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Abstract 

Introduction. e invasion of cancer cells and metastasis formation is energetically highly de-

manding process. e increase of cancer cell mobility during metastasis formation is 

accompanied by a reinforcement of the cytoskeletal architecture, cell-cell, and cell-ECM inter-

actions. ere is a tempting theory that more deformable cells (of lower Young modulus) are 

favoured for metastatic spreading. However, data regarding prostate tumors suggest the oppo-

site ï a sti ening of cancer cells. e aim here is (a) to analyse prostate cell mechanical 

properties by a panel of methods, (b) to analyse how cell mechanical properties change through 

the cancerogenesis, (c) whether quantitative phase imaging correlates with standard approaches 

used for cell mechanophenotyping, (d) whether advanced image analysis algorithms can be 

used in the extraction of image features from quantitative phase images speciýc for aggres-

sive/sti  cells, (e) how metabolic reprogramming is linked with these processes, and (f) how 

these processes are regulated. 

Methods. By using atomic force microscopy, quantitative phase imaging, confocal microscopy, 

oxygen consumption and extracellular acidiýcation assay, transcriptomic techniques and mi-

gratory and cell invasiveness assays and by analysis of metabolic intermediates the metabolic 

and biomechanical phenotype of cells was analysed. Deep learning approaches for image trans-

lation and classiýcation were used for cell classiýcation and extraction of image features. 

Results. We demonstrated potential of quantitative phase imaging for fast label-free and non-

contact cell mechanophenotyping. Artiýcial intelligence enabled quantitative-phase-based ag-

gressive cell classiýcation with perinuclear mitochondria-rich region being important for 

classiýcation. Primary prostate tumor-derived Caveolin-  (CAV)-non-expressing-cells are 

more pliable and predominantly performing OXPHOS, while metastasis-derived, high-CAV-

expressing cells are predominantly employing glycolysis and are mechanically sti er. Upon 

induction of zinc resistance further increase of sti ness was observed in metastatic cells to-

gether with an increase of mitochondria numbers, OXPHOS, and aerobic glycolysis. 

Conclusions. Here we demonstrated potential of machine learning in quantitative phase imag-

ing. It was shown to be a powerful tool for image segmentation, classiýcation of aggressive 

cancer cells and extraction of features from quantitative phase image not visible by the naked 

eye and thus enabled to connect biophysical and mechanical features of the cells with biological 

cellular processes.  
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Abstrakt 

Đvod. Invaze a metast§zov§n² jsou energeticky n§roļn® procesy. ZvĨġen² mobility bunŊk bŊ-

hem metast§zov§n² je doprov§zeno zmŊnami v architektuŚe cytoskeletu, zmŊnami 

v mezibunŊļnĨch interakc²ch a zmŊnami v interakci bunŊk s ECM. Dle literatury jsou pro me-

tast§zov§n² favorizov§ny v²ce deformovateln® buŔky (o niģġ²m Youngovu modulu). Tuhost 

bunŊk n§doru prostaty je ale naopak vyġġ². C²lem pr§ce je (a) analyzovat mechanick® vlastnosti 

prostatickĨch bunŊk panelem metod, (b) analyzovat zmŊny mechanickĨch vlastnost² v z§vis-

losti na agresivitŊ, (c) analyzovat vĨznam kvantitativn²ho f§zov®ho zobrazov§n² 

v mechanobiologii, (d) posoudit, zda pomoc² pokroļilĨch metody analĨzy obrazu je moģn® ex-

trahovat z kvantitativn²ho f§zov®ho obrazu parametry koresponduj²c² s agresivitou ļi tuhost², 

(e) popsat souvislost metabolick®ho pŚeprogramov§n² s tŊmito procesy, (f) popsat, jak jsou tyto 

procesy regulov§ny. 

Metodika. Biomechanika a metabolickĨ fenotyp bunŊk byl analyzov§n pomoc² mikroskopie 

atom§rn²ch sil, kvantitativn²ho f§zov®ho zobrazov§n², konfok§ln² mikroskopie, pomoc² mŊŚen² 

extracelul§rn² acidiýkace a spotŚeby kysl²ku, mŊŚen² koncentrace metabolickĨch intermedi§tŢ, 

transkriptomickĨch technik a pomoc² analĨzy migrace a invazivity. Metody hlubok®ho uļen² 

byly pouģity ke klasiýkaci agresivn²ch n§dorŢ a k extrakci obrazovĨch pŚ²znakŢ pro nŊ. 

VĨsledky. Demonstrovali jsme potenci§l kvantitativn²ho f§zov®ho zobrazov§n² pro rychlou la-

bel-free bezkontaktn² mechanofenotypizaci. Pomoc² strojov®ho uļen² byly agresivn² buŔky 

klasiýkov§ny v kvantitativn²m obraze a bylo prok§z§no ģe pro tuto klasiýkaci je vĨznamn§ 

perinukle§rn² oblast bunŊk bohat§ na mitochondrie. BuŔky odvozen® z prim§rn²ho karcinomu 

prostaty, neexprimuj²c² Caveolin-  (CAV ) jsou o niģġ²m Youngovu modulu a vyuģ²vaj²c² 

OXPHOS oproti CAV-  exprimuj²c²m glykolytickĨm metastatickĨm buŔk§m odvozenĨm z me-

tast§z. YoungŢv modulus se d§le zvĨġil po indukci rezistence k zineļnatĨm iontŢm spolu se 

zvĨġen²m poļtu mitochondri², OXPHOS a aerobn² glykolĨzy.  

Z§vŊr. V pr§ci byl prok§z§n potenci§l strojov®ho uļen² aplikovan®ho na kvantitativn² f§zov® 

zobrazov§n². Bylo prok§z§no, ģe tato technika je silnĨm n§strojem pro segmentaci a klasiýkaci 

agresivn²ch bunŊk a extrakci obrazovĨch pŚ²znakŢ pro nŊ speciýckĨch z kvantitativn²ho f§zo-

v®ho zobrazov§n² jinak nepozorovatelnĨch okem. Tyto techniky tak umoģnily propojit 

biofyzik§ln² a biomechanick® vlastnosti bunŊk pozorovan® v kvantitativn²m f§zov®m obraze s 

biologickĨmi procesy uvnitŚ bunŊk.  

 

Kl²ļov§ slova: mechanobiologie; karcinom prostaty; zinek; hlubok® uļen²; analĨza obrazu; 

kvantitativn² f§zov® zobrazov§n²; migrace; WarburgŢv efekt; kaveoly  
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 Introduction 

During a multistep oncogenic process, cancer cells need to perform changes in metabolic phe-

notype to maintain energy for cancer cell invasion, survival in circulation, or homing in a distant 

site []. Accordingly, aberrant tumor cell metabolism is one of the key tumor hallmarks and 

a possible therapeutic target []. Historically, metabolic changes were ýrst linked with glucose 

metabolism. A phenomenon described in  by Otto Warburg ï the ñWarburg e ectò is char-

acterized by a switch from oxidative phosphorylation (OXPHOS) to glycolysis in a presence of 

oxygen ï the aerobic glycolysis. Despite the ine ciency of this process from the perspective 

of ATP-per-glucose extraction ratio, its inevitable advantage over oxidative phosphorylation is 

speed, making glycolysis beneýcial for the rapidly dividing cancer cells[], although it is ener-

getically harmful on the whole-body level. 

Cancer cell invasion and metastasis formation is energetically highly demanding process. e 

cancer cells not only need to increase their migratory capacity, but they also pass through the 

mechanical barriers during the metastasis formation. e energetic demands of cancer cells to 

overcome mechanical barriers during the cancer progression are high, consuming up to % of 

cellular ATP []. ese barriers cause signiýcant physical forces to a ect cancer cells during 

their migration through extracellular matrix (ECM) (stretching, internal tension), crossing the 

endothelial barrier into circulation, presence in circulation (shear stress), and during migration 

to a secondary niche (increased motility). To overcome this, cancer cells adapt to these forces 

by several strategies. e cells undergo epithelial-mesenchymal transition, which enables mi-

gratory and invasive properties by changes in cell-cell and cell-ECM adhesions and by 

cytoskeletal remodelation []. ese factors trigger mechanotransduction which in turn modu-

late the cancer cellsô signalling by favouring metabolic and mechanic settings enabling 

successful invasion and cell survival in hostile environments. Rearrangement of cancer cellsô 

actin cytoskeleton associated with cell sti ening is a key process resulting from mechanotrans-

duction. Changes in cell mechanic phenotype and metabolic reprogramming are therefore not 

separate cancer hallmarks. Instead, these two processes are highly interdependent. For instance, 

glycolysis responds to architectural features of actomyosin cytoskeleton via TRIM-mediated 

regulation of phosphofructokinase[]. 
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Prostate tumors are the most common type of tumors in men. ese tumors share unique meta-

bolic and biomechanical features. Metabolic speciýcity is attributed to the prostate-speciýc 

e ects of zinc ions. Due to the physiological zinc accumulation in benign cells, mitochondrial 

aconitase is inhibited, which causes a blockage of Krebs cycle and thus a decrease in OXPHOS. 

On the other hand, malignant cells show a decrease in zinc accumulation and thus increased 

OXPHOS. erefore, no Warburg e ect is observable in primary tumors of prostate []. How-

ever, the metabolic phenotype of prostate cancer changes during its progression with an increase 

of aerobic glycolysis in secondary tumors []. erefore, although metabolic targeting seems to 

be an attractive therapeutic target, simplistic strategies like glycolysis inhibition fail, because 

this problem is multidimensional (metabolism changes during cancer progression as well as 

there are di erences between cell populations in tumor microenvironment (TME)).  

is thesis aims to characterize how the metabolic phenotype changes through the prostate can-

cer progression and how it scales with changes of biomechanical features of the cancer cells. 

Together with routinely used methods to analyse cell biomechanics, a potential way to describe 

the mechanical phenotype of cells using label-free quantitative phase microscopy is tested. e 

informative value of the quantitative phase image (QPI) is further expanded utilizing machine 

learning methods.  

In a series of scientiýc papers, we demonstrated (on an in vitro model) that highly aggressive 

prostate cancer cells are mechanically sti er and at the same time characteristic by a spectrum 

of metabolic shifts ï cells are more anaerobic and overly metabolize essential amino acids. We 

further proved that the aggressive cells can be accurately distinguished from cells of low ag-

gressiveness by means of artiýcial intelligence-aided feature extraction from quantitative phase 

images. ese data show how artiýcial intelligence can support the identiýcation of processes 

essential for tumor progression too subtle to be identiýed from microscopic images by any hu-

man expert. 

. Cell mechanics ï important cancer hallmark 

From the spectrum of the existing mechanical properties of the materials, the most relevant 

cellular biomechanical parameters include elasticity, viscosity and adhesiveness []. Cells have 

viscoelastic properties, however, from the perspective of cancer cells, the elastic properties 

dominate over the viscous properties []. e elastic properties ï ñsti nessò of the material ï is 

deýned as the extent to which the material resists the deformation with a deýned applied force 

[]. Sti ness of the structures is determined by the material properties ï its composition and its 
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organisation []. Speciýcally, the determinant of tissue sti ness is the composition and the 

organisation of extracellular matrix and the main determinants of cellular sti ness are cytoskel-

eton, focal adhesions and nuclear deformability []. Sti ness is expressed as Young modulus 

in Pascals and in the context of biomedical applications it scales in the orders of ï  Pa in 

most cells,  Pa in muscle,  Pa in tendons and up to  Pa in bone []  

Tumor tissues are typically sti er as a consequence of higher ýbrous tissue crosslinking in ex-

tracellular matrix ï desmoplastic reaction []. As extracellular matrix (ECM) sti ness is linked 

with tumor aggressiveness and patient prognosis, there has been an extensive e ort to charac-

terize how the mechanical properties of the ECM can a ect the cancer cells. Physiologically, 

cells can sense the physical properties of the environment and transduce signals to the cellular 

level. Integrins and focal adhesion proteins act as transducers that convert the extracellular ma-

trix signals downstream to the cells in a process called mechanotransduction.  

e mechanical signals from sti  ECM are transduced to cells through integrins and focal ad-

hesion proteins, which in turn regulate processes favouring cell survival. Such mechanical 

stimuli can modulate epithelial-to-mesenchymal transition, intravasation and a ect metabolic 

adaptation, cell death and resistance to radiotherapy and chemotherapy [; ]. erefore, tu-

mors with higher desmoplasia were characterized as more aggressive and more resistant to 

conventional treatments [; ]. Accordingly, the cell mechanical properties are altered by this 

mechanism.  

ese cytoskeletal rearrangements, together with changes of numbers of focal adhesions and 

with the deformability of nucleus, are factors that a ect cellular mechanical properties. Gener-

ally, most tumor cells isolated from tumor tissues are usually softer compared to non-tumor 

counterparts []. e (cancer) cell migration and the cell mechanical properties are tightly con-

nected processes, because cytoskeletal rearrangements are associated with both of these. 

erefore, migration (metastatic potential) and sti ness are typically inversely proportional 

[]. Soft and deformable cells are favoured in multistep oncogenesis ï for such cells, it is easier 

to migrate through small gaps or crowded ECM[]. However, despite many studies, the associ-

ation of cellular sti ness with metastatic potential is not as unequivocal as the ECM sti ness. 

e uncertainness is underlined by several factors, such as a particular type of technique used 

to determine cellular sti ness and cell culture method []. 

As di erent physical forces a ect cells throughout the process of cancer progression, a spec-

trum of methods to describe cell mechanical properties is used. In the circulation, cell 

deformation occurs during intravasation and extravasation. Aggressive cells are usually more 
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deformable, and deformability cytometry might be employed to measure this. During the pas-

sage through the endothelial wall, aggressive cells are predominantly softer. is can be 

measured by atomic force microscopy (AFM). In the secondary site, tensile and contractile 

forces a ect the cells. To measure this, tensile biaxial stretching or traction force microscopy is 

usually employed [; ]. Quantitative phase imaging (QPI) demonstrated to be a new prom-

ising technique to study cell mechanic phenotype. As the light passes through physically 

di erent structures of the cell, the light phase is changing. e quantitative phase imaging is a 

non-invasive technique with high intrinsic contrast even for naturally transparent objects such 

as live cells []. Using this technique it is possible to extract cell dry mass (in pg/ɛm) from 

the phase (in radians) according to the Barer and Davies [; ]. Since the changes of cyto-

skeletal architecture are associated with the consequent changes in the cell biomechanical 

characteristics including cell sti ness and cell motility [], cell dry mass is also expected to be 

correlated with changes of cell mechanics. Such ýnding was demonstrated by Eldridge et al: 

the authors applied QPI to characterize cellular sti ness by using an e ective spring constant. 

e authors also showed that this metric further correlated to cellular mass distribution [ ]. 

However, the association between the phase shift and cell biomechanics is still under research 

and a direct comparison of this technique with AFM is not straightforward. Nevertheless, the 

deployment of QPI in cell mechanics might provide signiýcant beneýts over AFM as the latter 

is characteristic by low throughput and cell-cantilever mechanical stress [].  

Taken together, changes in biomechanics are crucial for tumor development. e consequences 

of mechanotransduction in sti  environments were intensively studied and relatively rigidly 

show a link between increased ECM sti ness and worse prognosis. However, the crosstalk be-

tween cell adhesion molecular machinery and metabolic reprogramming is still far from being 

understood []. Similarly, the determinants of cellular sti ness, underlying mechanisms, conse-

quences and an impact of cancer cells sti ening or softening on patient prognosis is still not 

satisfactorily clariýed. 

. Metabolic changes through tumor progression 

As mitochondrial ATP production is dramatically more e ective in ATP-per-glucose ratio, most 

di erentiated eukaryotic cells use OXPHOS as a main source of ATP. Glucose is typically me-

tabolised to pyruvate during glycolysis. is results from a generation of small amounts of ATP. 

Subsequently, pyruvate is transferred to mitochondria and undergoes oxidation to acetyl-CoA, 

which in turn enters the Krebs cycle. Protons created during Krebs cycle are transferred by 
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NAD+ and FADH to an inner mitochondrial membrane and thereby creating pH gradient. is 

gradient is in turn discharged in oxidative phosphorylation (OXPHOS) in the presence of oxy-

gen by producing high amounts of ATP. OXPHOS is, therefore, a major strategy to synthesize 

energy.  

On the other hand, cancer cells are characterized by the urgent needs of energy supplies, not 

concerning the e ectivity of ATP production. Although the OXPHOS is highly e ective, it is a 

highly complex process. Glycolysis, on the other hand, is despite low ATP extraction levels per 

glucose molecule extremely fast process. As a consequence, in the cancer cells, the Warburg 

e ect reroutes the synthesis of ATP to glycolysis, which results in the accumulation of interme-

diate metabolites needed for cell proliferation.  

Although tumor cells typically shift to aerobic glycolysis, some tumor cells preserve high 

OXPHOS, a ñreverse Warburg e ectò. One of such examples are primary prostate cancer cells. 

e resulting metabolic phenotype is however not a constant phenomenon ï it changes through 

the tumor progression according to the actual needs of individual cells. Accordingly, a focus 

cannot be given only to the metabolism of glucose, but also to other macronutrients. For in-

stance, the supply of amino acids is important for tumor cells to sustain their proliferative drive. 

Alongside their direct role as substrates for protein synthesis, they can have roles in energy 

generation and a redox balance []. is is of great importance in nutrient-poor situations 

which often develop in tumor microenvironment. Moreover, it has been shown that cancer cells 

are speciýc by auxotrophism, that is inability to synthetize compounds required for growth. 

From the perspective of amino acids, the perspective of essential and non-essential might not 

apply in every situation []. 

In the following review [] we summarize current evidence on how amino acid metabolism 

changes throughout progression and point out to speciýc tumor types which di er in auxo-

trophism for speciýc amino acids. 
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