TGFβ stimulated morphological changes of mitochondria 

and activated general autophagy in SMAD4-positive PDAC cells mimicking the SMAD4-

deficient conditions, it had no effect on mitophagic flux. In addition, TGFβ-induced resistance 

to MitoMet in these cells was autophagy-independent. To clarify this phenomenon, we 

demonstrated that responsiveness of SMAD4-positive and SMAD4-deficient cells to MitoMet is 

mediated via different mechanisms. While SMAD4-deficient cells upregulated MAPK/Erk 

signalling leading to increased mitochondrial turnover in SMAD4-positive cells TGFβ-linked 

resistance was instead mediated by activated EMT signalling. Finally, we showed that 

mitochondrially targeted tamoxifen, MitoTam, is able to overcome drug resistance promoted by 

SMAD4 loss or TGFβ signalling in PDAC cells, which is based on its rapid effects on 

mitochondrial function. 

 

Contribution to the publication: I participated on the study design and contributed to majority of 

the study design, experimental work, data analysis and manuscript preparation and revision. 
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6. Discussion 

The somatic mutation theory of carcinogenesis had been considered the principle of cancer 

development for quite some time. It presumed that malignant tumours arise from accumulation 

of specific genetic alterations in oncogenes and tumour suppressors [39]. Although pancreatic 

cancer is most frequently defined by changes in the KRAS, TP53, CDKN2A and SMAD4 genes, 

which would correspond to this hypothesis, none of these or other specific primary mutations 

have been clearly determined to initiate the malignant transformation leading to pancreatic cancer 

in individual patients. Instead, cancer genome sequencing revealed that various genes are 

transformed in order to modify essential cellular processes, especially those regulating energy 

metabolism, that contribute to the malignant transformation [37, 38]. Moreover, accumulating 

evidence suggests other factors such as tumour microenvironment and the immune system play 

a substantial role in cancer development as well [39]. Therefore, malignant diseases, including 

pancreatic cancer, are now being investigated as pathologies sculpted by combinations of genetic 

and metabolic disorders. 

Pancreatic cancer is one of the deadliest types of tumours with no efficient curative regimen 

found to date. It is characterised by high tumour heterogeneity and unusually dense 

microenvironment, which together drive pancreatic cancer cells to adjust to the changing stimuli 

and conditions [7]. Accordingly, metabolic remodelling, modified redox signalling and 

autophagy recycling are the most prominent adaptation strategies in PDAC that are, in fact, 

partially responsible for the lack of success of conventional anti-cancer agents [14, 56]. 

Importantly, functional mitochondria play a key role in these adaptive mechanisms and the 

associated cellular plasticity, although this has long been neglected in the context of cancer due 

to the Warburg hypothesis [16]. Besides, mitochondria are also engaged in survival, apoptosis, 

redox signalling, immune response and angiogenesis, and  have been shown to be indispensable 

for a population of cells with stem-like properties, including pancreatic cancer stem cells  [16, 

113, 114]. Thus, recent research has uncovered mitochondria as highly relevant in the treatment 

of pancreatic cancer as well as other types of tumours. Moreover, mitochondria represent a 

druggable target due to their different physiology in cancer and healthy cells [27]. For this reason, 

agents altering mitochondrial function, especially the OXPHOS system, have been examined for 

their possible anti-neoplastic effects [23]. 
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One of the compounds interfering with mitochondrial function and currently being evaluated for 

its tumour-suppressing activity is metformin [111]. Metformin is the most frequently prescribed 

drug for treatment of diabetes mellitus type 2, a metabolic disorder often connected with 

occurrence of pancreatic adenocarcinoma [29]. Potential repurposing of metformin in cancer 

therapy stems from retrospective studies, revealing decreased risk of developing PDAC in 

diabetic patients treated with this compound [24, 25, 33]. In addition, it paralleled with the 

evidence emphasizing cancer cell metabolism and mitochondria as the principal regulators of 

cancer progression [17, 18]. Nevertheless, results from clinical trials assessing the efficacy of 

metformin alone or in combination with other chemotherapeutics or targeted therapeutics have 

brought rather limited improvement of the disease [26, 197, 198]. This may be linked to the 

achievable plasma concentrations of metformin in patients at which it would exert its anti-cancer 

activity, which is reported to be presented by supra-pharmacological levels that are not easily 

achievable [211]. 

With this in mind, we employed mitochondrial targeting approach to enhance the accumulation 

of metformin within its target site of action, mitochondria, by tagging it with the TPP+ group. We 

designed and synthetized several metformin analogues bound to TPP+ via hexyl or undecyl 

carbon chain, and we analysed their cytotoxicity towards pancreatic cancer cell lines and non-

malignant cells. In vitro studies indicated that metformin exerts anti-tumour effects only when 

applied at high concentrations, i.e. within the milimolar range, which we confirmed in our work 

[211]. However, we also showed that mitochondrial targeting using TPP+ strikingly increased 

the cytotoxicity of our novel metformin analogues being up to 4 orders of magnitude more 

efficient than the parental compound. The anti-proliferative effects of the newly synthetized 

molecules increased with increasing length of carbon chain linker, therefore, norMitoMet 

(hereafter referred to as MitoMet), tagged with TPP+ via undecyl carbon chain, was the most 

efficient with IC50 value as low as 0.9 μmol/L. Interestingly, Cheng and colleagues from the 

Kalyanamaran’s group reached similar conclusions, when applying the strategy of metformin 

targeting to mitochondria for pancreatic cancer treatment, paralleling our research [231]. Even 

though they analysed several other metformin analogues, MitoMet homologue of metformin 

tagged with TPP+ via decyl carbon chain was the most effective among them as well. This may 

be explained by chemical properties of the agents, since longer carbon chain enhances their 

hydrophobicity, thus allows easier transport across mitochondrial membrane [232]. Indeed, the 
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relative uptake of this homologue of MitoMet was significantly increased when compared to 

other metformin derivatives as revealed by Kalyanamaran’s group [231]. These findings are also 

consistent with other investigations of TPP+-modified molecules; although in certain cases, the 

length of carbon chain linker also influenced the proximity to their target site and consequently 

the ability to interact with it [233]. Of note, we illustrated that despite TPP+ alone decreased the 

viability of pancreatic cancer cells even more notably when compared to MitoMet, it was 

comparably toxic to non-malignant cells. In contrast, MitoMet affected non-malignant cells to 

much lesser extent and induced cell cycle arrest and apoptosis in PDAC cells at more than 1000-

fold lower concentration compared to metformin, which is in line with the publication of Cheng 

and colleagues and documents the drug selectivity towards cancer cells. Importantly, we showed 

that MitoMet suppressed growth of pancreatic cancer xenografts corroborating the relevance of 

mitochondrial targeting in cancer treatment in vivo. Moreover, further improvement of this 

therapeutic strategy may be achieved by additional administration of iron chelators that were 

implied to enhance the anti-proliferative activity of metformin and its mitochondrially targeted 

analogue [234]. However, more research is needed, since the mechanism of the synergistic action 

of these substances has not been clarified to date. 

In our work, we demonstrated that MitoMet markedly suppressed CI-mediated respiration, 

induced intracellular ROS production and increased the level of mitochondrial superoxide. Of 

note, we determined that elevated ROS levels partly mediated the anti-tumour effects of MitoMet 

in PDAC cells, as their pre-treatment with the ROS scavenger N-acetyl cysteine attenuated 

MitoMet-induced apoptosis. On the other hand and consistent with others, metformin is only a 

mild CI inhibitor not producing ROS [25]. In fact, the anti-neoplastic activity of metformin was 

instead associated with reduction of ROS levels; however, this was not linked to decreased cancer 

cell viability but rather, in some cases, to promotion of tumour development [213, 235, 236]. 

Further introduction of oxidative stress by MitoMet thus proves as a better anti-cancer strategy, 

since PDAC cells are not able to cope with increased levels of ROS, even though they employ 

mechanisms upregulating their antioxidant defense [226, 228, 237]. 

We confirmed CI as the target site of MitoMet using a model of PDAC cells overexpressing the 

NDI1 protein. NDI1 is a yeast enzyme with analogous function but different structure to 

mammalian CI, therefore it is able to substitute for CI deficient activity [238]. Expression of 



 56  

NDI1 in PDAC cells treated with MitoMet recovered in part CI-mediated respiration. Moreover, 

it decreased the vulnerability of PDAC cells to MitoMet corroborating the notion that the anti-

proliferative effects of this compound are at least partially mediated via CI inhibition. Of note, 

molecular modelling predicted high-affinity interaction of MitoMet with the CoQ binding cavity 

in CI, confirming CI as a target for MitoMet. In this way, MitoMet could influence the electron 

flow through this enzymatic complex, causing excessive ROS production, as was also identified 

for mitochondrially targeted tamoxifen developed in our laboratory [159]. Importantly, although 

mitochondrial glycerol-3-phosphate dehydrogenase is indicated as a target for metformin-

mediated metabolic changes in liver cells, we ruled out that it could mediate MitoMet-induced 

toxic effects, since contribution of this enzyme to mitochondrial respiration is low in PDAC cells 

[203]. 

Since metformin is known to activate the AMPK pathway, we analysed the phosphorylation 

status of this kinase as well as its downstream effectors upon metformin or MitoMet treatment in 

PDAC cells [199]. Similarly to the parental compound, MitoMet induced the AMPK pathway, 

which correlated with decreased levels of ATP, most probably due to inhibition of mitochondrial 

CI. AMPK stimulation is responsible for activation of cellular catabolic processes, including 

restriction of glucose synthesis and cell cycle arrest in tumour cells, which may therefore explain 

the tumor-suppressive effects of both metformin and MitoMet [199, 202, 206]. Interestingly, 

AMPK has been shown to be activated directly by ROS [164, 239]. Although Hinchy et al. have 

recently challenged this hypothesis and further investigations are thus necessary, it seems 

plausible that CI-mediated generation of ROS by MitoMet could result in enhanced 

phosphorylation of AMPK, while metformin may stimulate this kinase solely by means of 

altering oxidative phosphorylation and consequently ATP production [240]. Interestingly, 

Chowdhury and colleagues demonstrated in an in vitro model of human colorectal carcinoma 

that apart from AMPK stimulation, elevated ROS levels mediate depolarization of mitochondrial 

membrane potential induced by the decyl-linked homologue of MitoMet, and release of calcium 

ions into cytosol. Subsequently, activated calcineurin, a serin-threonin phosphatase that targets 

multiple cellular processes including cell cycle and apoptosis, was able to induce mitochondria-

nuclear stress response even before AMPK became involved [241]. This indicates a critical 

mechanism, which could contribute to the cytotoxic effects of this agent, and could be expected 

in our experimental settings as well, since not only did we detect increased ROS levels upon 
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MitoMet treatment but we also observed mitochondrial membrane depolarization. Taken 

together, CI-mediated ROS production seems crucial to initiate cytostasis both in AMPK-

dependent and -independent manner. 

The results discussed above imply that mitochondrial targeting of metformin enhances its 

anticancer effects due to increased interference with CI and activation of AMPK. However, it 

also provides additional anti-tumour effects as a result of increased ROS generation. Similar to 

other TPP+-modified agents, MitoMet may partially act as a mitochondrial uncoupler since it 

significantly decreased the mitochondrial membrane potential [159, 184, 242]. This also suggests 

an involvement of the calcineurin pathway in consequent stress response signalling as proposed 

by Chowdhury and colleagues for metformin analogues [241]. Interestingly, MitoMet efficiently 

altered routine respiration of PDAC cells, but its cytotoxic effects were rather delayed and were 

more substantial in PDAC cells reliant on oxidative metabolism. Based on our findings, we 

hypothesized that MitoMet may first inhibit mitochondrial CI leading to initiation of 

compensatory energy mechanisms, such as reversal of the ETC chain, glycolysis-mediated ATP 

synthesis and autophagic pathway [86, 243]. However, these processes are not likely to sustain 

high metabolic needs of PDAC cells, especially those reliant on OXPHOS. Therefore, impaired 

redox homeostasis and cellular metabolism resulting from CI inhibition are presumably 

responsible for MitoMet-induced anti-proliferative and apoptotic effects. 

The distinct response of different PDAC cell lines to MitoMet, which we linked to their preferred 

type of metabolism, led us further to hypothesize, that it may relate to their specific oncogenic 

profile. Mutational status of KRAS, TP53 and CDKN2A did not correspond with differential 

sensitivity of pancreatic cancer cells to MitoMet. However, we found a correlation with SMAD4 

genotype, since SMAD4-deficient PDAC cells were more resistant to MitoMet-induced effects 

whereas PDAC cells with wild-type SMAD4 were more vulnerable. We extended our 

experimental work to other CI inhibitors from the biguanide class, metformin and phenformin, 

and used PaTu 8902 cells modified by gene editing to confirm that responsiveness to these CI-

inhibitors is indeed linked to the SMAD4 status of PDAC cells.  

SMAD4 is a principal signalling transducer of the TGFβ pathway, which has been shown to 

suppress cancer progression in early tumour stages but also to promote tumorigenesis in the later 

stages of PDAC [10]. The shift of TGFβ from tumour-suppressing to tumour-promoting 
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signalling is often ascribed to SMAD4 loss/mutation and is associated with activation of tumour 

microenvironment, the EMT programme and cancer cell stemness, processes in which 

mitochondria are considered increasingly relevant [11]. The role of TGFβ/SMAD4 in regulation 

of mitochondrial function, however, has not been clarified to date. Here we show that deletion of 

SMAD4 in PDAC cells leads to altered mitochondrial function as illustrated by reduced oxygen 

consumption, decreased sensitivity to CI-targeted agents, impaired mitochondrial and cristae 

morphology, and elevated mitochondrial fragmentation. Mitochondrial DNA copy number and 

levels of mitochondrial protein markers remained unchanged, while mitochondrial volume as 

determined by MitoTracker Deep Red staining increased. We believe that this is caused by 

accumulation of the dye in the IMM consequently reflecting IMM quantity rather than 

mitochondrial mass [244]. Surprisingly, activation of the TGFβ pathway in SMAD4-positive 

PDAC cells mimicked the effects of SMAD4 loss on mitochondria. Moreover, both TGFβ 

stimulation and SMAD4 deletion activated autophagy as revealed by electron microscopy and 

western blot analysis of autophagic markers LC3 and p62.  

Autophagy is a prevalent process in PDAC acting as an adaptation strategy to adjust to changing 

environmental and metabolic conditions, consequently promoting pancreatic tumorigenesis [75, 

85]. Although the TGFβ pathway had been described to regulate autophagy in mammary and 

hepatocellular carcinoma, its mechanism of action in autophagy induction remained unclear 

[245]. Following this study, a publication by Liang and colleagues demonstrated that TGFβ 

stimulation enhanced autophagic flux in PDAC cells as well. Besides, they showed that PDAC 

cells with downregulated SMAD4 were characterized by elevated basal level of autophagy, 

which was further increased by exposure to TGFβ. However, the autophagy-inducing effect of 

TGFβ was less prominent in the cells with downregulated SMAD4 compared to parental cells, 

indicating that SMAD4 is involved in autophagy induction. In SMAD4-negative cells, the TGFβ-

induced activation of autophagy was attributed to MAPK/Erk signalling, a non-SMAD pathway 

responsive to TGFβ [55]. Interestingly, although we confirmed that autophagy is activated in 

SMAD4-positive PDAC cells treated with TGFβ, we did not observe any effect of this growth 

factor on autophagic flux in their SMAD4-null counterparts. The discrepancy in responsiveness 

to TGFβ may be caused by different experimental conditions, since Liang and colleagues used 

naturally occurring SMAD4-deficient cells, or alternatively, PDAC cells with SMAD4 silenced 

via shRNA, while we employed the Crispr/Cas9 gene editing method to obtain SMAD4-deleted 
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PDAC cells. Moreover, we detected that the expression of ULK1, a canonical autophagy 

initiating protein, markedly increased in SMAD4-positive cells exposed to TGFβ, while this 

effect was eliminated in SMAD4-deficient cells, underlining the role of SMAD4 in TGFβ-

mediated autophagy. Importantly, we noted that SMAD4-deficient cells had increased autophagy 

already during their basal state, yet the level of ULK1 remained unchanged upon SMAD4 

deletion. Taken together, we showed that SMAD4-deficient cells had higher basal level of 

autophagy, which was not further increased by their exposure to TGFβ, while SMAD4-positive 

cells displayed lower autophagic flux that markedly increased upon TGFβ treatment. For this 

reason, we hypothesised that autophagy may be subjected to different regulatory signals in 

SMAD4-positive and SMAD4–deficient PDAC cells. 

In our study, we report for the first time that in SMAD4-deficient PDAC cells autophagy is 

accompanied by elevated removal of mitochondria, i.e. mitophagy, which is partially mediated 

by constitutive activation of MAPK/Erk signalling in these cells. This may explain the earlier 

discussed mitochondrial alterations linked to SMAD4 loss, since changes in structure and 

function of mitochondria are usually associated with the mitochondrial quality control 

mechanisms, leading to rearrangements of mitochondrial network including increased mitophagy 

and/or biogenesis. In fact, apart from mitophagy, mitochondrial biogenesis was increased by 

SMAD4 deletion as well, since flow cytometry experiments with pMitoTimer probe indicated 

intensified mitochondrial protein turnover. In this way, mitochondrial biogenesis may 

compensate for elevated mitophagic flux, explaining the unchanged mtDNA levels and 

mitochondrial protein content in SMAD4-deficient cells as mentioned before. Of note and 

consistent with our findings, MAPK/Erk signalling has been recently reported to regulate 

autophagy in PDAC cells [55]. Therefore, it is possible that SMAD4 loss could lead to 

upregulation of MAPK/Erk signalling via SMAD-independent TGFβ pathway, being in part 

responsible for elevated mitophagy. Nevertheless, more clarification on the MAPK/Erk 

activating mechanism and its downstream signalling is needed, since MAPK/Erk can be induced 

upon different stimuli as well [246, 247]. Importantly, increased mitophagy was responsible for 

resistance to MitoMet in SMAD4-deleted PDAC cells as they were sensitised upon 

downregulation of the Parkin ligase, an important mitophagy mediator. 
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In contrast, TGFβ-mediated autophagy in SMAD4-positive PDAC cells was not accompanied by 

increased mitophagy even though Erk kinase was also phosphorylated under these conditions. 

Liang and colleagues showed that in spite of a certain level of TGFβ-induced MAPK/Erk 

phosphorylation, TGFβ rather promoted SMAD4-dependent axis of the signalling by suppressing 

expression of the SMAD4-inhibiting protein SKI, which is associated with enhanced level of 

autophagy. Thus, it is possible that in SMAD4-positive PDAC cells, MAPK/Erk signalling does 

not play the main role in autophagy activation [55]. Interestingly, neither pharmacological 

autophagy inhibitors nor genetic downregulation of autophagy via siRNA affected the sensitivity 

of TGFβ-treated SMAD4-positive PDAC cells to MitoMet, implying that autophagy is not 

associated with resistance to the biguanide in these conditions. Indeed, we associated the 

decreased responsiveness to MitoMet in TGFβ treated SMAD4-positive cells to activated EMT 

programme, which has been linked to therapy resistance by several reports [12-14]. We do not 

know whether mitochondrial remodelling induced by TGFβ signalling results in EMT 

programme activation or vice versa. Nonetheless, increasing number of reports suggests that 

mitochondrial retrograde signalling activates the EMT, e.g. in a model of breast or hepatocellular 

carcinoma [248-250]. 

To summarize, while SMAD4-positive PDAC cells were sensitive to MitoMet-induced toxic 

effects, treatment of these cells with TGFβ or, alternatively, SMAD4 deletion, markedly 

decreased their vulnerability to the compound. This is in line with other findings reporting that 

TGFβ/SMAD4 is linked to increased therapy resistance in different types of tumours [11-14, 56]. 

Interestingly, a number of studies also demonstrated that resistance to anti-cancer therapy is 

mediated by increased level of autophagy. The study by Liang and colleagues suggested that 

SMAD4 determines different patterns of TGFβ-induced autophagy. In particular, they proposed 

that in response to the TGFβ-induced autophagic signalling, PDAC cells with intact SMAD4 

increase proliferative rates, whereas SMAD4-deficient cells become more mobile [55]. Our 

findings further highlight the notion that SMAD4 loss affects mitochondrial function and 

activates mitophagic pathway in pancreatic cancer cells. Perhaps, SMAD4 status may determine 

the outcome of MAPK/Erk signalling as propounded by Ozawa et al., consequently affecting the 

functional TGFβ switch in PDAC [251]. However, more studies are needed to elucidate the role 

of SMAD4 in malignant transformation as well as in prognosis of the disease. 
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To analyse whether therapy resistance upon TGFβ treatment/SMAD4 deletion is exclusive for 

biguanides or can be associated with other mitochondrial inhibitors, we explored the effects of 

mitochondrially targeted tamoxifen, MitoTam, in PDAC cells. MitoTam, is a CI inhibitor, which 

was shown to efficiently treat HER2-positive breast carcinomas in a mouse model and in 

elimination of senescent cells [159, 230]. The molecular mechanism of MitoTam-induced toxic 

effects in breast cancer cells is predominantly mediated via inhibition of CI respiration, ROS 

overload and disruption of mitochondrial respiratory supercomplexes [159]. Of note, MitoTam 

has currently passed phase I clinical trial delivering promising results as anti-cancer therapy of 

various types of solid tumours, and is also being repurposed for the treatment of T2DM 

[unpublished data]. Remarkably, MitoTam was able to eliminate PDAC cells at lower doses than 

MitoMet and its efficacy was dependent neither on TGFβ signalling nor on the SMAD4 

genotype. We explained the different mode of action of MitoTam by higher hydrophobicity of 

the drug resulting in rapid accumulation at its target site, mitochondrial CI, and consequent strong 

ROS generation and induction of apoptosis. Dependence of uptake of mitochondrially targeted 

compounds on their chemical properties, in particular their hydrophobicity, has been 

demonstrated by Asin-Cayuela et al. and was discussed here when comparing the length of 

carbon chain linker, by which metformin-derived analogues are bound to TPP+ [232]. In 

comparison with MitoTam, MitoMet-induced cell cycle arrest and its pro-apoptotic effects were 

rather delayed and less pronounced probably due to its slower diffusion across the mitochondrial 

membrane. Thus, PDAC cells may develop mechanisms facilitated by TGFβ activation or 

SMAD4 loss that allow them to cope with MitoMet-induced toxicity; however, more potent CI-

targeting anti-cancer agent, MitoTam, may overcome this resistance.  

Although targeted therapies have emerged as a promising anti-cancer strategy of different kinds 

of tumours over the recent years, most of the prospective agents fail to deliver any improvement 

in clinical trials [108]. This is likely caused by selecting patients with different molecular patterns 

of tumours and specific metabolic requirements of cancer cells. Accordingly, some patients may 

not respond to drugs aimed at particular signalling pathways or components of the TME and the 

immune system, and some patients may induce certain compensatory mechanisms after the 

treatment [252]. Therefore, precision medicine is of great importance, especially in PDAC, which 

is, in fact, considered to be patient-unique [37]. To improve the poor prognosis of PDAC, 

emphasis should be focused on detection methods and early diagnosis. Also, drug delivery and 
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pharmacokinetics of experimental drugs need to be taken into consideration. And finally, 

determination of molecular subtypes and prediction of therapy response of patients are necessary 

to successfully translate targeted therapy into practice. 

In case of PDAC, mitochondrial targeting appears increasingly relevant, since agressiveness of 

this carcinoma has been linked to mitochondrial remodelling. In addition, malignant 

transformation of pancreatic cancer cells is often attributed to loss of SMAD4, the principal 

mediator of the TGFβ pathway and one of the most frequently mutated genes in PDAC. However, 

whether SMAD4 loss and TGFβ signalling is associated with mitochodrial remodelling, and what 

are the reasons for consequent agressiveness and increased metastatic capacity of PDAC cells, is 

not clear at present. This work provides new insights into molecular mechanisms of PDAC cells 

by which SMAD4 loss and TGFβ stimulation alter their mitochondrial function and induce their 

resistance to mitochondrial inhibitors from the biguanide class. 
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7. Conclusions 

In summary, we have corroborated mitochondrial targeting as a potential approach to treat 

pancreatic cancer. We presented evidence that mitochondrially targeted metformin, MitoMet, 

exerts substantially increased anti-neoplastic activity in pancreatic cancer cells. However, in line 

with the applicability of precision medicine in cancer therapy, we found that certain pancreatic 

cancer cell lines manifest decreased sensitivity to MitoMet. We linked the differential response 

of PDAC cells to their SMAD4 genotype and mitochondrial remodelling, proposing SMAD4 as 

an important marker in pancreatic cancer diagnosis, and mitochondria as an essential regulatory 

point of cancer cell signalling. We also show that mitochondrially targeted tamoxifen, MitoTam, 

is able to overcome drug resistance and eliminate pancreatic cancer cells irrespective their 

SMAD4 status and TGFβ stimulation due to rapid induction of ROS. Conclusions, which reflect 

the reserach aims of this thesis are as follows: 

 

1. We clarified the mode and site of action of a novel anti-tumour drug from the biguanide 

class, MitoMet, and we compared its anti-cancer activity to its parental compound, 

metformin. 

a. MitoMet efficiently eliminated PDAC cells in more than 1000-fold lower 

concentration compared to metformin 

b. MitoMet significantly suppressed CI-mediated respiration, induced ROS 

production, decreased mitochondrial membrane potential and promoted AMPK 

phosphorylation  

c. MitoMet induced cell cycle arrest and apoptosis 

d. MitoMet-induced apoptosis was partially mediated by increased ROS production 

2. We evaluated the ability of both MitoMet and metformin to suppress tumour growth in 

vivo. 

a. MitoMet substantially suppressed pancreatic tumour growth in vivo compared to 

metformin 

3. We correlated the anti-cancer activity of MitoMet as well as other biguanides in PDAC 

cells to their reliance on OXPHOS metabolism and the SMAD4 genotype. 
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a. MitoMet eliminated PDAC cells reliant on OXPHOS more efficiently than cells 

that have increased glycolytic rate 

b. MitoMet was more cytotoxic to SMAD4-deficient PDAC cells compared to cells 

with intact SMAD4 

4. We described the effects of SMAD4 loss and TGFβ stimulation on PDAC cells. 

a. SMAD4 loss in PDAC cells decreased sensitivity to MitoMet, suppressed 

mitochondrial respiration, altered mitochondrial and cristae morphology, induced 

mitochondrial fragmentation and promoted autophagy and mitophagy; mitophagy 

was compensated by increased mitochondrial biogenesis 

b. TGFβ stimulation in SMAD4-positive PDAC cells decreased sensitivity to 

MitoMet, suppressed mitochondrial respiration, altered mitochondrial and cristae 

morphology, induced mitochondrial fragmentation and promoted autophagy but 

not mitophagy 

c. SMAD4 loss desensitised PDAC cells to TGFβ-induced effects 

5. We showed that responsiveness to MitoMet is at least partially mediated via 

mitochondrial remodelling or EMT as a result of SMAD4 loss or TGFβ stimulation, 

respectively. 

a. Decreased sensitivity to MitoMet in SMAD4-deficient PDAC cells was 

associated with mitochondrial remodelling in part as a result of enhanced 

activation of MAPK/Erk signalling 

b. Decreased sensitivity to MitoMet in SMAD4-positive PDAC cells treated with 

TGFβ was associated with activation of EMT 

6. We discovered that MitoTam is able to overcome drug resistance and erradicate PDAC 

cells regardless of their SMAD4 status or TGFβ stimulation. 

a. MitoTam inhibited CI and induced ROS production and apoptosis more 

efficiently compared to MitoMet 

b. MitoTam eliminated PDAC cells more efficiently than MitoMet irrespective their 

SMAD4 status or TGFβ stimulation 
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