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ZUSAMMENFASSUNG 

 

Die im Labor von Daniel J. Müller durchgeführten Studien, die in der 

vorliegenden Doktorarbeit zusammengefasst sind, hatten zum Ziel, das Wissen 

über die Regulation der Abrundung mitotischer Zellen (engl. mitotic cell 

rounding, MCR) und der zur exakten Ausführung dieses komplexen Prozesses 

nötigen Komponenten zu erweitern sowie die Robustheit von MCR in 

mechanisch beengten Zellen zu bestimmen. Eine beeinträchtigte Abrundung 

mitotischer Zellen kann neben Zellteilungsdefekten zu falscher 

Zellpositionierung und geschädigter Epithelorganisation führen. 

Vorhergehende Arbeiten aus dem Müller-Labor sowie aus anderen 

Institutionen zeigen, dass der Aufbau und Erhalt eines belastbaren, der 

Plasmamembran unterliegenden Protein-Netzwerkes (des Aktomyosin-Kortex) 

im Zusammenspiel mit der Regulation des intrazellulären Drucks notwendige 

Komponenten sind für die problemlose Abrundung von Zellen und den 

gleichzeitigen Aufbau der mitotischen Spindel, die anschliessende 

Segregation der Chromosomen und schlussendlich die Zellteilung. In einer 

Reihe von Publikationen aus dem Müller-Labor über zellmechanische Studien 

an mitotischen Zellen mithilfe der Rasterkraftmikroskopie (engl. atomic force 

microscopy, AFM) wurden die zugrundeliegenden Prinzipien erforscht, einige 

regulatorische Faktoren bestimmt und die experimentelle Methodik 

beschrieben1-6. 

 

Motiviert durch diese Ergebnisse studierten wir in der hier präsentierten Arbeit 

den Prozess der mitotischen Zellabrundung weiter indem wir den Einfluss der 

Stilllegung von einzelnen Genen betrachteten. In einem gezielten Screen zur 

mechanischen Phänotypisierung legten wir nacheinander die Expression von 

mehr als 1’000 Genen mithilfe der RNA-Interferenz-Technologie still, basierend 

auf durch Endoribonuklease-Spaltung gewonnenen kurzen interferierenden 

RNAs (engl. esiRNAs)7,8. Wir quantifizierten den Effekt dieser Gen-Stilllegung 

und der daraus resultierenden Verminderung der Proteinmenge auf die Kraft, 

welche mitotische Zellen auf einen sie räumlich beschränkenden AFM-

Federbalken ausüben können. Bei 5% der getesteten Gen-Stilllegungen 

fanden wir einen Einfluss auf die mitotische Zellabrundung (Kapitel 2). 
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Wir setzten unsere Studien fort indem wir zusätzliche AFM-basierte 

Experimente ausführten zur Quantifizierung des Effekts der Gen-Stilllegung auf 

die Mechanik nicht-mitotischer Zellen, auf die Regulation der Komponenten 

des Aktomyosin-Kortex und auf den zeitlichen Ablauf der Mitose. Wir 

untersuchten zwei Proteine genauer, nämlich „alpha-actinin 4” (ACTN4) und 

„family with sequence similarity 134 member A” (FAM134A), um deren Rolle in 

der mitotischen Zellabrundung zu klären. Wir zeigen ihre Relevanz für die 

akkurate mitotische Zellabrundung und ihren Einfluss auf den Aufbau und 

Erhalt von intrazellulärem Druck. Wir schlagen einen Wirkungsmechanismus für 

beide Proteine vor und präsentieren mit diesen Studien beispielhaft eine 

Reihe von Methoden und eine Strategie zur weiteren Untersuchung der 

Resultate aus dem Screen zur mechanischen Phänotypisierung (Kapitel 3). 

 

Parallel zu den genannten Studien erlaubte die Entwicklung modifizierter 

AFM-Federbalken mit optimierter Geometrie zur räumlichen Einengung 

mitotischer Zellen weitere Studien zur Zellabrundung. Insbesondere konnte mit 

hoher Kraftauflösung die Robustheit von MCR in Zellen studiert werden, 

welche einer mechanischen Einengung unterschiedlicher Ausprägung 

ausgesetzt waren. Wir entdeckten, dass es Zellen möglich ist, sich gegen 

extrazelluläre Einengung unterschiedlicher Stärke aufzurunden, jedoch mit 

fortschreitender Verlangsamung des Ablaufs der Mitose und zunehmendem 

intrazellulärem Druck. Oberhalb einer gewissen Kraft der extrazellulären 

Einengung führt anhaltendes Ausstülpen der Zellmembran (engl. blebbing) 

und Ableitung des intrazellulären Drucks sowie das gleichzeitige Kollabieren 

der Zellhöhe zu Defekten im Aufbau der mitotischen Spindel, zu einer weiteren 

Verlangsamung und schlussendlich zum Stillstand der Mitose. Wir zeigen, dass 

der Aktomyosin-Kortex eine zentrale Rolle spielt um externer Einengung zu 

widerstehen und schlagen die Anwendung der neuartigen AFM-Federbalken 

in weiteren Zellmechanik-Studien vor, speziell für Messungen an nur schwach 

haftenden Zellen (Kapitel 4). 

 

Zusammenfassend erlauben die ausgeführten Studien Einblick in das 

Zusammenspiel relevanter Komponenten zur Regulation und Durchführung 

mitotischer Zellabrundung. Die vorliegende Doktorarbeit führt erst das 
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Forschungsgebiet und die benutzte Methodik ein (Kapitel 1) und präsentiert 

dann die Studienresultate und Diskussion derselben in drei aufeinander-

folgenden Kapiteln (Kapitel 2-4). Ein abschliessendes Kapitel beschreibt die 

Bedeutung und Relevanz der präsentierten Arbeit und schlägt die 

Anwendung der benutzten Methoden für zukünftige Studien der Zellmechanik 

vor (Kapitel 5). 
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SUMMARY 

 

The aim of the doctoral studies carried out in the laboratory of Daniel J. 

Müller, which are summarized in this thesis, was to find out more about the 

regulation of mitotic cell rounding (MCR), the components needed for timely 

and accurate execution of this complex task as well as to probe its robustness 

in conditions where cells are mechanically challenged. Apart from cell 

division defects, impaired MCR can lead to cell mispositioning and epithelial 

misorganization. In studies carried out by my predecessors and colleagues in 

the Müller laboratory as well as colleagues from other institutions, it was found 

that the organization and maintenance of a rigid protein meshwork 

underlying the plasma membrane (termed the actomyosin cortex) in 

coordination with the regulation of intracellular pressure are necessary 

components for the flawless rounding of mammalian cells for concomitant 

accurate spindle assembly, subsequent chromosome segregation and cell 

division. In a series of publications from the Müller laboratory presenting 

mitotic cell mechanics studies using atomic force microscopy (AFM), the 

respective principles have been laid out, several regulatory factors 

determined and experimental methodology described1-6. 

 

Motivated by these efforts and findings, in the work presented here we set out 

to further study the process of MCR by exploring the impact of gene silencing 

on it. In particular, in a targeted mechanical phenotyping screen we 

consecutively silenced the expression of more than 1’000 genes by virtue of 

RNA interference technology based on endoribonuclease-derived small 

interfering RNAs (esiRNAs)7,8. We quantified the effect of such gene silencing 

and consequential protein depletion on the forces mitotic cells exert on 

confining AFM cantilevers. We found 5% of the protein depletions to affect 

MCR (Chapter 2). 

 

We continued our study by carrying out additional AFM-based experiments 

quantifying the effect of these protein depletions on non-mitotic cell 

mechanics, regulation of actomyosin cortex components and mitotic timing. 

We investigated two proteins, namely alpha-actinin-4 (ACTN4) and family 
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with sequence similarity 134 member A (FAM134A), in more depth to 

elucidate their role in MCR. We show their relevance in timely MCR and in the 

build-up and maintenance of cell rounding pressure. We suggest a mode of 

action for both of these proteins and, by example, present a toolset and 

strategy on how to follow-up on mechanical phenotyping screening results 

(Chapter 3). 

 

In parallel, the development of AFM microcantilevers with optimized 

geometry for the confinement of mitotic cells allowed for additional studies of 

MCR. In particular, the robustness of MCR in conditions of mechanical 

confinement was studied by varying the confinement conditions with high 

force resolution. We found that cells are able to round up against external 

impediments of increasing strength, albeit with gradually slowed mitotic 

progression and increasing intracellular pressure. Above a certain 

confinement force, persistent blebbing leads to the dissipation of intracellular 

pressure and concomitant cell height collapse leading to defects in mitotic 

spindle arrangement, further slowdown and, eventually, arrest of mitotic 

progression. We show the importance of the actomyosin cortex in 

withstanding increasing external impediments and promote the use of the 

newly produced microcantilevers for further studies in cell mechanics, namely 

in cases where poorly adherent cells are under investigation (Chapter 4). 

 

In conclusion, the studies carried out allow insights on components involved in 

the execution, maintenance and regulation of MCR. The thesis at hand gives 

an introduction into the subject studied and methodology used (Chapter 1), 

presents the results obtained and discusses the relevance of the findings in 

three consecutive chapters (Chapters 2-4). A subsequent concluding chapter 

delineates the impact of the findings and lays out opportunities for future 

research on cell mechanics using the technology applied for the study at 

hand (Chapter 5). 
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1 INTRODUCTION – MECHANICS OF MITOTIC CELL ROUNDING 

STUDIED BY ATOMIC FORCE MICROSCOPY 

 

The first part of this chapter lays out the motivation to carry out the research 

presented in this thesis. It introduces the concept of mechanobiology, 

specifically of the mechanics of mitotic cell rounding, and presents the gaps 

in the current knowledge in this field of research. The second part introduces 

the main technology used, atomic force microscopy, as well as a further 

method pivotal for this work, ribonucleic-acid-mediated gene silencing, and 

its use for screening applications. 

 

1.1 INTRODUCTION TO MECHANOBIOLOGY AND MITOTIC CELL ROUNDING 

1.1.1 Cell mechanics and mechanobiology 

Biochemical signals and mechanical cues 

Tissue development and maintenance is controlled largely by biochemical 

signals such as morphogens, which lead to spatiotemporally controlled 

changes in gene expression patterns within a tissue. Morphogens secreted 

from one cell or tissue activate surface receptors in neighboring cells and 

tissues in a concentration-dependent manner9. Consequently, intracellular 

signaling pathways are stimulated and transcription factors activated, 

ultimately leading to effects on cell proliferation, survival or differentiation9. 

For instance, the Wingless/Int-1 (Wnt) signaling pathway controls embryonic 

tissue development as well as tissue maintenance in adults9. However, how 

exactly tissues of different shape and function are formed is still not precisely 

understood10. Extracellular cues other than biochemical signals are likely to 

influence tissue remodeling and maintenance. 

 

Apart from detecting biochemical signals, cells in tissues are constantly in 

contact with their neighboring cells, and the extracellular matrix 

mechanically links cells over a wide range within a tissue10. With the first 

microscopic observations of live tissue and isolated cells it became apparent 

that each cell within a tissue is required to precisely monitor and adapt to the 
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physical environment (reviewed by Pelling and Horton11), the study of which is 

now generally termed mechanobiology12. Delineating the interplay between 

the physical environment and cells (mechanotransduction) and the 

mechanical properties of cells (cell mechanics) over the last decades has 

opened new perspectives of how cells interact with their environment. How 

then do the physical environment and mechanical cues influence a cell and 

affect its fate? 

Mechanotransduction at a glance 

Each cell is constantly exposed to a plethora of mechanical cues such as 

compressive, pulling or shear forces as well as surface rigidity and tissue 

strain13-15. The magnitude of these forces varies depending on tissue location, 

developmental and cell cycle state as well as level of differentiation. Similar 

to biochemical signals that are constantly read and processed, these 

external mechanical cues are sensed and computed by the cell in a process 

termed mechanotransduction. Appropriate reactions to these cues, such as 

changes in cell shape, remodeling of the cytoskeletal network, initiation of 

cell movement and changes in proliferation rates, are mediated at different 

timescales15. Adhesion complexes anchoring the cell to the extracellular 

matrix, for instance, serve in transmitting extracellular mechanical strain to the 

intracellular cytoskeleton16, a dynamic network of protein filaments that 

enables cells to resist deformation, change shape during cell movement and 

transport vesicles and organelles through the cytosol (reviewed by Fletcher 

and Mullins17). Furthermore, mechanosensitive membrane channels react to 

external physical stimuli by triggering intracellular signaling cascades, for 

instance in neurons18. Processing of external mechanical cues and mediating 

appropriate reactions are essential to maintain tissue integrity and support 

tissue morphogenesis10,19 (reviewed by Mammoto et al.20 and Heisenberg and 

Bellaïche21). Indeed, gene expression can be modulated by externally 

applied deformation22 and cells exposed to pulling forces show differential 

growth patterns compared to non-stressed cells23. For instance, in tumor 

spheroids, cell proliferation is restricted to the outer surface, where local 

tension is highest10,24. Moreover, cell shape influences growth control in 

cultured cells, as was shown more than 30 years ago25. Thus, 



Doctoral Thesis Cédric J. Cattin                                  Mechanics of mitotic cell rounding 

 1-3 

mechanotransduction plays a major role in tissue development and function 

(reviewed by Wozniak and Chen26). 

 

Mechanical properties of cells from different tissue origins vary largely, and 

alterations in cellular mechanobiology correlate with many disease 

states10,12,15. Defects in mechanotransduction have been associated with a 

range of diseases such as multiple developmental disorders and multiple 

cancer types, muscular dystrophies, artherosclerosis, kidney diseases, lung 

dysfunction and deafness (reviewed by Jaalouk and Lammerding13).  

State of the art in mechanobiology 

With the advent of new technologies such as surface patterning27,28, traction 

force measurements on substrates of varying compliance29,30, as well as 

magnetic tweezers31,32, optical stretcher33 and atomic force microscopy34-36, it 

became possible to observe how cells in tissue as well as isolated cells react 

to external mechanical stimuli. However, the regulation of a cell’s response to 

an external mechanical stimulus is not understood well36. In part, this is due to 

the highly dynamic nature of the system – depending on the timescale 

analyzed and the magnitude of external stimuli, cells react in different ways 

since the constant remodeling of all cellular components allows for large 

flexibility. Moreover, especially in multicellular organisms, the tasks of different 

cell types require differences in mechanical behavior. Consequently, cell-

type specific mechanical properties can be observed in mechanobiological 

studies. Thus, a broad knowledge of the components involved in sensing and 

exerting forces within cells is of pivotal interest for the understanding of 

cellular and tissue mechanical properties. By studying a well-defined cell 

mechanical transition process, namely mitotic cell rounding, we envisioned to 

learn more about factors involved in mechanotransduction in general and 

mitotic cell rounding specifically. 
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1.1.2 Mitotic cell rounding 

Introduction to mitotic cell rounding 

For all cells, the maintenance and regulation of shape is pivotal for rapid 

adaptation to changes in the environment. Besides cell motility and cell 

adhesion, the drastic shape transformation and accompanying changes in 

mechanical properties during mitosis and cell division have stimulated 

mechanobiology research in the last decades. Most cells in mammalian 

tissues share these shape changes and intracellular rearrangements during 

the preparation and execution of mitosis and cell division. As mitosis is 

initiated, the cellular chromatin is condensed (prophase), the nuclear 

envelope is disintegrated (nuclear envelope breakdown, NEBD) and 

chromosomes are captured by microtubules emanating from two 

centrosomes (prometaphase). Once all chromosomes are firmly attached to 

microtubules from opposing sites, they are aligned between the centrosomes, 

by this means forming a metaphase plate (metaphase). The now complete 

mitotic spindle segregates the split daughter chromosomes towards opposing 

poles (anaphase). Subsequently, new nuclear membrane is being formed 

around the daughter chromosomes (telophase) and the separation of the 

two daughter cells is completed in a process termed cytokinesis. In 

conjunction with the changes in chromatin organization, animal cells 

preparing for division adopt an essentially spherical shape in order to create 

sufficient space for the assembly and orientation of a functional mitotic 

spindle and subsequent chromosome segregation37-43. To do so, cells both in 

vivo and in vitro decrease contact to neighboring cells or substrate and 

round up during prophase and prometaphase, reaching a spherical shape in 

metaphase. This process, termed mitotic cell rounding (MCR), has long ago 

been studied by in vitro observations of chick44,45 and hydra tissue46. 

Furthermore, the regulation of the cell cycle and mitosis in particular have 

been extensively studied in several model organisms47-51. Entry into mitosis, as 

well as the timely execution of each task during mitosis in mammalian cells is 

controlled by cyclin-dependent kinase 1 and its binding partner CyclinB1 

(CDK1-CyclinB1)48. Timely and accurate cell rounding allowing for proper 

spindle assembly and subsequent chromosome segregation is essential for 

mitosis to progress. Indeed, when human epithelial cells are confined to 
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heights below ~7 µm, mitotic progression is impaired52. This is due to 

ineffective collection of chromosomes during prometaphase, consequential 

formation of an incomplete metaphase plate and failure to satisfy the spindle 

assembly checkpoint which prevents the onset of anaphase until all 

chromosomes are attached to the mitotic spindle52. 

Components and regulation of mitotic cell rounding 

MCR is tightly controlled by the main mitotic regulatory kinase CDK153-55 and 

involves disassembly of large cell adhesion complexes (focal adhesions)37,56, 

reorganization of the cytoskeletal meshwork into an actin-based mitotic 

cortex underlying the plasma membrane57 and disassembly of the 

intermediate filament network58. These processes result in a drastic shape 

change that is driven by an increase of cortical tension and intracellular 

pressure which is tightly linked to a progressive CDK1-dependent 

accumulation of phosphorylated myosin II motor proteins at the cortex1,5,6,52. 

Consequently, the mitotic cell is capable of pushing against neighboring cells 

or extracellular matrix, thereby deforming its surroundings and allowing 

rounding against confinement1,6. Despite the importance of MCR for cell 

division as well as for tissue homeostasis, the regulation of MCR as well as the 

proteins involved in this process are not well studied. Research so far focused 

on the mitotic actomyosin cortex, which is mainly composed of a 

filamentous-actin (F-actin) meshwork with a thickness of ~190 nm59. The ratio 

of cortical to cytoplasmic F-actin was shown to be ~2:16. Cortical F-actin 

enrichment is dependent on the activity of diaphanous-related formin 1 

(DIAPH1)6, which is regulated by the small GTPase RhoA60. As cells progress 

through mitosis, myosin II is gradually recruited to the cortex in a CDK1-

dependent manner until the ratio of cortical to cytoplasmic myosin II reaches 

~3:1, thereby increasing cortical tension and, consequently, intracellular 

pressure6. The changes in cortex composition and cell shape are dependent 

on the localization and activity of epithelial cell transforming 2 (ECT2), which 

in turn is regulated by CDK155. ECT2 exerts its function through RhoA by 

activating Rho kinase (ROCK), which mediates myosin II phosphorylation and 

localization to the cortex6,37,55. In addition, p21-activated kinases (PAKs) under 

the control of ECT2 negatively regulate myosin II cortical accumulation6. 

Several other proteins like cofilin61, WD repeat domain 1 (WDR1)62 as well as 
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ezrin, radixin and moesin (ERM) proteins40 are involved in MCR but their exact 

roles remain unknown. In several earlier studies, screens have been carried 

out to find additional proteins involved in MCR and its regulation. For instance, 

60 key actin regulators have been studied for their importance in MCR using 

an imaging-based assay, yielding insights into the significant role of ECT255. 

Moreover, a set of actomyosin-related proteins was found to be 

phosphorylated by CDK1 in a proteomics-based study63. However, there 

remains the paucity of a systematic view on proteins involved in MCR and the 

regulation thereof. Partly, this can be attributed to the lack of appropriate 

tools to quantify mechanical parameters like cell pressure or cortex tension of 

single cells at high throughput. Developing such tools would allow detecting 

phenotypes not traceable with imaging-based methods, for instance. 

Mitotic cell rounding and tissue homeostasis 

MCR is essential for tissue development and homeostasis. In Drosophila and 

Nematostella pseudostratified epithelia, for instance, a process termed 

interkinetic nuclear migration (IKNM) that is vital for epithelial tissue 

morphogenesis is mechanistically linked to MCR64. In IKNM, cells move to the 

apical epithelial surface in order to undergo rounding and division, upon 

which the daughter cells reintegrate into the epithelium. IKNM in Danio rerio 

(Zebrafish) neuroepithelia was shown to be dependent on the activity of 

CDK1, the main regulatory kinase for MCR, suggesting a link between IKNM, 

cell cycle regulation and MCR65. Furthermore, MCR was essential to sustain 

tissue homeostasis in Drosophila wing disc epithelium66 and to assist and 

accelerate epithelial invagination in the Drosophila tracheal placode67. In 

addition, it plays an essential role in cavity shape formation and growth in 

Zebrafish inner ear development68. Deficient regulation of MCR can trigger 

the formation of tumor mass in tissue were apoptosis is inhibited66. Thus, 

besides its role in creating space for the formation of a mitotic spindle and 

subsequent chromosome segregation, MCR is important in tissue homeostasis 

and epithelial integrity, which in turn is essential for survival69. 

Approaches to study mitotic cell rounding in this work 

In this work, we quantify the effect of depletion of a preselected set of 

proteins on MCR. To this end, we successively silenced the expression of more 
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than 1’000 genes and measured the effect of consequential protein 

depletion on the mechanical properties of round mitotic cells (Chapter 2). 

Upon identifying a set of genes encoding for proteins involved in MCR we 

worked towards understanding the mode of action for two of these proteins 

(Chapter 3). Besides this screening effort, we studied the robustness of MCR 

against limiting confinement using novel focused ion beam-sculpted 

cantilevers. Finally, we drafted a model about how such challenged cells 

respond to the extracellular impediments (Chapter 4). 

 

1.2 INTRODUCTION TO ATOMIC FORCE MICROSCOPY AND RNA 

INTERFERENCE 

1.2.1 Atomic force microscopy 

Atomic force microscopy at a glance 

Originally developed for imaging inorganic surfaces with high spatial 

resolution70,71, atomic force microscopy (AFM) soon found many applications 

in mechanobiology72. Both the AFM working principle and its suitability for 

biological applications have been extensively described and reviewed 

elsewhere70,73-75. The basic setup of an AFM combined with a light microscope 

for studying MCR was laid out and depicted before1,3,6. In these applications, 

a silicon chip, from which a thin flexible beam called a cantilever protrudes, is 

fixed on a transparent glass block holder. A laser beam is focused on the 

upper surface of the cantilever and the reflection of the laser is directed onto 

a position-sensitive photo-detector consisting of four photodiodes. The diodes 

allow measuring changes in the position of the laser reflection by computing 

the relative amount of light reaching each diode quadrant. Changes in the 

relative position of the laser reflection relate to movements (i.e. deflection) of 

the cantilever. Knowing the material properties of the cantilever – specifically 

its spring constant – the relative movement of the laser reflection on the 

diode allows computing the force acting on the cantilever causing its 

deflection. The setup and working principle of AFM in combination with light 

microscopy is depicted in Figure 1-1.  
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Figure 1-1 Setup and working principle of the atomic force microscope. (A) Setup of the 
atomic force microscope in tandem with a light microscope. Depicted is the microscope 
sample stage (blue) holding a petri dish (light blue) with medium (pale red) and the AFM head 
equipped with a cantilever chip (black) mounted on a glass block (pale green). Both sample 
stage and AFM head can independently be moved horizontally (x, y). The AFM leg motors 
(dark grey) allow for coarse vertical movement (z) whereas the piezo actuators (light grey) 
allow fine vertical adjustments (∂z). Light microscope condenser and objective allow for optical 
imaging while carrying out force measurements. (B) Depiction of the path of the AFM laser 
reflected on the upper front side of the cantilever in the resting state (red line, black cantilever) 
and when deflected upwards (dashed red line, grey cantilever). Note the deflection of the 
cantilever leading to a relative change in voltage recorded by the photo-detector. This allows 
the force acting on the cantilever to be calculated. Drawings are simplified and not to scale. 

 

Applications of atomic force microscopy in biology and cell mechanics 

Biological applications of AFM include time-resolved imaging of functional 

proteins adsorbed to planar surfaces76, imaging of membrane-embedded 

proteins in near-native conditions77 and imaging of viruses78, live microbes79,80 

as well as cells81-84 at high temporal and spatial resolution. In addition, force 

spectroscopy for structure determination of membrane proteins by single 

protein unfolding85 is widely applied as well as single-cell adhesion 

measurements86. Moreover, simultaneous imaging and interaction force 

determination of membrane-embedded receptors using AFM was recently 

described87. Furthermore, AFM allows studying the mechanics of single 

globular cells by confining them with flat tipless cantilevers1,3. The possibility to 

use AFM in liquid at conditions suitable for biological systems as well as its 

versatility have made it one of the key techniques used to study cell 

mechanics36. The versatility of AFM for studying cell mechanics is greatly 

enhanced by combining it with fluorescence light microscopy. This allows 

simultaneous time-resolved read-out of mechanical properties, cell shape 

changes and localization of fluorescently labeled proteins. Using flat tipless 

rectangular cantilevers and appropriate live cell culture technique, it 

became possible to probe single cells as they transition through mitosis, 
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measure the forces such cells are capable of inflicting on their surroundings 

and continuously monitor the changes in localization of structural 

components important for MCR1,3-6. Further applications of AFM in studying 

cell mechanics include the application of compressive strains, measurements 

of cellular elasticity by force indentation experiments as well as stress and 

strain relaxation studies (reviewed by Haase et al.36). Thus, in studying the 

mechanics of cells, ideally in tandem with light microscopy, AFM will likely 

yield new insight and remain an important tool in the future.  

Atomic force microscopy in studying mitotic cell rounding in this work 

The experimental setup to study the mechanics of single cells in this study 

consisted of an AFM head carrying a transparent glass block on which a chip 

carrying a flat tipless cantilever was mounted (Figure 1-1). Single cells are 

confined between cantilever and glass substrate. The force exerted by the 

confined cell on the cantilever ranged between 1-200 nN. For experiments 

requiring precise cell confinement between two parallel plates, custom-

made cantilevers carrying a terminal wedge that compensates for the AFM-

intrinsic 10° cantilever mounting angle were used4,88. For the majority of 

experiments, an AFM combined with an inverted light microscope capable of 

fluorescence imaging was employed, whereas for experiments requiring high 

resolution imaging an inverted confocal microscope was used. Both setups 

allowed measurement of the force that cells exert on the flexible cantilever 

and concurrent imaging of the confined cell (Figure 1-2). This allows 

calculations of cell geometry and mechanical parameters such as 

intracellular pressure and cortical tension. With the Young-Laplace relation 

between pressure and tension applicable, these two mechanical parameters 

are related5. Indeed, the cortical tension and the intracellular pressure in 

rounded cells can be interconverted as detailed in Materials and Methods. 

Furthermore, cell lines containing proteins labeled with either originally jellyfish 

(Aequorea victoria)-derived enhanced green fluorescent protein (eGFP89,90) 

or with a stable monomeric red derivative of originally coral (Discosoma)-

derived red fluorescent protein (mCherry91) were used. This allows the 

localization of these proteins throughout the measurement period by 

fluorescent imaging. Furthermore, intracellular protein distribution can be 
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quantified. For details on the experimental setup, see Materials and 

Methods. 

 

 
Figure 1-2 Mitotic cell rounding and cell division in in vitro confinement. (A) Schematic 
depiction (A, top) and example force trace (A, bottom) of a HeLa cell rounding up and 
undergoing mitosis while confined by an AFM cantilever to a height of 8 µm above the glass 
substrate. As the cell rounds against the confining cantilever and consequently deflects it 
upwards, the recorded force acting on the cantilever increases until a plateau force is 
reached. A distinct peak in the force trace marks the onset of anaphase. During chromosome 
segregation and subsequent cell division, the daughter cells spread on the substrate and the 
force acting on the cantilever decreases quickly. (B) Example differential interference contrast 
(DIC, top rows) and fluorescence (bottom rows) images of a confined HeLa cell expressing a 
chromatin marker, human H2B-GFP, rounding up and subsequently dividing while confined by 
a flat tipless AFM cantilever to a height of 8 µm. t=0 represents timepoint of nuclear envelope 
breakdown (NEBD). Scale bars, 10 µm. 

 

AFM in combination with light microscopy has been applied in this work to 

measure mechanical properties of mitotic cells in various conditions, from 

screening (Chapter 2) to detailed trans-mitotic measurements (Chapter 3). 

Furthermore, the AFM methodology in the use for cell mechanics has been 

improved by the introduction of ion beam-sculpted wedged cantilevers and 

the application of extended cell confinement modalities (Chapter 4). 

 

1.2.2 RNA interference for screening applications 

RNA interference at a glance 

Biologists have for a long time searched for an easy, reliable and robust way 

to modify or eliminate the expression of genes in vertebrate cells and monitor 

the effect of such modifications and consequential protein malfunction or 

loss. With the sequence of the first whole human genome becoming 

available in 200192,93, the interest in finding such a technique grew even 
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stronger. The utility of modifications on the genome (DNA) or transcriptome 

(RNA) level was, however, limited by the large effort it takes to create cell 

lines, for instance, in which a particular gene is made non-functional (i.e. 

knocked out)94. With the discovery of ribonucleic-acid mediated gene 

silencing (RNA interference, RNAi)95-100 and by turning this evolutionarily 

conserved eukaryotic mechanism into a technology platform, it became 

possible to quickly silence (i.e. prevent) the expression of single genes with 

comparably small effort even in mammalian systems101-103. 

RNA interference in vivo and in research 

The naturally occurring pathway of RNA inhibition involves exogenous or 

endogenous small double stranded RNA (dsRNA) segments trimmed to a 

length of ~21 base pairs. These are incorporated into the RNA-induced 

silencing complex (RISC) in the cytoplasm. The RNA segments, termed small 

interfering RNAs (siRNAs), consist of a guide strand and a passenger strand, 

the latter of which is degraded in the RISC complex. Upon binding of the 

RISC-bound guide strand to a complementary messenger RNA (mRNA) and 

consequential mRNA degradation, translation of the latter into a functional 

protein is no longer possible (Figure 1-3A). This leads to an effective loss of 

synthesis of the respective protein, and, consequentially, to its depletion. This 

process can be exploited for artificially induced gene silencing. For any 

protein to be depleted (target protein), siRNA affecting the respective gene 

(target gene) can be produced in vitro. By introducing such siRNAs with guide 

strand sequences complimentary to a part of the sequence of the target 

gene, it is possible to use the natural RNA interference mechanism to silence 

the expression of virtually any gene of interest94. There are different possibilities 

of delivering siRNA into eukaryotic cells, such as transfection of lipid-siRNA 

complexes, electroporation and stable transfection with plasmids from which 

the siRNA is transcribed. Furthermore, lentiviral carriers allowing conditional 

RNAi are available, with which the exact timepoint of siRNA transcription and 

consequential gene silencing can be controlled extracellularly104.  
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Figure 1-3 siRNA-mediated gene silencing and production of endoribonuclease-prepared 
siRNA (esiRNA) pools. (A) Schematic depiction of the siRNA silencing mechanism. Double 
stranded RNA (dsRNA) is cleaved into short small interfering RNAs (siRNAs) in the cytosol by the 
RNAse III family member Dicer. Then, siRNA is incorporated into RNA-induced silencing complex 
(RISC). The siRNA sense strand (passenger strand) is cleaved and subsequently degraded while 
the RISC-bound antisense strand (guide strand) binds complementary mRNA strands, leading 
to their degradation. Upon dissociation of the RISC complex from the degraded mRNA, RISC 
remains active and can cleave further mRNA molecules. Synthetically produced siRNAs 
directly bind to RISC. (B) Schematic depiction of the production of endoribonuclease-
prepared siRNA (esiRNA). Template DNA (here cDNA) carrying the gene of interest is amplified 
by polymerase chain reaction (PCR) using gene-specific primers tagged with T7 promoter 
sequences. This yields T7 promoter-tagged DNA, from which long double stranded RNA 
(dsRNA) is transcribed in vitro using T7 RNA polymerase. Then, by dsRNA digestion with either 
RNAse III or Dicer and subsequent purification, esiRNA pools are obtained. Drawings and 
legends simplified from Sioud104 (A) and Buchholz et al.105 (B). 

 

From siRNA to esiRNA 

Production of siRNA oligonucleotides is usually performed by chemical 

synthesis. The sequence of an siRNA’s guide strand is matched to a section of 

the sequence of the target gene. Usually, this requires a computational 

prediction of silencing efficiency and specificity of a given siRNA sequence 

before production105. For instance, off-target effects (i.e. silencing of a gene 

different form the target gene) should be minimized. To avoid the need for an 

accurate prediction of the silencing efficiency prior to siRNA production, 

different production methods were developed. One such method makes use 

of complementary DNA (cDNA) encoding for a target gene as template 

(template cDNA) for siRNA production7,8. First, long double stranded RNA is 

transcribed from template cDNA in vitro. Then, by mimicking the cellular 

modification process of exogenously derived siRNAs by the ribonculease 

Dicer in vitro, a pool of siRNA fragments (endoribonuclease-derived siRNA, 

esiRNA) is obtained7,105. The heterogeneous mix of small interfering RNAs 
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produced by this method interacts with several sites on the target mRNA, 

leading to efficient gene silencing with minimal off-target effects8  

(Figure 1-3B). 

esiRNA applications in screening 

The production of esiRNAs is less expensive than that of chemically 

manufactured siRNAs and thus suitable for large-scale screening efforts105,106. 

Indeed, large-scale screens using esiRNA have been carried out to search for 

genes essential in a wide range of processes such as cell division107, 

maintenance of embryonic stem cell identity108, endocytosis109 or DNA 

repair110. However, large-scale screens of cell mechanical properties have 

not been carried out so far. 

RNA interference in studying mitotic cell rounding in this work 

For the screening applications presented in this work (Chapter 2), esiRNA 

libraries were used to silence target genes. For verification of the observed 

phenotypes presented subsequently (Chapter 3), chemically synthesized 

commercially available siRNA oligonucleotides were employed additionally.  
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2 RNA-INTERFERENCE-BASED SCREEN FOR PROTEINS INVOLVED 

IN MITOTIC CELL ROUNDING MECHANICS 

 

This chapter first introduces an AFM-based assay allowing for fast mechanical 

phenotyping of single mitotic cells. Second, the selection of a set of 1’013 

target genes potentially involved in mitotic cell rounding mechanics is laid 

out. Then, the results from an RNAi-based screen tailored to identify genes 

relevant for MCR are presented and subsequently discussed. The screen was 

carried out in a collaborative effort of co-workers in the laboratory of Anthony 

A. Hyman at the Max Planck Institute of Molecular Cell Biology and Genetics 

(MPI-CPG) in Dresden and our laboratory. This allowed for the parallel use of 

up to three atomic force microscopes. 

 

2.1 AFM ASSAY DEVELOPMENT – FROM TRANS-MITOTIC TO SHORT-TERM 

MEASUREMENTS 

2.1.1 State of the art – trans-mitotic height confinement assay 

At the time the screen was initiated, work from our laboratory demonstrated 

the applicability of AFM to study MCR mechanics1,2. In these studies, HeLa 

cells in prophase about to start rounding were confined by a flat tipless 

cantilever and left to transition through mitosis (Figure 1-2). Continuous 

recording of the force exerted by a cell on the confining cantilever 

combined with light microscopy allowed the MCR pressures to be quantified. 

This pressure (i.e. the force exerted by the rounding cell on the cantilever 

divided by the cell-cantilever contact area) on average was 140 Pa just 

before the onset of anaphase1. Perturbations of the osmotic gradient across 

the cell membrane and of the actomyosin cortex, respectively, have 

profound effects on the MCR force profiles and the pressures cells produce. It 

was shown that the expansive action of the intracellular pressure is balanced 

by contractile forces in the actomyosin cortex. Thereby, both processes drive 

MCR1. We reasoned that, similar to the chemical perturbations used in 

abovementioned study, silencing genes and observing the effect of resultant 

protein depletion on MCR forces and pressures can serve as an approach to 

study MCR mechanics. 
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2.1.2 Short-term height confinement assay 

Since transition times through mitosis (more specifically the time from 

prometaphase onset to the start of anaphase) are in the range of 

30-40 minutes1 for the HeLa cells used, trans-mitotic force measurements 

could not be employed for high-throughput screening purposes. Therefore, 

we simplified the way of probing for changes in MCR mechanics. HeLa Kyoto 

cells expressing a fluorescent chromatin marker (human H2B-GFP) and a 

membrane marker (mCherry-CAAX) were grown on glass-bottom petri dishes. 

At least two hours prior to measurements, the cells were treated with an 

inhibitor of the kinesin Eg5 (S-Trityl-L-cysteine, STC111), an essential mitosis motor 

protein maintaining spindle bipolarity112,113. Consequently, cells undergoing 

mitosis exhibited a ring-like configuration of condensed chromosomes 

marking the formation of a unipolar “spindle”. As a result, the cells failed to 

satisfy the spindle assembly checkpoint and, hence, were arrested in mitosis. 

Such chemically arrested mitotic cells were identified based on the 

morphology of their condensed chromosomes, which was apparent in 

fluorescence images due to the GFP-labeled histone H2B. Subsequently, cells 

were confined to a set height using a flat tipless AFM cantilever. The force 

exerted on the cantilever by the cell was recorded and differential 

interference contrast (DIC) as well as fluorescence images at the cellular mid-

plane were taken simultaneously. 

 

2.1.3 Comparison of long-term and short-term height confinement assays 

To judge the applicability of this simplified short-term height confinement 

assay, we compared long-term force measurements on confined cells that 

passage towards anaphase with short-term force measurements of the same 

cells just before anaphase. In these measurements, cells in prophase about to 

start rounding are confined to a height of 10 µm. The force exerted by a cell 

on the cantilever is recorded as the cell progresses through prometaphase 

and metaphase until a force plateau is reached. Then, the cantilever is 

retracted and lowered back on the cell again to the same set height within 

one minute, mimicking a measurement on a pre-rounded cell (Figure 2-1A). 

We do not find significant differences between the equilibrium plateau force 

and pressure values obtained form the long-term measurements and those 
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obtained from the short-term measurements. On average, values from short-

term measurements reached 96% (58±15 nN, average±SD, plateau force) 

and 98% (302±56 Pa plateau pressure) of those measured in long-term 

measurements (60±20 nN and 308±66 Pa plateau force and pressure, 

respectively) (Figure 2-1B). Therefore, we conclude that this simplified short-

term height confinement assay can be used to measure the plateau force 

and intracellular pressure mitotic cells can reach. Indeed, comparable assays 

have been used in the meantime to probe for the mechanics of rounded 

mitotic cells4,6,88. 

 

 

Figure 2-1 A short-term height confinement assay in the presence of STC is applicable to 
measure plateau rounding force and pressure of mitotic cells. (A) Example force trace (red) of 
a mitotic HeLa cell that rounds against a confining cantilever held at a fixed height (10 µm, 
black line). Time 0 denotes the start of the measurement. Upon reaching a plateau force after 
~23 minutes, the cantilever is withdrawn and subsequently height confinement (10 µm) is re-
established. Note the peak in the force trace at the time of re-establishment of the 
confinement at ~24 minutes and subsequent leveling off of the force signal to a plateau force. 
(B) Plateau force (left) and plateau pressure (right) for 11 untreated (UT) cells submitted to the 
assay exemplified in (A). For calculation of plateau pressure, see Materials and Methods. 
(C) Plateau force (left) and intracellular plateau pressure (right) for 15 cells treated with 
S-trityl-L-cysteine (STC) submitted to the assay exemplified in (A). (D) Comparison of plateau 
pressures from (B) and (C). (E) Plateau pressure of chemically arrested (STC) cells versus time 
after addition of STC with best-fit (thick green line) and 95% confidence intervals (thin green 
lines) of a linear regression. Each diamond corresponds to one cell. Red bars, mean. Statistical 
significance was determined using the Mann-Whitney t test. ns, not significant (p > 0.05). 
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2.1.4 Influence of chemical arrest on mitotic cell rounding mechanics 

Next, we investigated the suitability of the use of the Eg5 inhibitor STC. To test 

this, mechanical properties of untreated mitotic cells were compared to 

those of cells that were arrested in mitosis by incubation with STC. We 

subjected STC-treated cells to the procedure described in the preceding 

paragraph. We did not find significant differences in the plateau force and 

pressure obtained in these experiments. Values form short-term measurements 

on average reached 101% (48±13 nN plateau force) and 99% (284±61 Pa 

plateau pressure) of those found in long-term measurements (47±14 nN and 

286±63 Pa plateau force and pressure, respectively). Values from short-term 

measurements on STC-treated cells did not significantly differ from those 

found in untreated cells (Figure 2-1B,C). Small statistically non-significant 

differences in plateau force (Figure 2-1B,C) represent variances in cell size 

and cannot be found to the same extent in the plateau pressure data. This 

argues for the use of pressure data, which normalizes force data by taking 

differences in cell size into account. Indeed, when comparing plateau 

pressure data from the short-term height confinement assay on chemically 

arrested versus untreated cells, we do not find a significant difference, with 

plateau pressure for arrested cells on average reaching 94% (284±61 Pa) of 

that measured for untreated cells (302±56 Pa) (Figure 2-1D). Hence, we 

concluded that STC does not affect MCR mechanics and that STC can be 

used to enrich the amount of mitotic cells accessible to our AFM-based assay. 

Furthermore, we show that intracellular pressures of chemically arrested 

mitotic cells remain stable over at least 12 hours (Figure 2-1E). This allows 

preparation of several samples at the same time without having to keep the 

time between addition of STC and measurements constant. Nevertheless, 

care was taken to measure MCR forces between 2-8 hours after addition of 

STC. 

 

To further simplify the screening assay, we used the same set cantilever height 

for all measurements. After approaching the cantilever to the glass surface 

next to a chemically arrested mitotic cell, it was retracted by 14 µm and 

subsequently positioned on the cell as exemplified in Figure 2-2A,B. This 

simplified approach of assaying MCR mechanics allows to subsequently 
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probe up to 16 cells in 15-30 minutes, depending on the cell confluence. 

Hence, up to 20 conditions could be assayed per day, including controls. This 

corresponds to a 50- to 100-fold increase in throughput compared to when 

performing trans-mitotic measurements. 

 

 

Figure 2-2 Assay depiction and example workflow for screening. (A,B) Depiction of the height 
confinement assay used for screening. A tipless flat cantilever is brought into contact with the 
glass petri dish surface close to the chemically arrested mitotic cell of interest (left), retracted 
by 14 µm (middle) and positioned over the cell (right). The cantilever deflection upon contact 
with the cell, proportional to the force exerted on the cantilever, is recorded over time as 
exemplified in (B). For a full description of the assay, see Materials and Methods. (C) Example 
force profile of a series of consecutive measurements on 16 different cells (left). Arrowheads 
denote the plateau force for each cell, which are summarized in the dot blot (right). 
(D) Exemplified analysis workflow. Plateau forces of control cells (esiRNA targeting Firefly 
luciferase, F-Luc) and cells in which MRLC2 was depleted (esiRNA targeting myosin regulatory 
light chain, MRLC2, also referred to as MYL12B) (left) is normalized to the control average 
(middle left). Several measurement replicates are compared (middle right) and the daily 
relative averages are represented in a dot blot (right). Each red diamond corresponds to the 
plateau force recorded for one cell. Black diamonds correspond to daily averages. Black bars, 
mean. Statistical significance was determined using a Students t test. P < 0.05 denotes a 
statistically significant difference. Grey dashed lines denote average relative plateau force 
(thick line) and 80% and 120% of average relative plateau force (thin lines) of control cells. 
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2.2 TARGET GENE SELECTION 

The human genome according to recent estimates comprises as few as 

19’000 genes coding for proteins114. However, regarding the comparably low 

throughput of non-automatized single-cell AFM measurements, the need to 

focus our screen for genes involved in the mechanics of MCR is obvious. 

Given the importance of actin, its regulators and binding partners (the 

“actinome” containing around 500 proteins115) in cell shape regulation and 

cell mechanics, we first focused on this set of proteins. A list of respective 

target genes was compiled based on a database search in two databases. 

These were the databases from the gene ontology consortiuma (GOC)116,117 

and the Kyoto Encyclopedia of Genes and Genomesb (KEGG)118. In addition, 

we selected a set of relevant target genes encoding for all human protein 

kinases (the “kinome”), for membrane channels with cell-cycle related 

expression profiles119 and for a set of proteins shown to localize to the cell 

surface in metaphase and/or telophase120. The resulting set of target genes 

was cleaned of double entries and classified into genes encoding for 

membrane channels, kinases, actomyosin-related proteins and proteins with 

a distinct cell surface localization in mitosis. EsiRNA pools targeting the 

majority of these genes were obtained from the laboratory of Frank Buchholz 

at the Dresden University of Technology (TU Dresden). A full list of the esiRNA 

library with 1’013 target genes (encoding for 62 membrane channels, 

492 kinases, 366 actomyosin-related proteins and 93 proteins with cell surface 

localization in mitosis) is found in Appendix Table 1. 

 

2.3 SCREEN RESULTS 

2.3.1 Primary screening round 

Having established the suitability of our simplified short-term height 

confinement assay and having obtained the esiRNA screen library, we started 

screening as exemplified in Figure 2-2. On each experiment day, the plateau 

forces of cells transfected with control esiRNA targeting the gene encoding 

for the Firefly luciferase (thus not affecting the expression of any human gene) 

                                                   
a www.geneontology.org; GO annotation “actomysoin“ and “actin cytoskeleton“ 
b www.kegg.jp; “Regulation of Actin Cytoskeleton”, map 04810 
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were measured. Subsequently, up to 20 samples of cells transfected with 

esiRNA from the screen library were analyzed (≥12 cells per condition) and 

compared to control cells. Relative plateau force values were calculated to 

allow comparison of the results between different experiment days. EsiRNA 

oligonucleotide pools leading to statistically significant differences in plateau 

force compared to the control cells and with differences of at least 20% in 

average plateau force were submitted to additional rounds of 

measurements. If the same phenotype could be found in more than 50% of at 

least 2 (maximum 8) measurement rounds in this series of experiments, the 

respective gene was considered a primary hit (Figure 2-3A). Using this 

strategy, we obtained a set of 134 primary hit genes (13% of all target genes) 

whose silencing affected plateau rounding forces in chemically arrested 

mitotic HeLa cells. For the silencing of 107 genes, we found diminished 

plateau forces, while the silencing of 27 genes led to increased plateau 

forces (Figure 2-3B). For details on transfection strategy, measurements and 

analysis, see Materials and Methods. A full list with average relative force 

values of all primary hits is found in Appendix Table 2. 
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2.3.2 Secondary screening round 

Although the use of esiRNA minimizes the likelihood of off-target gene 

silencing compared to when using siRNAs (i.e. the number of silenced 

transcripts decreases more than 10-fold when using esiRNA instead of siRNA8), 

we used a second pool of esiRNA oligonucleotides to verify the primary hits. 

These secondary esiRNAs target the same genes as the primary 

oligonucleotide pools, but act on a different section of the target sequence. 

For 124 of the 134 primary hits (93%), such secondary esiRNA oligonucleotide 

pools were obtained and tested using the short-term height confinement 

assay as described in the previous section. Each esiRNA was tested in at least 

2 rounds of measurements. The same selection procedure as described 

above was applied: genes whose silencing led to statistically significant 

differences in plateau force compared to the control cells and with 

differences of at least 20% in average plateau force in more than 50% of at 

least 2 rounds of experiments were considered a hit. If the same phenotype 

like in the primary round of screening was observed, this hit is considered 

verified (Figure 2-4A). Of the secondary esiRNAs tested, 3 led to a lethal 

phenotype not found in the primary round of screening and were not further 

considered. The remaining 121 esiRNAs led to the verification of 49 primary hit 

genes, the silencing of all of which decreased the plateau force 

(Figure 2-4B). Thus, of the 101 decreased force primary hits, 49% could be 

verified using this strategy. Surprisingly, none of the 27 primary hits that 

elevated the plateau force could be verified with a secondary pool of 

esiRNA. 
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2.3.3 From plateau force to plateau pressure 

Using the recorded force data together with the DIC and fluorescence 

images to calculate the contact area between the confined cell and the 

cantilever, the intracellular pressure of each cell was calculated3. To this end, 

the area and radius of the cross section at the cell mid-plane was measured 

in the images. Then the cell height and cell-cantilever contact area was 

calculated by assuming a circular side profile5 of the confined cell. Dividing 

the measured plateau force by the contact area then allowed calculating 

intracellular plateau pressure. Furthermore, the volume of each confined cell 

was calculated. For details on calculations see the formulas in Materials and 

Methods and the respective figure therein (Figure 6-1A). Using plateau 

pressure instead of plateau force eliminates potential effects on the 

measured plateau forces originating from differences in cell size. Of the 49 

verified hits, 34 (69%) showed significantly decreased plateau pressures 

compared to control cells. This set of 34 genes represents 3.4% of all 1’013 

target genes (Figure 2-4C). A full list with relative force, pressure and volume 

values of all verified hits is found below in Table 1 and in Appendix Table 5. 

 

Table 1 Alphabetical list of all verified hits. Top section (continued on next page), verified hits 
leading to decreased force and pressure according to the criteria specified in Materials and 
Methods. Bottom section (next page), verified hits leading to decreased force. Shown are 
common gene symbols (Symbol), short version of gene name (Short name), primary screen 
force results and secondary screen force, pressure and volume results as well as a classification 
into the following categories (Category, with selected references): MCR – Reported role in 
regulation and/or mechanics of mitotic cell rounding; CM – Reported role in cell mechanics 
without association in mitotic cell mechanics (cell motility and migration, cytoskeletal 
remodeling, cell adhesion, muscle contraction); CC – Reported role in cell cycle regulation, 
cell survival and proliferation without impact on cell mechanics; NO – No reported role in cell 
cycle regulation or cell mechanics, partially with unknown function. Categories in brackets 
represent possible association based on similarity to related genes and postulated roles without 
solid reported evidence. * indicates genes reported to be required for correct cell division in 
earlier genome-wide esiRNA screens120,121. Force, pressure and volume data are averages 
relative to control cells. 

Symbol Short name 

Primary 

screen 
Secondary screen 

Category 

Force Force Pressure Volume 

ACTN4 alpha-actinin 4 0.63 0.69 0.67 1.00 CM122 
ATR ATR serine/threonine kinase 0.74 0.75 0.73 0.98 CC123 
CAMK2A calcium/calmodulin-dependent protein kinase II  0.69 0.64 0.71 0.96 NO 
CDC37 cell division cycle 37 0.46 0.56 0.51 0.95 NO (CC124) 
CDK11A cyclin-dependent kinase 11A 0.65 0.52 0.59 0.93 CC125,126* 
CEP72 centrosomal protein 72kDa 0.83 0.41 0.40 1.01 CC127 
CERK ceramide kinase 0.78 0.64 0.70 0.95 NO 
CLEC16A c-type lectin domain family 16, member A 0.73 0.67 0.62 0.96 NO (CC*) 
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Symbol Short name 

Primary 

screen 
Secondary screen 

Category 

Force Force Pressure Volume 

CYFIP1 cytoplasmic FMR1 interacting protein 1 0.67 0.83 0.64 0.98 CM128 
DFNB31 deafness, autosomal recessive 31 0.69 0.52 0.57 0.90 NO (CM129) 
DIAPH1 diaphanous-related formin 1 0.66 0.33 0.35 0.98 MCR6,88 
F2R coagulation factor II (thrombin) receptor (PAR1) 0.67 0.44 0.40 1.04 CM130 
FAM134A family with sequence similarity 134, member A 0.65 0.57 0.60 0.99 NO (CC*) 
FGF2 fibroblast growth factor 2 (basic) 0.56 0.68 0.52 0.98 CM131 
GNA13 guanine nucleotide binding protein, alpha 13 0.48 0.44 0.59 0.88 NO (CM132) 
KCNJ15 potassium inwardly-rectifying channel 0.77 0.72 0.67 1.04 NO 
MYH7B myosin, heavy chain 7B, cardiac muscle, beta 0.38 0.63 0.69 0.97 CM133 
MYH9 myosin, heavy chain 9, non-muscle 0.35 0.20 0.15 1.14 MCR*4,6 
MYL12B myosin, light chain 12B, regulatory 0.27 0.31 0.28 1.00 CM134 
MYRIP myosin VIIA and rab interacting protein 0.74 0.64 0.64 1.00 NO 
PARK7 parkinson protein 7 0.55 0.48 0.57 0.94 NO 

(CC135,136) PHKG2 phosphorylase kinase, gamma 2 (testis) 0.60 0.67 0.61 1.04 NO 
PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase 0.80 0.66 0.68 0.98 CM137 
PIM2 pim-2 oncogene, serine/threonine kinase 0.78 0.61 0.63 0.97 CC138 
RAC1 ras-related C3 botulinum toxin substrate 1 0.71 0.38 0.39 0.97 CM139 
ROCK2 rho-associated kinase 2 0.61 0.68 0.70 0.98 MCR6,37 
SEPT1 septin 1 0.60 0.61 0.57 1.01 CM140,141 

(CC*) SEPT9 septin 9 0.62 0.61 0.62 0.96 CM140,141 
SKA1 spindle and kinetochore associated complex  0.71 0.52 0.63 0.93 CC* 
SOS2 son of sevenless homolog 2 (Drosophila) 0.65 0.32 0.35 0.94 NO 
TAF5 TAF5 RNA polymerase II, associated factor 0.50 0.42 0.53 0.95 NO 
VAV2 vav 2 guanine nucleotide exchange factor 0.60 0.66 0.56 0.98 CM142,143 
VAV3 vav 3 guanine nucleotide exchange factor 0.57 0.39 0.47 0.92 CM143 
WAS wiskott-aldrich syndrome 0.28 0.62 0.59 1.05 CM144 
 

 

      
BCAR1 breast cancer anti-estrogen resistance 1 0.62 0.73 0.83 0.94 CM145 
BUB1 BUB1 mitotic checkpoint serine/threonine kinase 0.69 0.81 0.81 0.97 CC146* 
CHRM3 cholinergic receptor, muscarinic 3 0.70 0.50 0.59 0.94 NO 
CLIC5 chloride intracellular channel 5 0.79 0.67 0.82 0.95 NO (CM147) 
DBN1 drebrin 1 0.59 0.67 0.74 0.95 CM148 
DLG4 discs, large homolog 4 (Drosophila) 0.74 0.72 0.76 0.97 NO 
DLG5 discs, large homolog 5 (Drosophila) 0.61 0.67 0.87 0.89 NO (CM149) 
ECT2 epithelial cell transforming 2 0.46 0.67 0.66 0.98 MCR*6,55 
FSCN1 fascin actin-bundling protein 1 0.28 0.72 0.76 0.99 CM150 
MKNK2 MAP kinase interacting serine/threonine kinase 2 0.66 0.76 0.86 0.95 NO 
MYH1 myosin, heavy chain 1, skeletal muscle, adult 0.61 0.75 0.87 0.90 CM151 
PFN1 profilin 1 0.65 0.54 0.69 0.93 CM152 
RBKS ribokinase 0.75 0.75 0.86 0.95 NO 
TMEM63B transmembrane protein 63B 0.70 0.51 0.60 1.02 NO (CC*) 
UACA uveal autoantigen 0.67 0.62 0.73 0.96 CM153 (CC*) 
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2.4 DISCUSSION 

2.4.1 Remarks on the use of STC and on false-negative results 

We would like to note that we cannot entirely exclude effects of STC on the 

mechanics of mitotic cells in the case of the depletion of certain proteins. 

Also, the application of STC and consequential changes in cell physiology 

could mask potential effects of gene silencing on cell mechanics. Such 

effects could not be detected by our assay and, thus, we would erroneously 

consider the respective protein unimportant for MCR. Such false negative 

results also occur by other means, such as non-functional RNAi or phenotypic 

rescue by unaffected cellular pathways. Furthermore, the protein depletion 

efficiency may vary between different esiRNAs and protein-specific turnover 

rates lead to differences in protein depletion efficiency and timing. We thus 

cannot conclusively exclude an effect on MCR of a gene that did not score 

in our screen. Rather, we can quantify the effect for genes for which a 

difference in MCR mechanics was found and thereby increase our 

knowledge of proteins involved in MCR. One particular aspect to which our 

assay is not susceptible is the timing of MCR. Due to the use of STC and the 

fact that only chemically arrested mitotic cells are probed, potential effects 

on this timing are not recorded. However, we show in the subsequent 

chapters (Chapter 3, Chapter 4) that such timing defects can be quantified 

when employing AFM-based trans-mitotic confinement assays. 

 

2.4.2 Influence of selection criteria on the hit list 

It is important to note that there are gene products that are known to be or 

likely are involved in MCR mechanics that did not show up as verified hits in 

our screen. Partly, this can be attributed to the strict selection criteria applied. 

The rho-associated protein kinase 1 (ROCK1), for instance, modulates the 

actomyosin cytoskeleton (reviewed by A. Hall154) and is likely involved in MCR. 

However, it was not among the verified hits due to the very restrictive criteria 

applied. Indeed, ROCK1 silencing led to a significant decrease in plateau 

force in the primary series of experiments (to 60% of control cells on average), 

and to a decrease of plateau force and pressure (to 70% and 75% of control 

cells on average, respectively) when using secondary esiRNA 
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(Appendix Table 2), albeit without repeated statistically significant changes. 

The silencing of a second ROCK isoform, ROCK2, however did lead to 

significantly decreased plateau forces and pressures (to 68% and 70% of 

control cells, respectively). This could be indicative of a differential role of the 

two ROCK isoforms in MCR mechanics, similar to that recently found in driving 

cell polarity155. More generally, in cases like described here for ROCK1, the 

strict selection criteria applied might lead to omission of an effectively 

relevant gene from the hit list. We suggest, for any gene of interest, to consult 

the force data listed in Appendix Tables 1 and 2. 

 

2.4.3 Remarks on primary hits 

We would like to note that primary hits (Figure 2-3B) that were not verified in 

the secondary screening round could still be of interest. The same applies for 

verified force hits that did not show a significant decrease in pressure 

(Figure 2-4B and Table 1). First, the efficiency of the secondary pool of 

esiRNA oligonucleotides in silencing a target gene may differ from that of the 

primary esiRNA. Second, for some of the primary hits (7%) no secondary 

esiRNA was available and hence these primary hits were not further tested. 

Furthermore, three secondary esiRNAs led to lethal phenotypes not observed 

when using primary esiRNA. Third, the loss of a given protein may be 

compensated by the activity of other proteins, which thereby alleviate the 

impact on MCR mechanics. Fourth, verified hits without marked changes in 

cell plateau pressure likely show changes in either cell volume or adhesive 

properties and are therefore of interest. Indeed, significant changes in cell 

volume were observed for several hit genes (Table 1). Last and more general, 

as mentioned above for the case of ROCK1, the criteria applied for target 

genes to qualify as a verified hit were very limiting and strictly applied. For a 

gene of interest, re-evaluation of the force, pressure and volume data 

applying looser criteria is thus advisable. When silencing more than one gene 

in future studies, for instance, small effects may show to be additive. 

 

An intriguing finding of our screen is that none of the 27 primary hits that led to 

elevated plateau force could be verified using secondary esiRNA 

(Appendix Table 3). This can only partially be explained by the high 
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percentage of these 27 primary hits for which no secondary esiRNA was 

available (26% compared to 7% of all primary hits). Of the remaining 

20 primary hits that led to elevated plateau force, 9 did not result in a 

significant change in plateau force when using secondary esiRNA. The use of 

7 secondary esiRNAs led to decreased plateau forces (and plateau 

pressures), thereby resulting in an opposite phenotype than found when using 

primary esiRNA. Interestingly, the majority of the genes of this group are 

kinases (4 of 7) or other signaling proteins (2 of 7). This suggests that the exact 

expression levels of the genes encoding for these regulatory proteins is 

essential. We speculate that the observed change in phenotype when using 

primary versus secondary esiRNA oligonucleotide pools can be attributed to 

differences in the silencing efficiency. In this scenario, complete protein 

depletion would lead to a decrease in rounding force while partial protein 

depletion can lead to an increase of plateau force, for instance by triggering 

additional signaling pathways. This however remains to be shown, for 

example by deciphering the silencing efficiency of each esiRNA 

oligonucleotide pool used and relating it to the phenotype found. Last, 4 of 

the 27 primary hits that led to elevated plateau force resulted in the same 

phenotype when using secondary esiRNA, however to a lesser extent and 

were thus not verified. One of these genes, encoding for transmembrane 

protein 170A (TMEM170A) is of particular interest since it led to a very high 

average plateau force in the primary screen (up to 179% of that found for 

control cells) and again to a high average plateau force in the secondary 

screen (115%) (Appendix Table 3). The finding that the depletion of a 

transmembrane protein of unknown function leads to such a strong increase 

in plateau force and hence to deregulation of MCR mechanics deserves 

more attention in future. In conclusion, we note that, besides the list of verified 

hits obtained, the list of primary hits is of interest and can serve as a resource 

for forthcoming studies. 
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2.4.4 The verified hits 

Overview 

The 49 verified hits from our screen encode for proteins with a wide range of 

functions, which strengthens the rationale of carrying out this mechanical 

phenotyping screen. Complimentary to screens probing for cell viability, cell 

cycle defects156 or the localization of proteins throughout mitosis120, probing 

for the effects of gene silencing on mitotic cell mechanics resulted in a 

distinct set of hit genes which are listed in Table 1 and laid out below. 

Enrichment of verified hits by target gene class 

The esiRNA library of 1’013 target genes contained genes encoding for 

proteins of four categories, namely 492 kinases (49%), 366 actomyosin-related 

proteins (36%), 93 proteins with distinct mitotic cell surface localization (9%) 

and 62 membrane channels (6%) (Figure 2-5A). Among the 49 verified hits 

(5% of all target genes), 11 genes (22%) encoding for proteins from the kinases 

class were found, 27 (55%) encoding for actomyosin-related proteins, 9 (18%) 

encoding for proteins with distinct mitotic cell surface localization and 2 (3%) 

encoding for membrane channels (Figure 2-5B,C). Thus, both the 

actomyosin-related genes as well as those encoding for proteins with distinct 

surface localization in mitotic cells were overrepresented in the set of verified 

hits, while kinases and membrane channels were underrepresented. In the 

case of actomyosin-related proteins, this is not surprising. Proteins constituting 

and regulating the actin cytoskeleton meshwork confer stability to round 

mitotic cells and motor proteins are needed to create tension in the mitotic 

cell cortex1,6. Indeed, 7% of the tested genes encoding for actomyosin-

related proteins were isolated as verified hits (Figure 2-5C). Similarly, in the 

class of proteins with distinct cell surface localization in mitosis, 10% of all 

genes tested showed to be relevant for MCR mechanics (Figure 2-5C). Both 

the set of genes encoding for actomyosin-related proteins and the set of 

genes encoding for proteins with surface localization in mitosis represent pre-

selected libraries which are biased towards proteins either potentially 

involved in cell mechanics (actomyosin-related proteins) or known to exhibit 

a specific localization in mitosis (cell surface proteins). A third biased set 

however, the one containing genes encoding for membrane channels with 
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cell-cycle related expression profiles, did not result in an enriched number of 

verified hits. Indeed, only 2 membrane channels (3%) whose depletion 

significantly affected MCR mechanics were found (Figure 2-5C). This allows 

the conclusion that of the membrane channels tested, the majority is not 

relevant in MCR mechanics. Alternatively, loss of function of one channel can 

be compensated by the activity of one or several other proteins. Last, the 

class of genes encoding for kinases showed the lowest percentage of verified 

hits (2%) (Figure 2-5C). In light of the fact that all human kinases were tested 

in an unbiased manner, this low percentage of verified hits is not surprising. 

Testing the influence of all human kinases for the first time allowed identifying 

kinases without known involvement in cell mechanics or cell cycle regulation 

but with a role in MCR mechanics. These include ceramide kinase (CERK) and 

ribokinase (RBKS). Furthermore, kinases with known involvement in mitosis or 

cytokinesis, but no reported effect on MCR mechanics, such as BUB1 mitotic 

checkpoint kinase (BUB1)146 and cyclin-dependent kinase 11A (CDK11A)125 

(Table 1) were found. We conclude that the list of verified hits contains genes 

encoding for a wide range of proteins without enrichment of one particular 

protein class. Furthermore, the hits are not limited to genes encoding for 

proteins known to be involved in cell mechanics, cell cycle regulation or 

cytokinesis, for instance, as could have been anticipated. Indeed, from the 

49 verified hits, only 10 (20%) have been found to be required for accurate 

cell division in previous genome-wide esiRNA screens120,121 (Table 1).  

 

 

Figure 2-5 Portion of verified hits for each target gene class. (A, B) Portion of each gene class in 
the full set of target genes (A) and in the set of verified hits (B). (C) Portion of target genes (full 
circle) and hit genes (pale segment) for each class of genes. Color coding in (A) and (B) 
according to (C). 
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Categorization according to prior knowledge 

Next, we were interested in the prior knowledge existing for the verified hits 

regarding MCR, cell mechanics, and cell cycle regulation. We classified the 

verified hits into 4 categories: hits encoding for proteins with a reported role in 

regulation and/or mechanics of MCR (MCR); hits encoding for proteins with a 

role in cell mechanics (cell motility and migration, cytoskeletal remodeling, 

cell adhesion, muscle contraction) without reported association to mitotic cell 

mechanics (CM); hits encoding for proteins with a role in cell cycle regulation, 

cell survival and proliferation without reported impact on cell mechanics 

(CC); and finally hits encoding for proteins with no reported role in cell cycle 

regulation or cell mechanics altogether, partially with unknown function (NO) 

(Table 1). 

Hits with a role in mitotic cell rounding (MCR) 

Of the 49 verified hits, only four (8%) encode for proteins previously reported 

to be involved in MCR (Table 1). These are epithelial cell transforming 2 

(ECT2)55,157, diaphanous-related formin 1 (DIAPH1)6, rho-associated kinase 2 

(ROCK2)6 and non-muscle myosin heavy chain 9 (MYH9)4,6. Interestingly, 

cyclin-dependent kinase 1 (CDK1), which was recently shown to guide MCR 

by subsequently phosphorylating p21-activated kinases (PAKs) and rho-

associated protein kinase (ROCK)6, was not among the proteins for which the 

49 verified hits encode. However, results from the primary screen suggest that 

force and pressure in chemically arrested mitotic cells are indeed affected 

when CDK1 is depleted. Due to the varying strength of this effect and the 

strict selection criteria applied, the gene encoding for CDK1 did not result to 

be among the verified hits. 

Hits with a role in cell mechanics (CM) 

Hits encoding for proteins with a role in cell mechanics but no reported 

association to MCR constituted a large portion of the 49 verified hits (19, 39%) 

(Table 1). These include actin bundling proteins and cross-linkers such as 

fascin actin-bundling protein 1 (FSCN1)150 and alpha-actinin 4 (ACTN4)158,159; 

filament-forming proteins such as septins 1 and 9 (SEPT1 and SEPT9)140; and 

further actin-associated proteins such as chloride intracellular channel 5 

(CLIC5)147 and drebrin 1 (DBN1)160. An involvement of these proteins in MCR 
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mechanics was not far to seek due to their interaction with, or regulation by, 

actin or relevance for actin dynamics. An interesting subgroup in the 

actomyosin-related proteins is the myosin family. While only 4% of the 1’013 

target genes fell into this category, 8% of the verified hits did. Among these 

were the genes encoding for abovementioned MYH9 as well as for myosin 

regulatory light chain 12B (MYL12B), both of which served as controls for 

esiRNA transfection and gene silencing efficiency in follow-up experiments 

(Chapter 3) due to the strong and visually detectable impact on cell 

mechanics and shape upon their depletion. 

Hits with a role in cell cycle regulation (CC) 

A further set of hits was previously shown to encode for proteins with a role in 

cell cycle regulation, cell survival and proliferation without reported impact 

on cell mechanics (6, 12%) (Table 1). Some of those were shown to be 

particularly relevant in mitosis, such as cyclin-dependent kinase 11A 

(CDK11A)125 and BUB1 mitotic checkpoint kinase (BUB1)146. 

Hits with no reported role in cell mechanics or cell cycle regulation (NO) 

A large portion of hit genes, finally, encode for proteins that have not 

previously been described to be relevant for cell mechanics or cell cycle 

regulation (20, 41%) (Table 1), some of which fulfill a so far unknown function. 

This subset includes such functionally diverse proteins as family with sequence 

similarity 134 member A (FAM134A), transmembrane protein 63B (TMEM63B), 

RNA polymerase II associated factor (TAF5), parkinson protein 7 (PARK7), and 

ceramide kinase (CERK). The role of these proteins in MCR mechanics remains 

to be elucidated. 

 

2.4.5 Concluding remarks on mechanical phenotyping screen 

We set out to screen a set of proteins for their role in MCR mechanics by 

silencing the expression of the respective genes. Of the 1’013 genes studied, 

the silencing of 49 was shown to lead to decreased rounding forces in 

chemically arrested mitotic cells. Of these, 34 affected rounding pressure 

significantly. It should be mentioned that due to the comparably low 

throughput of single-cell AFM measurements and, consequentially, the high 
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investment in workforce and machine time needed, only a portion (~5%114) of 

the human genome could be analyzed. We consider this restricted number of 

target genes analyzed and the associated bias in the selection of target 

genes the main limiting factor for the impact of this screen. Considering the 

range of functions of the proteins the verified hits encode, a high number of 

proteins involved in MCR mechanics may still remain undiscovered. For 

instance, a role for some of the approximately 200 phosphatases encoded in 

the human genome161 in regulating the mechanics of MCR is to be expected. 

Moreover, further proteins involved in cell mechanics such as proteins 

anchoring the mitotic spindle to the cortex or proteins involved in non-actin 

filament formation (intermediate filaments and microtubules) are worth being 

systematically tested for their involvement in MCR mechanics. The wide 

functional range of the proteins found to be relevant for MCR mechanics 

should motivate such following screening efforts. Having shown the 

applicability of mechanical phenotyping with this screen, we are convinced 

that more extensive screens should be performed which are targeted to find 

further genes relevant for MCR and its regulation. Recent developments in 

microfabrication162 and high-throughput cell mechanical phenotyping163 

should allow such tasks to be fulfilled. In addition, the screen results presented 

here serve as a resource for more elaborate cell mechanics studies, such as 

quantifications of the effects of simultaneous depletion of multiple proteins. 

 

In the following, we focused on proteins encoded by three of the verified hits. 

We selected a protein with known involvement in actin dynamics but no 

reported involvement in MCR mechanics, ACTN4. Then, we studied a protein 

with largely unknown function, FAM134A. Last, an extensive follow-up study 

on PARK7, a protein known for its involvement in Parkinson’s disease but 

without reported impact on cell mechanics, was carried out. The results of the 

experiments on ACTN4 and FAM134A are presented and discussed in the next 

chapter. The results of the PARK7 follow-up study, mainly carried out by 

Yusuke Toyoda at MPI-CBG in Dresden, are not part of this thesis and are 

being prepared for publication elsewhere together with the screen results.  
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3 TWO NEW PLAYERS IN MITOTIC CELL ROUNDING MECHANICS 

IN THE SPOTLIGHT: ACTN4 AND FAM134A 

 

This chapter presents a detailed analysis of the effect of depletion of two 

proteins, ACTN4 and FAM134A, on MCR mechanics. The depletion of both 

proteins resulted in decreased MCR pressures in the screen presented in the 

previous chapter. Here, additional effects of silencing ACTN4 and FAM134A 

are described. 

 

3.1 ACTN4 

3.1.1 Introduction to ACTN4 

The alpha-actinin family of proteins 

Alpha-actinin-4 (ACTN4) is a 911 amino acids protein with mainly cytoplasmic 

localization122. It belongs to the alpha-actinin protein family which is part of 

the spectrin superfamily of cytoskeletal proteins159,164. The alpha-actinin family 

contains 4 gene products (ACTN1-4) with distinct tissue expression patterns. 

While ACTN2 and ACTN3 are primarily expressed in skeletal and cardiac 

muscle as well as neurons, ACTN1 and ACTN4 are expressed in essentially all 

tissues159,165. Each alpha-actinin monomer consists of an N-terminal actin-

binding domain followed by 4 spectrin-like repeats and a C-terminal 

calmodulin-like domain166. Alpha-actinins form antiparallel homodimers and 

interact with a large number of partners, including actin (reviewed by Murphy 

and Young159). 

 

In general, alpha-actinins interact with and cross-link actin thin filaments. In 

non-muscle cells, they anchor the cytoskeleton to various transmembrane 

proteins as well as to the plasma membrane and thereby functionally link the 

cytoskeleton to signaling pathways. Furthermore, alpha-actinins regulate the 

activity of adhesion receptors158,166. ACTN4 was shown to support 

maintenance of cell shape, cell motility and cytokinesis167-169, to modulate 

gene transcription170, to be involved in apoptosis171 and clathrin-mediated 

endocytosis172, and to have an essential role in glomerular podocytes173 
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(reviewed by Zankov and Ogita165), which are involved in blood filtration in 

the kidney. 

 

ACTN4 (but not ACTN1) is overexpressed in several types of human cancer. 

Interestingly, high ACTN4 expression correlates with the invasiveness of these 

cancers and with a comparably poor prognosis of disease outcome122,164,165. 

Mutations in alpha-actinins 

Genetic studies in non-vertebrate organisms, specifically in fission yeast174, 

slime molds175, flies176, and worms176 show differing consequences of alpha-

actinin mutations on viability. With increasing complexity of the organism, the 

effects of loss of function of actinins are less profound, particularly on non-

muscle tissue phenotypes. This suggests that actinins are important, but not 

essential for processes like cytokinesis, cell adhesion or motility; or that their 

loss can be compensated by other proteins159. In mammals, mutations in 

each of the alpha-actinin genes are linked to phenotypes and disease states, 

ranging from rare blood disorders (ACTN1)177, a range of muscle diseases 

(ACTN2)178, altered muscle metabolism (ACTN3)179,180 to kidney disease 

(ACTN4)173,181. Mice lacking ACTN4 develop severe glomerular disease and 

altered podocyte morphology. In humans, mutations in the gene encoding 

for ACTN4 have been associated with focal segmental glomerulosclerosis, a 

familial kidney disease173,182.  

Alpha-actinins cross-link actin networks 

Actin cross-linkers were shown to strongly influence the elasticity and 

mechanical rigidity of actin networks183. In vitro studies on actin filament 

networks using rheological techniques184-186 and in vivo experiments169,187 

suggest that the cross-linking activity of alpha-actinins strengthens actin 

networks, thereby making them more rigid. These studies also show a 

decreased cortical actin turnover in the presence of excess alpha-actinin. 

Moreover, when alpha-actinin is expressed 4- to 5-fold above the normal 

expression level in normal rat kidney epithelial cells, actin turnover during 

cytokinesis is strongly reduced. This leads to an accumulation of actin 

filaments and consequently, to cytokinesis failure169. In contrast, the depletion 

of alpha-actinin in the same study led to a shorter passage time through 
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cytokinesis and the formation of aberrant cleavage furrows169. Notably, 

neither overexpression nor depletion alters the localization and organization 

of myosin II during cytokinesis. Thus, alpha-actinin levels are key factors 

determining actin network rigidity and architecture, certainly during 

cytokinesis. Despite the importance of alpha-actinin in actin remodeling, its 

role in MCR and in the mitotic cell cortex has not been described so far. 

 

The second ubiquitously expressed alpha-actinin, ACTN1, did not repeatedly 

result in an altered MCR phenotype when silenced in the screen presented in 

the previous chapter. Hence, we focus on the mitotic mechanics phenotype 

of depletion of ACTN4. Below, we describe its involvement in mitotic actin 

cytoskeleton architecture and rigidity. 

 

3.1.2 Results 

ACTN4 depletion efficiency and localization 

In the screen presented in the previous chapter, depletion of ACTN4 led to a 

consistent decrease of the plateau force in chemically arrested mitotic cells. 

In these experiments, the average plateau force was 63% and 69% of that of 

control cells when using primary and secondary esiRNA, respectively. Plateau 

pressures, using secondary esiRNA, were 67% of control cells (Figure 2-3, 

Figure 2-4, Table 1). 

 

To verify that the decrease of mitotic rounding pressure originated from the 

depletion of ACTN4, we first took advantage of a set of predesigned 

commercially available siRNA oligonucleotides targeting ACTN4 (for details 

on the siRNAs used, see Appendix Table 6). HeLa Kyoto cells were transfected 

with the siRNA oligonucleotides, cells were chemically arrested in mitosis using 

STC and height confinement assays at a height of 10 µm were carried out 

(Figure 3-1A). Employing wedged c  AFM cantilevers4,88 allowed for height 

confinement between two parallel plates and precise shape and pressure 

calculations5 described in Materials and Methods. All three siRNA 

oligonucleotides as well as the primary esiRNA oligonucleotide pool resulted 

                                                   
c	For a description of the production of these cantilevers see Chapter 4. 
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in a decrease of average rounding pressure to as low as 62% (346±63 Pa, 

average±SD) of that of control cells (561±74 Pa) (Figure 3-1B). Hence, it is 

unlikely that non-specific off-target gene silencing led to the observed effect. 

Based on the strength of the observed phenotype, we chose to use siRNA 

SI02779973 and the primary esiRNA for all further experiments requiring ACTN4 

silencing presented in this study. 

 

To analyze the ACTN4 depletion efficiency when using the selected (e)siRNAs, 

we then carried out immunoblotting using whole cell lysates of RNAi treated 

HeLa Kyoto cells and a commercially available antibody against ACTN4. We 

found ACTN4 to be largely depleted in the samples treated with (e)siRNA 

targeting ACTN4 and therefore considered the RNAi oligonucleotides used 

effective in silencing the expression of this gene (Figure 3-1C). 

 

 

Figure 3-1 ACTN4 depletion using various RNAi oligonucleotides leads to decrease in mitotic 
cell pressure. (A) Depiction of the height confinement assay used to determine intracellular 
pressure of a chemically (STC) arrested mitotic cell confined between glass substrate (light 
blue) and wedged cantilever (brown). For details on pressure calculations, see Materials and 
Methods. F, force; P, pressure. (B) Plateau pressure of chemically arrested (STC) HeLa Kyoto 
cells, RNAi treated with control siRNA (AllStars), esiRNA targeting ACTN4 (esiRNA) or siRNA 
targeting ACTN4 (SI02779973, SI00070084 and SI00070098; for details on siRNA oligonucleotides 
see Appendix Table 6). (C) Western blot of whole cell lysates of RNAi treated HeLa Kyoto cells 
using the antibodies indicated. F-Luc, esiRNA targeting Firefly luciferase (negative control 
esiRNA); AllStars, negative control siRNA; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase (loading control); kD, kiloDalton. Each diamond corresponds to one cell. Red 
bars, mean. Statistical significance was determined using the Mann-Whitney t test comparing 
with the AllStars data. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 

 

Next, we obtained a HeLa Kyoto cell line expressing a fusion of GFP with the 

mouse version of ACTN4 (mACTN4-GFP transgene) to visualize ACTN4 

localization. When imaging mACTN4-GFP expressing cells, we found that 

mACTN4-GFP localized along the cell periphery (presumably along actin 
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stress fibers) and in punctae at the cell-substrate interface (presumably at 

focal adhesions) (Figure 3-2A). The localization of ACTN4 to actin stress fibers 

and ACTN4’s involvement in connecting the actin network to focal adhesions 

has been shown in different cell lines122,188. In contrast to these studies, we did 

not observe nuclear localization of ACTN4. This indicates that nuclear 

localization of ACTN4 might be cell-type specific. Alternatively, the 

GFP-tagged version of mACTN4 might be unable to transition into the 

nucleus. In mitotic cells, mACTN4-GFP showed cytosolic localization with a 

pronounced signal increase at the cell periphery (Figure 3-2A), indicating 

close proximity of ACTN4 and the actin cortex in mitotic cells. We concluded 

that ACTN4 predominately localizes to filamentous actin in interphase cells 

and to the actin cortex in mitotic cells. 

 

 
Figure 3-2 ACTN4 localization and phenotypic rescue. (A) Confocal micrographs of HeLa Kyoto 
interphase (left, top) and mitotic (left, bottom) cells expressing mouse ACTN4-GFP (mACTN4-
GFP). Right, top and bottom, images of the same cells, focusing in the middle of the cells (top) 
and on the glass surface (bottom). Scale bars, 10 µm. (B) Western blot (top) of whole cell 
lysates using the antibodies indicated and plateau pressure (bottom) of chemically arrested 
(STC) mACTN4-GFP or mACTN4-GFP siRESIS expressing RNAi treated HeLa Kyoto cells. AllStars, 
negative control siRNA; SI02779973, siRNA targeting ACTN4 (for details on siRNA 
oligonucleotides see Appendix Table 6); GAPDH, glyceraldehyde-3-phosphate dehydro- 
genase (loading control); kD, kiloDalton. Each diamond corresponds to one cell. Red bars, 
mean. Statistical significance was determined using the Mann-Whitney t test comparing data 
as indicated by the horizontal black lines. ns, not significant (p > 0.05); **, p ≤ 0.01. 
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Phenotypic rescue with siRNA-resistant mouse ACTN4 

We then investigated if phenotypic rescue can be observed when expressing 

an siRNA-resistant version of ACTN4. The nucleotide sequence identity 

between human and mouse ACTN4 is high (91%). Consequently, the siRNA 

oligonucleotide used to silence human ACTN4 also affects the mouse gene. 

Mitotic rounding pressures in HeLa Kyoto mACTN4-GFP cells are decreased 

upon transfection with siRNA targeting human ACTN4, reaching 338±136 Pa 

compared to 530±99 Pa in control cells (Figure 3-2B). Therefore, a cell line 

expressing a modified version of mACTN4-GFP was obtained (mACTN4-GFP 

siRESIS transgene)189. In this, the mouse ACTN4 nucleotide sequence was 

altered by point mutations such that the gene is not affected by the siRNA 

targeting human ACTN4. Cells expressing the siRNA-resistant version of 

mACTN4-GFP showed no significant decrease in mitotic rounding pressure 

when RNAi treated (482±123 Pa compared to 552±147 Pa in control cells), 

albeit the almost complete depletion of endogenous human ACTN4 

(Figure 3-2B). This phenotypic rescue using an siRNA-resistant version of 

ACTN4 indicates that the effect on mitotic rounding pressure in the parental 

cell line stems from the depletion of ACTN4.  

 

From the experiments described so far we concluded that all ACTN4 

(e)siRNAs used specifically silence the expression of ACTN4, which leads to 

decreased mitotic rounding pressure. This pressure decrease was found in 

different HeLa cell lines and can be attributed to the depletion of ACTN4 

alone. 

ACTN4 depletion affects pressure in non-mitotic cells 

Having shown the effect of ACTN4 depletion on rounding pressure in 

chemically arrested mitotic cells we became interested in the specificity of 

this result for mitosis. We therefore modified the height confinement assay 

such that we could analyze non-mitotic cells as well. First, chemically arrested 

mitotic cells on a cell culture dish containing both mitotic and non-mitotic 

cells were measured. Then, cells were de-adhered from the substrate by 

incubation with the serine protease trypsin. Cleavage of extracellular 

adhesion proteins using trypsin leads to cell rounding, typically within a few 
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minutes for the cell lines used in this study. These rounded non-mitotic cells are 

thus accessible for height confinement by AFM like described for mitotic cells 

(Figure 3-3A). Rounded non-mitotic cells were confined and intracellular 

pressure was determined. Interestingly, the relative pressure compared to 

control cells in non-mitotic ACTN4 depleted cells, rounded upon incubation 

with trypsin, is similar to the one found in mitotic cells (average plateau 

pressure at 49±22% and 44±17% of control cells for non-mitotic and mitotic 

cells, respectively) (Figure 3-3B). We therefore conclude that the depletion of 

ACTN4 adversely affects the build-up and maintenance of intracellular 

pressure in both mitotic cells and non-mitotic cells rounded by incubation with 

trypsin. 

 

 

Figure 3-3 ACTN4 depletion leads to pressure decrease independent on cell cycle state. 
(A) Depiction of the height confinement assay and example wide-field DIC and fluorescence 
images used to determine intracellular pressure of chemically (STC) arrested mCherry-CAAX 
(fluorescently labeling cell membrane) and H2B-GFP expressing mitotic (i) and trypsin-treated 
non-mitotic (ii) HeLa Kyoto cells. Cells were confined between glass substrate (light blue) and 
wedged cantilever (brown). F, force; P, pressure. Scale bars, 10 µm. (B) Plateau pressure of 
chemically arrested (STC) mCherry-CAAX and H2B-GFP expressing RNAi treated HeLa Kyoto 
mitotic (left) and non-mitotic (right) cells. Pressure values are relative to average of AllStars 
mitotic (left) and trypsin-treated non-mitotic (right) cells data. AllStars, negative control siRNA; 
SI02779973, siRNA targeting ACTN4 (for details on siRNA oligonucleotides see 
Appendix Table 6). Each diamond corresponds to one cell. Red bars, mean. Statistical 
significance was determined using the Mann-Whitney t test comparing with the AllStars data. 
***, p ≤ 0.001. 

 

ACTN4 depletion does not alter mitotic passage times 

All experiments on mitotic cells presented were carried out with chemically 

arrested cells in the presence of STC. These cells could not transition through 

mitosis and we therefore could not study the effect of ACTN4 silencing on 

mitotic timing. Therefore, we performed further height confinement 
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experiments on HeLa cells that were not chemically arrested. By taking 

advantage of the fluorescent marker mCherry labeling histones in a HeLa 

Kyoto H2B-mCherry and MYH9-GFP expressing cell line, we detected cells in 

prophase, shortly before entering prometaphase, and engaged them in a 

trans-mitotic height confinement assay (Figure 3-4A,B)1,3. The cells were 

confined to a height of 10 µm and their rounding against the confining 

wedged AFM cantilever was monitored. Control cells reached a plateau 

pressure of 376±126 Pa whereas ACTN4 depleted cells only reached 

266±85 Pa (Figure 3-4C). The relative decrease of plateau rounding pressure 

(to 68% of control cells on average) matches the one found earlier in 

chemically arrested cells. However, this decrease in rounding pressure did not 

affect the mitotic timing. The time from NEBD to the onset of anaphase 

(visually detectable by the start of chromosome segregation and resulting in 

a prominent peak in the force trace) was 51±7 and 58±12 minutes for control 

and ACTN4 depleted cells (Figure 3-4C), respectively. This indicates that 

timely execution of mitotic rounding and chromosome segregation are not 

affected in conditions of moderate height confinement when ACTN4 is 

depleted. 

 

 
Figure 3-4 ACTN4 depletion leads to pressure decrease trans-mitotically but does not influence 
mitotic passage time. (A) Depiction of the trans-mitotic height confinement assay used to 
determine intracellular pressure of a cell on glass substrate (light blue) rounding against a 
wedged cantilever (brown) held at a fixed preset height (hs, 10 µm). NEBD, nuclear envelope 
breakdown; F, force; P, pressure.             Continued on next page 
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Continued from previous page           
(B) Confocal microscopy images (top) and force traces (bottom) of H2B-mCherry and MYH9-
GFP expressing RNAi treated HeLa Kyoto cells submitted to the assay depicted in (A). Lines 
represent force traces and diamonds represent pressure values. AllStars, negative control 
siRNA; ACTN4 RNAi, siRNA (SI02779973) targeting ACTN4. Scale bar, 10 µm (applies to all 
images). (C) Plateau pressure (top) and time from NEBD to anaphase onset (bottom) for cells 
submitted to the assay depicted in (A). Onset of anaphase defined by characteristic force 
peak. Control (ctrl.) and ACTN4, cells RNAi treated with (e)siRNA targeting no human gene (F-
Luc esiRNA or AllStars siRNA) or ACTN4 (esiRNA or siRNA SI02779973). Each diamond 
corresponds to one cell. Red bars, mean. Statistical significance was determined using the 
Mann-Whitney t test comparing with the control data. ns, not significant (p > 0.05); *, p ≤ 0.05. 

 

ACTN4 depletion leads to decreased cortex rigidity 

Having shown a decrease in cell rounding pressure for ACTN4 depleted cells 

in both the presence and absence of STC, we next examined the potential 

cause of this effect. A recent publication from our laboratory 

(Ramanathan et al.6) shows that the ability of chemically arrested mitotic cells 

to resist initial deformation relies on the resistance of the actin cortex to 

surface area expansion. Chemically arrested mitotic cells showed a transient 

force peak at initial deformation. While cells were confined, the force acting 

on the cantilever leveled off at a persistent value (see also Figure 2-2B). For 

short-term resistance to deformation, an intact actin cortex was essential. In 

addition to actin cortex integrity, cortical myosin II activity was substantial to 

sustain persistent intracellular pressure6. We performed similar experiments in 

which cells were deformed with an AFM cantilever that was moved with 

constant speed to a set height of 10 µm (Figure 3-5A). Perturbing myosin 

activity by silencing non-muscle myosin heavy chain 9 (MYH9) led to a strong 

decrease in the persistent plateau pressure (on average to 29±11% of control 

cells), while the transient peak pressure was not severely affected (86±16%). 

This agrees with earlier results which show that myosin II activity is essential for 

the maintenance of intracellular pressure at long time scales (>10 seconds) 

only6. In contrast, the silencing of ACTN4 led to a decrease in both persistent 

plateau (on average to 70±19% of control cells) and transient peak pressure 

(61±15%) (Figure 3-5B). This is similar to the result obtained for cells treated 

with an actin monomer sequesterer, latrunculin A, which affects both 

transient and persistent pressures6. This indicates that in absence of ACTN4 the 

actin cortex is weakened, rendering the cell less capable to resist 

deformation. 
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Figure 3-5 ACTN4 depletion adversely affects cortical rigidity. (A) Depiction (i) and force traces 
(ii) of the height confinement assay (with a cantilever lowering speed of 1 µm per second) 
used to determine peak and plateau pressure values of chemically arrested (STC) RNAi treated 
mitotic HeLa Kyoto cells. Black and grey lines represent force traces of control and ACTN4 
depleted cells, respectively. Red line represents cantilever height above substrate. Pink and 
orange backgrounds indicate phases of cantilever movement and constant height 
confinement at 10 µm, respectively. F, force; P, pressure. (B) Peak (left) and plateau (right) 
pressure of chemically arrested (STC) RNAi treated mitotic HeLa Kyoto cells. Control (ctrl.), 
MYH9 and ACTN4, cells RNAi treated with (e)siRNA targeting no human gene (F-Luc esiRNA or 
AllStars siRNA), non-muscle myosin heavy chain 9 (custom-made siRNA targeting MYH9) or 
ACTN4 (esiRNA or siRNA SI02779973) (for details on siRNA oligonucleotides see 
Appendix Table 6). All values relative to the respective control data average. Each diamond 
corresponds to one cell. Red bars, mean. Statistical significance was determined using the 
Mann-Whitney t test comparing with the control data. ns, not significant (p > 0.05); 
***, p ≤ 0.001. 

 

ACTN4 depletion affects cortical actin and myosin localization in mitotic cells 

By making use of the fact that the cells used for trans-mitotic height 

confinement assays carried a GFP-labeled version of the non-muscle myosin 

heavy chain 9, we followed the localization of myosin II through mitosis. For 

details about determining the cortical versus cytosolic concentration of 

myosin II, see Materials and Methods and Ramanathan et al.6. In ACTN4 

depleted cells the myosin II localization to the cortex was decreased during 

prometaphase and metaphase compared to control cells (Figure 3-4A,B 

and Figure 3-6A). This confirms the tight link between cortical myosin II 

localization and intracellular pressure reported in the previous study6. To 

further quantify this effect, we returned to chemically arrested (STC) mitotic 

HeLa Kyoto cells using a cell line that expressed MYH9-GFP along with 

Lifeact-mCherry, a fluorescent marker for filamentous actin190. This allowed 

the simultaneous measurement of cell rounding pressure along with myosin II 

and filamentous actin localization6. We found that, compared to control cells, 
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intracellular pressure (to 63±29% of control cells) as well as relative cortical 

localization of both filamentous actin (85±20%) and myosin II (74±23%) 

decreased in chemically arrested mitotic cells when ACTN4 was depleted 

(Figure 3-6B). 

 

 
Figure 3-6 ACTN4 depletion leads to decreased cortical localization of actin and myosin II in 
mitosis. (A) Confocal microscopy images (top) and force traces (bottom) of H2B-mCherry and 
MYH9-GFP expressing RNAi treated HeLa Kyoto cells, submitted to a trans-mitotic height 
confinement assay as depicted in Figure 3-4A. Lines represent force traces and empty 
diamonds represent the ratio of cortical to cytosolic myosin II concentration at the timepoints 
indicated (dark green, AllStars data; light green, ACTN4 data). NEBD, nuclear envelope 
breakdown. (B) Confocal microscopy images (i), relative plateau pressure (ii left), relative actin 
cortex to cytoplasm ratio (ii middle) and relative myosin II cortex to cytoplasm ratio (ii right) for 
confined chemically arrested (STC) mitotic HeLa Kyoto cells expressing MYH9-GFP and 
Lifeact-mCherry. Control (ctrl.) and ACTN4, cells RNAi treated with (e)siRNA targeting no 
human gene (F-Luc esiRNA or AllStars siRNA) or ACTN4 (esiRNA or siRNA SI02779973). All values 
relative to the respective control data average. Actin R, actin cortex to cytoplasm ratio; 
Myosin R, myosin II cortex to cytoplasm ratio. Each diamond corresponds to one cell. Red or 
black bars, mean. Statistical significance was determined using the Mann-Whitney t test 
comparing with the control data. ***, p ≤ 0.001. Scale bars, 10 µm. 

 

Summary: consequences of depletion of ACTN4 

Together, the results presented in this section suggest that when the 

expression of ACTN4 is silenced, the mitotic cell cortex is weakened due to 

the absence of a significant portion of cortical filamentous actin and 

myosin II. This diminishes the ability of a cell to both resist initial deformation 

and sustain intracellular pressure throughout mitosis. 

 

The core results for the effects of depletion of ACTN4 on MCR have been 

submitted for publication in the Biophysical Journal as part of a manuscript 

entitled “Rheology of the active cell cortex in mitosis”191. 
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3.1.3 Discussion 

Cortex composition 

We showed that depletion of ACTN4 caused by RNAi-mediated gene 

silencing leads to a decrease of intracellular pressure in both mitotic and non-

mitotic cells. Intracellular pressure is counterbalanced by cortical tension1. 

Hence, measured changes in rounding pressure reflect, and are 

accompanied by, changes in cortical tension5.  

 

The findings suggest a weakening of the mitotic cortex in ACTN4 depleted 

cells due to defects in cross-linking of filamentous actin throughout mitosis. This 

may in turn lead to the observed diminished recruitment of myosin II to the 

mitotic cell cortex causing lower cortical tension and, thus, decreased 

intracellular pressure. Indeed, when perturbing actin polymerization in HeLa 

cells by incubation with actin monomer sequesterer latrunculin A, both 

cortical actin and myosin II localization are diminished6. Others have shown 

that the recruitment of myosin II to the nascent cortex beneath newly formed 

cellular membrane protrusions (i.e. blebs) is subsequent to filamentous actin 

network re-formation192. This suggests that the composition of the actin 

network determines the amount of myosin II bound192. Thus, the data 

presented herein suggests that when entering mitosis, a cell devoid (or with 

reduced levels) of ACTN4 remodels its actin into a mitotic cortex but 

incorporates less filamentous actin than non-ACTN4 depleted cells and, 

possibly, with defects in actin network architecture. As a consequence, the 

amount of myosin II localizing to the mitotic cortex is reduced. Therefore, the 

cortex’ ability to resist expansion is decreased, which is reflected in the 

reduced capability of cells to resist confinement. Cortical tension in ACTN4 

depleted cells is reduced, resulting in diminished persistent intracellular 

pressure. Interestingly, in cytokinesis, the depletion of ACTN4 did not lead to 

changes in myosin localization in an earlier study169. This indicates differential 

roles for ACTN4 in MCR versus cytokinesis, an idea that deserves further 

attention. 
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Mitotic timing 

The effects on cortical actin and myosin II localization did not significantly 

alter mitotic transition times in our trans-mitotic height confinement 

experiments. However, results presented in the next chapter (Chapter 4) 

indicate that the force of confinement can influence mitotic transition times 

up to a point where cells cannot divide anymore. This is a consequence of 

the reduced height cells can reach when confined by high forces. Indeed, 

when cells are confined to heights below ~7 µm, mitotic progression is 

severely affected52. We assume that with a perturbed actin cortex due to the 

depletion of ACTN4, such a defect in cell division would occur at less 

pronounced force confinements than with an intact cortex. This is because 

ACTN4 depleted cells would not be capable to create enough space for 

spindle formation even at moderate confinement forces. Indeed, when 

incubating cells with actin-perturbing latrunculin A and confining them with 

forces of increasing magnitude, the propensity for blebbing increases 

drastically compared to non-perturbed cells. This in turn is indicative of a 

decreased probability of the confined cell to transition through mitosis 

(see Chapter 4, Figure 4-10 and Figure 4-11). It however remains to be 

quantified to what extent the depletion of ACTN4 affects mitotic transition 

times in situations of pronounced confinement. 

 

We would like to note here that cytokinesis (occurring just after chromosome 

segregation) was shown to be affected by overexpression or silencing of 

ACTN4169, thus influencing overall timing and success of cell division. Cells in 

which ACTN4 was overexpressed 4 to 5-fold failed to undergo cytokinesis due 

to an increase in actin filament density and a slower actin turnover. 

Conversely, when ACTN4 was depleted, a decrease in cortical actin filaments 

was observed along with an acceleration of cytokinesis169. However, in both 

cases, no effect on myosin II total amounts or organization of myosin II was 

observed. This together with the results presented in this section again 

indicates different roles for ACTN4 in MCR and cytokinesis. 
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ACTN4 and cancer invasiveness 

Last, we would like to repeat that overexpression of ACTN4 (but not ACTN1) 

was reported for some cancer types and that this overexpression correlates 

with cancer invasiveness122,165 (recently reviewed by Honda164). Whether this 

effect can be solely attributed to increased cell mobility is not clear. In 

addition to a higher rate of filopodia and lamellipodia formation when ACTN4 

is overexpressed, a role of ACTN4 as a transcriptional co-activator in cancer 

cells has been postulated but thus far could not be shown directly164. We 

showed that depletion of ACTN4 affects cortical actin architecture as well as 

actin and myosin II localization. The corresponding impact on the cells’ ability 

to resist confinement can be found in both mitotic and non-mitotic HeLa cells. 

Thus, the results presented herein support the hypothesis that ACTN4 plays a 

vital role in actin cytoskeleton build-up and maintenance throughout the cell 

cycle. The high invasive potential of cancer cell lines overexpressing ACTN4 is 

likely due to the role of ACTN4 in the actin cytoskeleton organization and 

turnover. 

 

The feasibility to target the regulation of cell mechanics as a means of 

cancer therapy could be increased by finding the function of ACTN4 in 

different states of the cell cycle and disease progression. Mechanobiological 

studies with cell lines more representative of tissue invasion than presented 

here could assist in determining how ACTN4 influences cell rigidity and 

mobility. For instance, determining the mechanical properties of cancer cell 

lines with high invasive potential that overexpress ACTN4 and finding ways to 

abolish the detrimental activity of ACTN4 could lead to a better 

understanding of the relation between cell mechanical properties and 

cancer invasiveness. Given the high similarity between ACTN2 and ACTN4, 

the recently published structure of dimeric ACTN2 will facilitate studies on 

ACTN4 and, potentially, lead to targeted therapeutic approaches against 

cancer types with elevated invasiveness due to ACTN4 overexpression164,193. 
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3.2 FAM134A 

3.2.1 Introduction to FAM134A 

FAM134A is a member of the family with sequence similarity 134 

FAM134A is a 543 amino acid protein and a member of the protein family 

with sequence similarity 134 (FAM134). Further members of this family are 

FAM134B and FAM134C. FAM134A is a potential multi-pass membrane protein 

with 8 modification sites (1 phosphothreonine, 7 phosphoserine) between 

amino acids 279 and 385d. It contains 3 helical transmembrane domains 

between amino acids 12 and 224194-197. Neither the structure nor localization 

of FAM134A are known. The FAM134A mouse homolog gene has a broad 

expression pattern with high expression in ganglia, brain, spinal cord as well as 

liver, kidney, and testis198. 

FAM134 family proteins with unclear function 

The function of FAM134A is unknown, having only loosely been connected to 

schizophrenia susceptibility in the Japanese population199 and enhanced 

calcium-signaling-dependent lung cancer metastasis200. Silencing of 

FAM134A (but not FAM134B or FAM134C) expression led to an increased 

portion of cells with aneuploidy and moderate cell division defects in a 

genome-scale RNAi screen in HeLa cells156. Fluorescence images from a 

subsequent screen suggest FAM134A to localize to the golgi and 

endoplasmic reticulum meshwork in HeLa cells120. Mutations in the second 

family member, FAM134B, a potential cis-golgi transmembrane protein, lead 

to sensory and autonomic neuropathy198. FAM134B was also suggested to 

influence the development of colorectal adenocarcinomas198,201. The last 

family member, FAM134C, has recently been shown to be involved in the 

regulation of neurite axonal outgrowth202. Moreover, Fam134c knockout mice 

show diverse phenotypic abnormalities such as altered eye morphology and 

increased susceptibility to bacterial infection203.  

                                                   
d	www.uniprot.org; entry number Q8NC44; retrieved on October 06, 2015 
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FAM134 family proteins in the endoplasmic reticulum 

Very recently FAM134 family members were shown to contain a reticulon 

domain204. Reticulon proteins are located in the endoplasmic reticulum (ER) 

and are involved in shaping tubular ER205. This indicates the involvement of 

FAM134 proteins in inducing membrane curvature in the ER204. The same study 

identified a shared protein region in FAM134A-C, which binds to autophagy 

modifier LC3 (LC3-interacting region, LIR). Microtubule-associated protein 

1A/1B-light chain 3 (LC3) is located on the autophagosome membrane204. 

These results suggest a role of the FAM134 family proteins in ER turnover and 

degradation. Indeed, FAM134B was shown in detail to assist selective 

autophagy, a process which regulates ER dynamics204. Fam134b knockout 

mice had expanded ER structures but did not suffer from observable defects 

apart from partial neuronal loss in aged individuals. However, when Fam134b 

knockout mouse embryonic fibroblasts were submitted to stress conditions like 

starvation, their viability was severely affected and long-term survival was 

impaired. 

 

The function of FAM134A, FAM134B and FAM134C as well as the origin of the 

observed phenotypes associated with the lack of one of these proteins 

remains unclear. The work of Khaminets et al. suggests FAM134 family 

members to be involved in ER shape dynamics204. In this section, we describe 

the defects found in mitotic FAM134A depleted HeLa cells. 

 

3.2.2 Results 

FAM134A depletion using a set of (e)siRNA oligonucleotides decreases 

mitotic pressure 

Using primary and secondary esiRNA targeting FAM134A, we found a 

decrease in plateau force and a decrease in rounding pressure in chemically 

arrested mitotic cells in the screen presented in the previous chapter. Plateau 

forces decreased to 65% and 57% compared to control cells when using 

primary and secondary esiRNA, respectively. Mitotic rounding pressure 

decreased to 60% of that of control cells (Figure 2-3, Figure 2-4, Table 1). To 

investigate if these effects truly originate from decreased expression of 
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FAM134A, we used a set of commercially available siRNA oligonucleotides 

targeting FAM134A (for details on the siRNAs used, see Appendix Table 6). 

Applying the same height confinement assay as for the screen, we found that 

in FAM134A depleted HeLa Kyoto cells expressing H2B-GFP and 

mCherry-CAAX, the average plateau forces decreased to as low as 69% 

(18±7 nN, average±SD) of that in control cells (27±11 nN) (Figure 3-7A). Next, 

we repeated these height confinement experiments with a HeLa Kyoto cell 

line expressing fluorescently labeled FAM134A (hFAM134A-GFP transgene) 

and all 6 (e)siRNA oligonucleotides available to deplete FAM134A. Here, 

average mitotic plateau pressures decreased to as low as 78% (331±41 Pa) 

compared to that of control cells (425±83 Pa) (Figure 3-7B). In both 

experiments, only one of the siRNA oligonucleotides did not lead to a 

decrease of plateau force or pressure, respectively. The similar phenotypes 

found for all remaining (e)siRNAs in both cell lines allow us to assume that 

these are unlikely the consequences of off-target gene silencing. 

 

 

Figure 3-7 FAM134A depletion using various RNAi oligonucleotides leads to decreased mitotic 
rounding force and pressure. (A) Plateau force of chemically arrested (STC) H2B-GFP and 
mCherry-CAAX expressing RNAi treated mitotic HeLa Kyoto cells. Forces determined using a 
height confinement assay as detailed in Figure 2-2A. (B) Plateau pressure of chemically 
arrested (STC) RNAi treated mitotic HeLa Kyoto cells expressing a fusion of human FAM134A 
and GFP (hFAM134A-GFP). (C) Confocal micrographs of HeLa Kyoto cells expressing human 
FAM134A-GFP (hFAM134A-GFP) with interphase- (left, middle left, middle right) and mitosis-
specific (right) localization of hFAM134A-GFP.           Continued on next page 
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Continued from previous page                 
Control siRNA (AllStars), siRNA targeting FAM134A (SI00328363, SI00328370, SI04163824 and 
SI04170292; for details on siRNA oligonucleotides see Appendix Table 6) or esiRNA (prim. esiRNA 
and sec. esiRNA, primary and secondary esiRNA oligonucleotide pools targeting FAM134A, 
respectively) was used. Scale bars, 10 µm. Each diamond corresponds to one cell. Red bars, 
mean. Statistical significance was determined using the Mann-Whitney t test comparing with 
the AllStars data. ns, not significant (p > 0.05); *, p ≤ 0.05; **, p ≤ 0.01. 

 

Cytosolic FAM134A-GFP localization 

Fluorescence imaging of non-mitotic cells carrying hFAM134A-GFP showed 

that FAM134A is present in the cytosol (Figure 3-7C), with a localization 

pattern suggestive of the ER and golgi network. This is in accordance with an 

earlier report showing that FAM134A localized to these organelles120. In mitotic 

cells, FAM134A was found in the cytosol without a specific localization other 

than a complete absence from the mitotic spindle (Figure 3-7C). 

Immunoblotting with a custom-made FAM134A antibody shows efficient 

protein depletion 

To further study FAM134A depletion efficiency, we used immunoblotting. 

Since commercially available antibodies were not functional in our hands, 

antibodies against a synthetic peptide corresponding to a 16 amino acid 

segment close to the C-terminal end of FAM134A were produced (for details 

see Materials and Methods). The affinity-purified antibodies from two rabbits 

were tested in an immunoblot on whole cell lysates of HeLa Kyoto cells 

(Figure 3-8A). Both antibodies (C16039 and C16045) only detected a 

~60-70 kD protein, a range which is close to the expected FAM134A protein 

mass calculated based on its amino acid sequence (~58 kD). Furthermore, in 

lysates of cells in which FAM134A was depleted using an siRNA 

oligonucleotide, both antibodies showed a reduced amount of protein. First, 

this showed that the antibodies raised against the synthetic peptide detect 

FAM134A in whole cell lysates. Second, the experiment showed that 

depletion of FAM134A when using siRNA-mediated silencing was effective. 

For all following immunoblotting experiments, antibody C16045 was used. To 

confirm the FAM134A depletion efficiency, we separately carried out 

(e)siRNA transfections using all available oligonucleotides in HeLa Kyoto cells 

and monitored the amount of FAM134A at 24, 48 and 72 hours post 

transfection by immunoblotting (Figure 3-8C). We found that after 24 hours, 
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FAM134A was depleted but still detectable in all cases. After 48 hours 

however, the protein was largely depleted, and finally after 72 hours barely 

detectable in most siRNA treated cells. The esiRNA-mediated protein 

depletion was slightly less efficient judged by the presence of detectable 

amounts of FAM134A after 72 hours. Taking into account the strong FAM134A 

depletion observed in the immunoblotting experiments and the strong 

decrease in mitotic rounding pressure, we chose to use the siRNA 

oligonucleotide SI04170290 and assay cells 48 hours post transfection for all 

further experiments requiring FAM134A silencing. 

 

 
Figure 3-8 A custom-made antibody against FAM134A shows membrane-associated FAM134A 
depleted by all RNAi oligonucleotides used. (A) Western blots of whole cell lysates of RNAi 
treated HeLa Kyoto cells, using antibodies as indicated. (B) Western blot of whole cell lysates 
and of subcellular protein fractions (equivalent of 50’000 cells) of HeLa Kyoto cells, using the 
antibodies indicated. nucl., nuclear; chrom., chromatin. (C) Western blots using the antibodies 
indicated of whole cell lysates of RNAi treated HeLa Kyoto harvested at 24, 48 and 72 hours 
post transfection. For details on RNAi oligonucleotides used, see Appendix Table 6. prim. esiRNA 
and sec. esiRNA, primary and secondary esiRNA oligonucleotide pools targeting FAM134A, 
respectively. AllStars, negative control siRNA; F-Luc, esiRNA targeting Firefly luciferase (negative 
control esiRNA); C16039 and C16045, antibodies targeting FAM134A; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase (loading control); kD, kiloDalton; h, hours. 
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Subcellular fractionation shows membrane association of FAM134A 

Having an excellent antibody against FAM134A at hand, we next analyzed if 

the potential ER or golgi network localization of FAM134A found in the 

fluorescence images (Figure 3-7C) could be confirmed. Earlier attemptse to 

define FAM134A localization using immunofluorescence imaging showed 

unspecific cytosolic localization206. We used a different approach to 

determine if FAM134A localizes to intracellular membranes or freely diffuses in 

the cytosol. We separated subcellular protein fractions with a commercially 

available kit based on a series of extraction buffers (see Materials and 

Methods). This approach yields fractions of cytoplasmic, membrane, nuclear 

and cytoskeletal proteins with little cross-contamination. We detected 

FAM134A in the whole cell lysate as well as in the membrane fraction but only 

to a minor extent in the cytosol (Figure 3-8B). We conclude from this 

experiment that FAM134A is localized in or associated to membranes. Based 

on the fluorescence images and the subcellular fractionation, we thus 

assume FAM134A to reside in the ER and/or golgi network membrane. 

Pressure decrease upon FAM134A silencing is specific for mitotic cells 

Having established the applicability of the siRNA oligonucleotides to silence 

the expression of FAM134A, we were interested in the specificity of the 

observed pressure decrease for mitotic cells. Using the assay described in the 

previous section and depicted in Figure 3-9A, we measured plateau 

pressures of chemically arrested mitotic cells. Then, in the same sample dish, 

non-mitotic cells were analyzed upon trypsin-mediated cell rounding. 

Average plateau pressure of chemically arrested mitotic cells was 75±18% of 

that of control cells. Surprisingly, we did not find a corresponding pressure 

decrease in non-mitotic cells. Instead, average plateau pressure of non-

mitotic FAM134A depleted cells was similar to that of control cells (104±29%) 

(Figure 3-9B). We concluded that the pressure decrease found upon 

FAM134A depletion is specific for mitotic cells. 

 

                                                   
e www.proteinatlas.org; entry FAM134A; retrieved on October 12, 2015 	



Doctoral Thesis Cédric J. Cattin                                  Mechanics of mitotic cell rounding 

 3-54 

 
Figure 3-9 Pressure decrease upon depletion of FAM134A is specific for mitotic cells. 
(A) Depiction of the height confinement assay and example wide-field DIC and fluorescence 
images used to determine intracellular pressure of chemically (STC) arrested mitotic (i) and 
trypsin-treated non-mitotic (ii) HeLa Kyoto cells. Cells were confined between glass substrate 
(light blue) and wedged cantilever (brown). F, force; P, pressure. Scale bars, 10 µm. (B) Plateau 
pressure of chemically arrested (STC) mCherry-CAAX and H2B-GFP expressing RNAi treated 
HeLa Kyoto mitotic (left) and trypsin-treated non-mitotic (right) cells. Pressure values are relative 
to average of AllStars mitotic (left) and non-mitotic (right) cells data. AllStars, negative control 
siRNA; SI04170292, siRNA targeting FAM134A (for details on siRNA oligonucleotides see 
Appendix Table 6). Each diamond corresponds to one cell. Red bars, mean. Statistical 
significance was determined using the Mann-Whitney t test comparing with the AllStars data. 
ns, not significant (p > 0.05); **, p ≤ 0.01. 

 

FAM134A silencing adversely affects mitotic passage times by prolonging 

prometaphase duration 

So far, all experiments on mitotic FAM134A depleted cells have been carried 

out in the presence of the Eg5 inhibitor STC, thus on chemically arrested cells. 

Next, we were interested whether the observed effects could also be found in 

non-arrested mitotic cells. Furthermore, we quantified the effect of FAM134A 

depletion on mitotic passage times. To this end, we engaged H2B-mCherry 

and MYH9-GFP expressing HeLa Kyoto cells that were about to enter 

prometaphase in a trans-mitotic height confinement assay1,3 as described in 

the previous section and depicted in Figure 3-10A,B. In agreement with 

chemically arrested mitotic cells, plateau pressures were significantly 

decreased in FAM134A depleted cells, reaching 218±113 Pa compared to 

376±126 Pa for control cells. Also, the pressure of FAM134A depleted cells was 

lower throughout mitosis (Figure 3-10B). Interestingly, mitotic passage times 

for FAM134A depleted cells increased. For control cells, the duration between 

NEBD and the onset of anaphase (detectable by the onset of chromosome 

segregation and resulting in a prominent peak in the force trace) was 

51±7 minutes. For FAM134A depleted cells however this duration was 



Doctoral Thesis Cédric J. Cattin                                  Mechanics of mitotic cell rounding 

 3-55 

63±12 minutes, corresponding to a 23% increase in average mitotic passage 

time (Figure 3-10C). To further quantify the increase in mitotic passage time, 

we made use of the H2B-mCherry fusion protein present in the cell line used. 

First, we found the time at which the metaphase plate is fully formed (i.e. all 

chromosomes are aligned and no non-attached chromosomes are present). 

Then, we determined the time of anaphase onset by finding when the 

chromosomes start to segregate. From this, the duration from NEBD to 

metaphase plate formation (i.e. prometaphase duration) as well as between 

metaphase plate formation and anaphase onset (i.e. metaphase duration) 

were calculated. Interestingly, metaphase duration was similar for control 

(20±6 minutes) and FAM134A depleted (18±6 minutes) cells. However, 

prometaphase was significantly prolonged with a 38% increase of 

prometaphase duration in FAM134A depleted cells (39±7 minutes) compared 

to control cells (28±7 minutes) (Figure 3-10D). The trans-mitotic height 

confinement experiments thus show that the decrease in rounding pressure is 

not specific for chemically arrested cells. Furthermore, we conclude that the 

slight elongation of mitotic passage times for FAM134A depleted cells can be 

attributed solely to a significantly prolonged prometaphase duration. 

 

 
Figure 3-10 FAM134A depletion leads to pressure decrease trans-mitotically and elongates 
mitotic passage time. (A) Depiction of the trans-mitotic height confinement assay used to 
determine intracellular pressure of a cell on glass substrate (light blue) rounding against a 
wedged cantilever (brown) held a fixed preset height (hs, 10 µm). NEBD, nuclear envelope 
breakdown; F, force; P, pressure.             Continued on next page 
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Continued from previous page           
(B) Confocal microscopy images (top) and force traces (bottom) of H2B-mCherry and MYH9-
GFP expressing RNAi treated HeLa Kyoto cells submitted to the assay depicted in (A). Lines 
represent force traces and diamonds represent pressure values. Scale bar, 10 µm (applies to all 
images). (C) Plateau pressure (left) and time from NEBD to anaphase (AP) onset (right) for cells 
submitted to the assay depicted in (A). Onset of anaphase defined by characteristic force 
peak before cell division. (D) Duration between NEBD and metaphase plate formation (left) 
and between metaphase plate formation and anaphase onset (right) for cells submitted to the 
assay depicted in (A). Control (ctrl.) and FAM134A, cells RNAi treated with (e)siRNA targeting 
no human gene (F-Luc esiRNA or AllStars siRNA) or FAM134A (siRNA SI04170292). Each diamond 
corresponds to one cell. Red bars, mean. Statistical significance was determined using the 
Mann-Whitney t test comparing with the control data. ns, not significant (p > 0.05); *, p ≤ 0.05; 
**, p ≤ 0.01. 

 

FAM134A depletion affects cortical myosin but not actin 

While performing trans-mitotic height confinement assays on HeLa Kyoto cells 

expressing H2B-mCherry and MYH9-GFP (Figure 3-10) we observed that the 

localization of the fluorescently labeled myosin II differed between FAM134A 

depleted and control cells. By measuring the ratio between cortical and 

cytosolic MYH9-GFP fluorescence signal levels trans-mitotically6, we quantified 

this effect and found the myosin II localization ratio to be decreased in 

FAM134A depleted cells (exemplified in Figure 3-11A). We confirmed this 

effect using chemically arrested mitotic HeLa Kyoto cells expressing 

MYH9-GFP and Lifeact-mCherry. For FAM134A depleted cells the cortical to 

cytosolic localization ratio of myosin II decreased to 57±22% of that measured 

for control cells (Figure 3-11B). In the same cells, the plateau pressure 

decreased to 56±27%. This is in accordance with earlier findings which show 

that the intracellular pressure is tightly linked to the activity of myosin II at the 

mitotic cortex6. Interestingly, the actin cortical to cytosolic localization ratio 

remained virtually unchanged reaching 98±18% of that of control cells 

(Figure 3-11B). Thus, we conclude that the depletion of FAM134A in mitotic 

HeLa cells affects the distribution of myosin II, but not that of actin.  
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Figure 3-11 FAM134A depletion leads to decreased cortical localization of myosin II, but not 
actin, in mitosis. (A) Confocal microscopy images (top) and force traces (bottom) of 
H2B-mCherry and MYH9-GFP expressing RNAi treated HeLa Kyoto cells submitted to a trans-
mitotic height confinement assay as depicted in Figure 3-10. Lines represent force traces and 
empty diamonds represent the ratio of cortical to cytosolic myosin II concentration at the 
timepoints indicated (dark green, AllStars data; light green, FAM134A data). NEBD, nuclear 
envelope breakdown. (B) Confocal microscopy images (i), relative plateau pressure (ii left), 
relative actin cortex to cytoplasm ratio (ii middle) and relative myosin II cortex to cytoplasm 
ratio (ii right) for confined chemically arrested (STC) mitotic HeLa Kyoto cells expressing 
MYH9-GFP and Lifeact-mCherry. Control (ctrl.) and FAM134A, cells RNAi treated with (e)siRNA 
targeting no human gene (F-Luc esiRNA or AllStars siRNA) or FAM134A (siRNA SI04170292). All 
values relative to the respective control data average. Actin R, actin cortex to cytoplasm ratio; 
Myosin R, myosin II cortex to cytoplasm ratio. Each diamond corresponds to one cell. Red or 
black bars, mean. Statistical significance was determined using the Mann-Whitney t test 
comparing with the control data. ns, not significant (p > 0.05); ***, p ≤ 0.001. Scale bars, 10 µm. 

 

Phenotypic similarities between FAM134A and ROCK2 depletion 

Similar effects as found here for the depletion of FAM134A were presented in 

an earlier study for chemical perturbation of rho-associated protein kinase 

(ROCK), which is essential for the targeting of myosin II, but not actin, to the 

mitotic cortex6. We silenced the expression of ROCK2, which encodes one of 

two ROCK isoforms and was a verified hit in the screen presented in the 

preceding chapter, and quantified intracellular pressure as well as actin and 

myosin II localization ratios (Figure 3-12). We found that both plateau 

pressure (59±26% of that measured for control cells) and cortical myosin II 

localization (64±9%) decreased while cortical actin localization was not 

affected (100±12%) in ROCK2 depleted cells, reminiscent of the results found 

for FAM134A depletion. 
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Figure 3-12 ROCK2 depletion leads to decreased cortical localization of myosin II, but not actin, 
in mitosis. Confocal microscopy images (i), relative plateau pressure (ii left), relative actin 
cortex to cytoplasm ratio (ii middle) and relative myosin II cortex to cytoplasm ratio (ii right) for 
confined chemically arrested (STC) mitotic HeLa Kyoto cells expressing MYH9-GFP and 
Lifeact-mCherry. Control (ctrl.) and ROCK2 are cells RNAi treated with siRNA targeting no 
human gene (AllStars siRNA) or ROCK2 (siRNA SI02223753). All values relative to the respective 
control data average. Actin R, actin cortex to cytoplasm ratio; Myosin R, myosin II cortex to 
cytoplasm ratio. Each diamond corresponds to one cell. Red or black bars, mean. Statistical 
significance was determined using the Mann-Whitney t test comparing with the control data. 
ns, not significant (p > 0.05); *, p ≤ 0.05; ***, p ≤ 0.001. Scale bars, 10 µm. 

 

Summary: consequences of depletion of FAM134A 

The results presented in this section show that silencing of FAM134A expression 

leads to a decreased pressure throughout mitosis but not in rounded non-

mitotic cells. Furthermore, when FAM134A is depleted, mitotic passage times 

are significantly prolonged due to an extended prometaphase. While the 

distribution of actin in mitotic cells is not affected when FAM134A expression is 

silenced, myosin II localization to the cortex is largely diminished. Last, we 

assume FAM134A to reside in the ER and/or golgi network membrane. 
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3.2.3 Discussion 

FAM134A depletion decreases mitotic rounding pressure 

The tight link between cortical myosin II localization and intracellular pressure 

as well as cortical tension even in the presence of an intact actin cortex has 

been demonstrated6. Therein, similar results as found here for FAM134A 

depletion were presented for the perturbation of ROCK, which is essential for 

myosin II targeting to the mitotic cortex, but not for that of actin6, a finding 

that we reproduced herein when silencing the expression of ROCK2. Due to 

the similarities in mitotic actin and myosin II distributions, the results presented 

herein for FAM134A may suggest that the activity of myosin II regulatory 

proteins such as ROCK is modulated in cells depleted of FAM134A, an 

assumption that remains to be tested in future studies. 

FAM134A localization and endoplasmic reticulum association 

The results presented herein suggest FAM134A is localized in the cell interior in 

both mitotic and non-mitotic cells. More specifically, the distribution of 

hFAM134A-GFP in non-mitotic cells together with the membrane-specific 

localization of FAM134A in the subcellular fractionation experiment indicate 

that FAM134A localizes to the ER and/or the golgi network membrane. This 

assumption is further strengthened by an earlier study reporting golgi and ER 

specific localization of FAM134A120. Furthermore, the recent finding that 

FAM134 family proteins contain a reticulon domain and that FAM134B assists 

in ER shape remodeling support the hypothesis of FAM134A residing in the ER 

membrane204. Changes in ER dynamics potentially influence many cellular 

processes. How the dynamic rearrangements of different ER domains and ER 

shape influence the ER function, however, is not understood well207. In 

particular, the changes the ER undergoes as cells transition through mitosis 

are not well described (recently reviewed by Schwarz and Blower207). The 

work of Khaminets et al.204 suggests FAM134B to play an important role in 

mammalian cell homeostasis via control of ER shape dynamics by selective 

autophagy. Consequently, FAM134B is classified a “reticulophagy 

receptor”204. The role of the other members of the FAM134 protein family and 

whether they are involved in ER remodeling particularly during mitosis, 

however, remains unclear. Their similar size, sequence and predicted structure 
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as well as the presence of a reticulon domain and a LIR motif in all family 

members suggests a related function in ER dynamics. The presence of 

FAM134A at intracellular membranes as evidenced by the fluorescence 

microscopy and subcellular fractionation experiments presented in this 

section further supports this view. 

FAM134A depletion delays mitotic passage times 

The depletion of FAM134A leads to slightly prolonged mitotic passage times, 

due to a longer duration of prometaphase. An earlier study reported that 

depletion of FAM134A leads to an increase in aneuploidy and an increased 

number of multinuclear cells156. This suggests defects in cytokinesis. 

Interestingly, mice in which Fam134B was knocked out did not suffer from 

developmental defects204. However, the viability of Fam134b knockout mouse 

embryonic fibroblasts is impaired when these cells are submitted to stress 

conditions such as serum starvation204.  

 

How would a role of FAM134A in ER dynamics, comparable to the one laid 

out for FAM134B, affect mitotic passage times? At the onset of mitosis, the ER 

drastically changes shape while ER proteins are simultaneously reorganized. 

While the ER in non-mitotic cells consists of sheet-like as well as tubular 

structures, the mitotic ER is predominately composed of sheets. This was 

evidenced by three-dimensional imaging and high-resolution electron 

microscopy of mammalian cells as well as ER reconstitutions from amphibian 

(Xenopus) egg extracts208,209 (reviewed by Schwarz and Blower207). 

Furthermore, when overexpressing or silencing genes encoding for ER tubule-

forming membrane proteins such as reticulon 3 and 4 as well as receptor 

accessory protein 5 in mammalian cells, the formation of the nuclear 

envelope upon cytokinesis is delayed or expedited, respectively210 (reviewed 

by Güttinger et al.211). While this was shown for nuclear envelope re-formation 

after chromosome segregation only, such proteins are likely involved in ER 

structure dynamics at the onset of mitosis as well. We postulate that FAM134A 

is involved in ER shape maintenance, similar to FAM134B204. In this scenario, 

the depletion of FAM134A leads to altered ER structures as was shown for 

Fam134b knockout mice204. At the onset of mitosis, cells lacking FAM134A are 

slow to re-organize the ER and, consequently, delay prometaphase. In this 
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scenario, the decreased localization of myosin II to the mitotic cortex and 

consequential diminished plateau pressure is attributed to decreased activity 

of upstream regulatory proteins such as ROCK while the ER is being 

remodeled. This mitosis-specific role for FAM134A in ER remodelling would 

explain why the observed decrease in intracellular pressure was found in 

mitotic but not in non-mitotic rounded cells. 

 

Alternatively, the delay in prometaphase in cells depleted of FAM134A could 

originate from impaired exclusion of the ER from the nascent mitotic spindle. 

During mitosis, the ER is excluded from the mitotic spindle to different extents 

depending on cell type207,212. Stromal interaction molecule 1 (STIM1) is a 

calcium receptor residing in the ER membrane that binds microtubule plus-

end tracking protein end binding 1 (EB1), thereby promoting ER-microtubule 

interaction212. In HeLa cells, impairing mitotic phosphorylation of STIM1 leads 

to persistent interaction of STIM1 with EB1 and consequentially, to ER 

mislocalization into the mitotic spindle212. However, this only slightly affects 

mitotic timing212. FAM134A-C contain a LIR motif which allows binding to LC3, 

a microtubule-associated protein. A potential FAM134-mediated ER-

microtubule interaction via the LIR motif could be relevant in excluding the ER 

from the spindle in mitotic HeLa cells. Depletion of FAM134A in this scenario 

leads to ER mislocalization and consequently, to prometaphase delay. 

 

Further studies should allow to explore this view and to elucidate the exact 

role of FAM134A in mitosis. Specifically, a time-resolved analysis of activity 

levels of myosin II regulators in cells with FAM134A depleted would allow 

specifying on which level myosin II regulation is modified. More importantly, 

imaging FAM134A, FAM134B and FAM134C distribution as well as ER dynamics 

trans-mitotically with high temporal and spatial resolution would assist in 

deciphering the roles of these proteins. 
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4 MECHANICAL CONTROL OF MITOTIC PROGRESSION 

 

This chapter presents the rationale and results of a study aimed to determine 

the robustness of mitotic cell rounding in response to different levels of 

mechanical confinement. It lays out experiments about how mitosis is 

impaired when cells are subjected to confinements of increasing magnitude 

using novel focused ion beam-sculpted AFM cantilevers. The results have 

been published in a paper titled “Mechanical control of mitotic progression in 

single animal cells” in the Proceedings of the National Academy of Science 

(PNAS)88 and this chapter is a reformatted version of the publication. The first 

section contains the main body of the publication including introduction, 

results and discussion. The second section contains the supplementary 

information. 

 

4.1 MECHANICAL CONTROL OF MITOTIC PROGRESSION IN SINGLE ANIMAL 
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Significance Statement 

In animal tissue most adherent cells round up against confinement to 

conduct mitosis. Impaired cell rounding is thought to perturb tissue 

development and homeostasis, and contribute to progression of cancer. Due 

to the lack of suitable experimental tools, however, insight into the 

mechanical robustness of mitosis in animal cells remains limited. Here, we 

introduce force-feedback controlled ion beam-sculpted cantilevers to 

confine single cells and to characterize their progression through mitosis. Our 

approach reveals critical yield forces that trigger cell cortex herniation, loss of 

F-actin homogeneity, dissipation of intracellular pressure, critical cell height 

decrease, mitotic spindle defects, and resultant perturbation of mitotic 

progression. 

 

4.1.2 Abstract 

Despite the importance of mitotic cell rounding in tissue development and 

cell proliferation, there remains a paucity of approaches to investigate the 

mechanical robustness of cell rounding. Here, we introduce ion beam-

sculpted microcantilevers that enable precise force-feedback controlled 

confinement of single cells while characterizing their progression through 

mitosis. We identify three force regimes according to the cell response: small 

forces (~5 nN) that accelerate mitotic progression, intermediate forces where 

cells resist confinement (50-100 nN), and yield forces (>100 nN) where a 

significant decline in cell height impinges on microtubule spindle function, 

thereby inhibiting mitotic progression. Yield forces are coincident with a non-

linear drop in cell height potentiated by persistent blebbing and loss of 

cortical F-actin homogeneity. Our results suggest a buildup of actomyosin-

dependent cortical tension and intracellular pressure precedes mechanical 

failure, or herniation, of the cell cortex at the yield force. Thus, we reveal how 

the mechanical properties of mitotic cells and their response to external 
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forces are linked to mitotic progression under conditions of mechanical 

confinement. 

 

4.1.3 Introduction 

In mitosis, eukaryotic cells downregulate focal adhesions, and increase their 

cortical tension and intracellular pressure, thereby generating force to round 

up against external impediments1,6,52. Recent studies in 

the epithelium and epidermis of various organisms indicate that mitotic cell 

rounding is involved in tissue organization, development and 

homeostasis42,64,66-68. Abnormal mitotic cell shape can have adverse 

consequences on chromosome segregation and tissue growth43, in some 

cases contributing to tumorigenesis66. Despite the importance of cell rounding 

in mitotic progression and tissue organization, the mechanical robustness of 

mitotic cells remains poorly investigated even in vitro, probably due to a 

paucity of suitable experimental tools that can apply precise forces to poorly 

adherent cells. Confining cell rounding below 5-8 µm with microfabricated 

polydimethylsiloxane (PDMS) chambers perturbs mitotic progression in several 

cell types52,213, but the forces required to do this remain unquantified. Thus, the 

magnitude of confinement force required to prevent mitosis and the 

mechanisms of cell response to such forces are not known. 

 

One approach to apply precise forces to cells is atomic force microscopy 

(AFM). Originally developed for nanoscale analysis and visualization of 

inorganic surfaces71, AFM has found applications in studying the mechanics 

of soft biological materials, from single molecules to cells and tissues72,214-217. 

However, the ability to conduct experiments on poorly adherent cells, such as 

non-adherent white blood cells218 or rounded mitotic cells3, has been 

hampered by cantilevers of inappropriate geometry. In these cases cells 

become laterally unstable under loading forces of more than several tens of 

nanonewtons due to the standard 8°-12° angle of cantilever mounting3. 

Polymer-wedged cantilevers that we recently introduced were promising, 

but, because of hand manufacturing, lacked the required accuracy and 

reproducibility needed to confine single cells at high sub-micrometer and 

nanonewton precision4. Here, we engineer novel wedged cantilevers from a 
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single piece of silicon by employing focused ion beam (FIB) ablation, a 

technique widely available in physics and materials science laboratories. The 

resulting FIB-sculpted cantilevers enable confinement of single mitotic cells 

with precise uniaxial forces and subsequent characterization of their 

progression through mitosis with optical microscopy. We deploy this method 

to determine the robustness of mitotic rounding against externally applied 

forces and provide mechanistic insights into how confinement force affects 

mitotic progression in animal cells. 

 

4.1.4 Results 

In mitosis cells round up and reduce adhesion to extracellular matrix or 

substrate1,6,52. When attempting to confine cells with a tilted AFM cantilever, 

cells easily slide away3. Even slightly tilted cantilevers of a few degrees will 

cause rounded cells to slip away so that they cannot be mechanically 

confined. To properly confine single mitotic cells and enable characterization 

of their progression through mitosis, we used FIB ablation to reshape standard 

AFM cantilevers. A larger silicon cantilever is remodeled into a smaller one 

featuring a flat terminal wedge, which negates the 10° degree mounting 

angle of our system and facilitates accurate (<1° error) uniaxial confinement 

geometry (Figure 4-1A-D and Figure 4-2). 

 

By using FIB to modulate the thickness of the cantilever shaft, the spring 

constant was tuned to 0.5-1.5 N·m1, a range sufficiently sensitive to measure 

and apply forces relevant to most animal cells (1-500 nN), and yet stiff 

enough to maintain the required uniaxial confinement under variable loading 

forces. These customized cantilevers, thus, provide the technical 

improvements to confine isolated cells with precise force control. 



Doctoral Thesis Cédric J. Cattin                                  Mechanics of mitotic cell rounding 

 4-66 

 
Figure 4-1 FIB-sculpted AFM cantilevers enable stable mechanical confinement of mitotic cells. 
(A) Cantilever remodeling scheme with shape profiles before (light grey) and after (dark grey) 
FIB processing. (B) SEM images of cantilever before and after FIB processing. (C) AFM 
topograph of wedge surface. Blue and red lines contour the length (x-axis) and width (y-axis), 
respectively, and are displayed as height profiles in (D). (E,F) Examples of AFM height (E) and 
force (F) confinement experiments on chemically arrested (2 µM S-Trityl-L-cysteine (STC)) mitotic 
cells confined to a height of 10 µm or by a force of 50 nN. Top panels: depictions labeled with 
parameters F, force. Fset, set force. h, height. hset, set height. t, time. Graphs: single cell data 
showing implementation of height and force confinement experiments. Cells expressed 
microtubule (mTubulin-GFP) and chromatin (H2B-mCherry) markers as displayed in insets with 
DIC and fluorescence images. Tubulin and histone morphology shows monopolar spindles 
characteristic of STC-induced prometaphase arrest. Error bars, ±2% (based on measurement 
uncertainty from image analysis). Scale bars 50 µm (B) and 20 µm (E,F). 
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Figure 4-2 Processing and characterization of FIB-sculpted cantilevers. (A) Schematic of FIB-
SEM setup for remodeling and imaging cantilevers219. e-, electron beam, Ga+, gallium ion 
beam. SEM, scanning electron microscope. (B) Principle of AFM force-volume imaging of the 
FIB-sculpted cantilever using an inverted AFM tip (MPP-11100-10 cantilever, Bruker) embedded 
in PDMS. (C) AFM topograph of an example wedge. Blue and red lines contour the length and 
width of the wedge, respectively (also Figure 4-1C,D). (D) SEM image of a cantilever tilted by 
15° to show the wedge and cantilever shape (top). Zoomed shots of wedge geometry from 15° 
(bottom left) and side-on (bottom right). Scale bars, 50 µm (top) or 10 µm (bottom). 
(E) Geometric parameters and spring constants for FIB-sculpted cantilevers processed for this 
study (n=38). By controlling the thickness of the cantilever shaft between 2 and 3 µm while 
leaving its length (~225 µm) and width (~60 µm) unchanged, the spring constant of the majority 
of cantilevers was tuned to 0.5-1.5 N·m-1. Each processed cantilever is represented by a single 
dot. Red bars, mean. 

 

To verify the use of FIB-sculpted cantilevers for confinement of mitotic cells, 

we performed pilot experiments on rounded HeLa cells chemically arrested in 

mitosis with an inhibitor of kinesin Eg5, S-Trityl-L-cysteine (STC)111. By exploiting 

the feedback functionality of AFM, stable deployment of both constant 

height and constant force modes could be demonstrated, which we refer to 

as “height confinement” and “force confinement” experiments 

(Figure 4-1E,F). Under a loading force of 50 nN FIB-sculpted cantilevers held 

cells in place for over an hour, while standard tipless cantilevers caused 

lateral instability and cell sliding (Figure 4-3)3. In the case of height 

confinement to 10 µm with a cantilever of spring constant ~1 N·m-1, a 
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sustained counter-force of ~50-70 nN was recorded. Flexion was therefore 

~50-70 nm and represented less than 0.1° deviation in angle. Analyzing cell 

geometry for contact area with a verified model based on the Young-

Laplace relationship5, we observed that the intracellular pressure was steady 

for both 10 µm height confinement and 50 nN force confinement 

(Figure 4-4). Thus, this setup demonstrates the ability to maintain confinement 

of mitotic or otherwise poorly adherent cells in a stable and precise manner. It 

enables cells on rigid substrates to be subjected to defined forces or set 

heights while gauging the mechanical response of live cells by optical 

microscopy. 

 

 
Figure 4-3 FIB-sculpted cantilevers facilitate stable confinement of poorly adherent cells. 
(A) Depiction of lateral stability over time with standard tipless (top) versus FIB-sculpted 
(bottom) cantilevers for force confinement experiments on chemically (STC) arrested mitotic 
cells. ∆x, represents lateral movement of cells subject to a constant force of 50 nN. 
(B) Quantification of lateral cell movement in force confinement experiments on STC-arrested 
mitotic HeLa cells for standard tipless and FIB-sculpted cantilevers. Top, DIC images. Bottom, 
lateral movement in respect to position at time = 0 minutes (∆x) over time. Box, 25th to 75th 
percentile. Line, median. Whiskers, minimum to maximum. +, mean. n, number of cells 
characterized. CL, cantilever. Scale bars, 20 µm. 
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Figure 4-4 Determination of cell geometry and intracellular pressure for height and force 
confinement experiments. (A) Diagram of experimental setup and parameters with formulas for 
geometry and pressure calculations based on the assumption of semicircular side profiles in 
non-adherent cells confined by parallel plate geometry. The semicircular assumption has been 
reported as a good approximation of cell dimensions with a verified cortical shell-liquid core 
model of cell shape5. AFM, atomic force microscope. LM, light microscope. F, measured force. 
hset, set height. h, set height corrected for cantilever deflection. k, cantilever spring constant. 
rm, mid-plane radius. Am, mid-plane area. r, radius of semicircular side profile. rc, radius of 
contact area. Ac, contact area. P, pressure. V, cell body volume. S, cell body surface area. For 
control experiments conducted in the absence of any cantilever, cell height was estimated 
from the mid-plane cell diameter by applying a height-to-width ratio of 0.86 previously 
measured for HeLa cells1. (B) Representative mid-plane DIC images used for determination of 
circumference and area. Left, raw image. Right, cell outline trace. rm, mid-plane radius. Scale 
bars, 20 µm. (C) Height confinement experiments on STC-arrested mitotic HeLa cells confined 
to 10 µm. Shown is output force (top) and pressure (bottom) for n=7 cells with average (middle 
line) and average ± standard deviation (colored area). (D) Force confinement experiments on 
STC-arrested mitotic HeLa cells confined by 50 nN. Shown is output height (top) and pressure 
(bottom) for n=7 cells with average (middle line) and average ± standard deviation (colored 
area) (E) Comparison of results from height (10 µm, HC) and force (50 nN, FC) confinement 
experiments. (F) Comparison of results from 10 minutes and 60 minutes for height (left) and 
force (right) confinement experiments. Red bars, mean. Statistical significance determined 
using the Mann-Whitney t test. ns, not significant (p > 0.05). 
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Next, we investigated the effect of constant forces on mitotic cell shape and 

progression. In mitosis, cells generate actomyosin-dependent1 intracellular 

pressure to round up and optimize geometry for proper function of the mitotic 

spindle, the machinery that organizes and segregates chromosomes43,52,213,220. 

Restricting cell rounding height below 5-8 µm with microfabricated PDMS 

chambers perturbs mitotic progression in several cell types52,213, but the forces 

that cells can withstand remain unquantified. To determine these forces, we 

selected cells in early mitosis (prophase) by the appearance of condensed 

chromosomes and performed force confinement experiments (Figure 4-5A). 

 

HeLa cells that constitutively express a microtubule label, mouse tubulin-GFP, 

and a chromatin marker, human H2B-mCherry, enabled the identification of 

cell cycle phase and evaluation of spindle morphogenesis (Figure 4-5B,C). As 

cells progressed through mitosis, they became rounder and increased in 

height. Cells subjected to 5 nN force reached a maximum height of 

17.5±1.5 µm (average±SD) compared to ~19 µm in the unconfined case 

(Figure 4-5G and Figure 4-6). 
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Figure 4-5 Increasing confinement forces perturb mitotic progression by distorting cell shape 
and spindle geometry. (A) Schematic of trans-mitotic force confinement experiment with 
depicted mitotic phases, spindle microtubules (green), and chromosomes (red). NEBD, nuclear 
envelope breakdown. (B) Top view of spindle characterization scheme of confined HeLa cell 
and (C) example fluorescence snapshots of microtubule (mTubulin-GFP) and chromosome 
(H2B-mCherry). Grey marker, metaphase plate width. White arrows, stray chromosomes. t=0, 
NEBD. (D) Cell height (black line) and metaphase plate width (grey circles) for mitotic HeLa cell 
subjected to a constant force of 100 nN. Colored background indicates mitotic phases 
depicted in (A). MP, metaphase plate formation. (E) Overlaid confocal mid-plane images 
showing microtubule (mTubulin-GFP) and chromosome (H2B-mCherry) dynamics for mitotic cell 
from (D). (F) NEBD to anaphase (NEBD-A) durations for trans-mitotic force confinement 
experiments and control cells (noCL, no cantilever). no div., cells did not divide within 
120 minutes. n, number of cells characterized. (G) Graphs showing durations of NEBD to 
anaphase (i), NEBD to metaphase plate formation (MP) (ii), and metaphase plate formation to 
anaphase (iii), maximum height reached (iv), average metaphase plate width from 
metaphase plate formation to anaphase (v) and persistence time of stray chromosomes (vi) 
for all cells where applicable. Empty diamonds designate cells that did not divide within 
120 minutes. N/A, time measurement not applicable. Red bars, mean. Scale bars, 20 µm. 
Statistical significance determined using the Mann-Whitney t test comparing each condition 
with the noCL data. ns, not significant (p > 0.05); *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
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Figure 4-6 Representative trans-mitotic force confinement experiments at different forces. 
(A-F) Single cell trans-mitotic no cantilever control (A) and force confinement experiments for 
confinement by 5 nN (B), 50 nN (C), 100 nN (D), 150 nN (E), and 200 nN (F). Top, confocal mid-
plane fluorescence overlay of microtubule (mTubulin-GFP) and chromosome (H2B-mCherry) 
markers at time points indicated. Bottom, height (black line), metaphase plate width (grey 
circles) and pole-to-pole distance (pink crosses) trace with colored background indicating 
mitotic phases (see color key below (E)). NEBD, nuclear envelope breakdown, MP, metaphase 
plate formation. Scale bars, 20 µm. 

 

Although metaphase duration remained unchanged, overall time through 

mitosis was decreased due to a significantly shortened prometaphase of ~18 

minutes (5 nN) compared to ~24 minutes (unconfined) (Figure 4-5F,G). 

Interestingly, others have reported that rapid sub-second mechanical 

impulses in the range 3-8 µm can accelerate mitotic progression, albeit in 

metaphase221. Thus, small forces and deformations appear capable of 

assisting mitotic progression, possibly by biasing the long axis of the cell 

parallel to the substrate or placing a slight stimulatory tension on the 

spindle221,222. At 50 nN, however, mitotic durations were similar to unconfined 
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controls (52±10 minutes) with maximum cell heights reaching 12.2±2.3 µm. 

Increasing force to 100 nN, we found that cell height peaked at 10.6±1.5 µm, 

while mitotic progression was prolonged to 64±19 minutes (Figure 4-5D,F,G). 

Distortion of spindle geometry was evidenced by distended metaphase plate 

widths and pole-to-pole distances, and correlated with reduced efficiency of 

the spindle to efficiently gather stray chromosomes (Figure 4-5G and 

Figure 4-7). 

 

 
Figure 4-7 Quantitative analysis of spindle geometry in trans-mitotic force confinement 
experiments. (A) Scheme for analyzing spindle geometry parameters. Pink marker, pole-to-pole 
distance. Grey marker, metaphase plate width. White arrow, stray chromosomes. (B) Mid-plane 
confocal fluorescence overlay images of mitotic spindle in mTubulin-GFP and H2B-mCherry 
expressing HeLa cell progressing through mitosis against a confinement force of 100 nN. Images 
are at beginning of metaphase plate formation (left, 27 mins) and at intermediate time point 
between metaphase plate formation and chromosome segregation (right, 43 mins). Scale 
bars, 20 µm. (C-H) Quantification of mid-plane average metaphase plate width and spindle 
pole-to-pole distance from metaphase plate formation to anaphase (C, E) and persistence 
time of stray chromosomes (G) for no cantilever (noCL) control and different confinement 
forces and for cells with (Div.) and without (ND) chromosome segregation within 120 minutes 
after NEBD (D, F, H). N/A, pole-pole distance measurement not applicable. (I, J) NEBD to 
anaphase duration versus maximum height reached (I) and versus average metaphase plate 
width from metaphase plate formation to anaphase (J) for all cells tested (n=59). Empty 
diamonds designate cells that did not divide within 120 minutes. (K) Average number of stray 
chromosomes versus time for no cantilever (noCL) control and different confinement forces. 
t=0, metaphase plate formation. tP, average persistence time of stray chromosomes from (G). 
(L) Scheme for analyzing spindle centering depicting shortest (c1) and longest (c2) distance 
from spindle center to cell body boundary.           Continued on next page 
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Continued from previous page          
(M) Spindle centering ratio within 2 minutes prior to chromosome segregation for different 
confinement forces. Box, 25th to 75th percentile. Line, median. Whiskers, minimum to maximum. 
+ and red bars, mean. Statistical significance determined using the Mann-Whitney t test 
comparing each condition with the noCL (C, G), 5 nN (E, M) or Div. (D, F, H) data. ns, not 
significant (p > 0.05); *, p ≤ 0.05; **, p ≤ 0.01, ***, p ≤ 0.001. 

 

When applied forces were increased to 150 and 200 nN, confined cells were 

unable to rise above 7 µm, concomitant with even more drastic distortion of 

spindle morphology, persistent stray chromosomes, and failure of cells to 

initiate chromosome segregation within 120 minutes. In accordance with 

these results, Lancaster et al. also identified ~7 µm as the critical height that 

causes severe spindle assembly defects and delay in mitotic progression via 

an inability to satisfy the spindle assembly checkpoint in HeLa cells52. Thus, we 

determined that single mitotic HeLa cells could withstand confinement forces 

up to 100 nN before succumbing to heights that retard mitotic progression 

due to spindle dysfunction. Finally, beyond 150 nN, cells were mechanically 

arrested and could not complete mitosis. 

 

While performing constant force experiments on cells progressing through 

mitosis, we noticed that cell height exhibited a non-linear relationship with 

respect to input force. In particular, confinement forces greater than 100 nN 

appeared to potentiate cell height decrease (Figure 4-8A). Height declined 

~1.6 µm from 50 to 100 nN but ~4 µm from 100 to 150 nN. However, cell height 

decrements should decay per unit force increment if intracellular pressure 

and volume remain constant with confinement (Figure 4-4A, equations). 

Thus, we wondered whether pressure or volume was altered as a function of 

confinement force. Indeed, analysis of intracellular pressure versus force 

revealed a pronounced elevation to ~0.55 kPa at 100 nN, as compared to 

~0.4 kPa for the other forces tested. On the other hand, volume of the main 

cell body showed a small loss for cells confined by 150 nN (Figure 4-8C and 

Figure 4-9I). Hence, increased hydrostatic pressure at 100 nN appears to 

endow mitotic cells with the ability to resist height decline, while at 150 nN, 

loss of cell body volume and reversal of gained intracellular pressure 

correlates with augmented height decline. Seeking a mechanism, we 

examined changes in cell surface behavior and geometry (Figure 4-8B). First, 

we found that cell surface area did not expand from 50 to 100 nN, indicating 
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that a buildup of cortical stresses at the cell surface was linked to increased 

elevated intracellular pressure at this force5. Second, we observed a 

significant surge in plasma membrane blebbing above 100 nN, as 

demonstrated by quantification of the number and cross-sectional area of 

blebs (Figure 4-8B,C and Figure 4-9). 

 

 
Figure 4-8 Threshold confinement forces trigger persistent blebbing to potentiate cell height 
decrease. (A) Maximum cell height and pressure (mean ± SD) vs. confinement forces (i) and 
height decrement per force increment (ii) with n≥9 cells for each force. Purple line and bars 
represent constant pressure and volume behavior based on cortical shell-liquid core model 
(see Figure 4-4), while black bars represents the actual cell height data. Note that 5 nN 
pressure data not included due to excessive error in determining cell-cantilever contact area 
at small deformations. (B) Side (i) and top view (ii) illustration of blebbing and cell body surface 
area quantification scheme in confined mitotic cells. (iii) Example mid-plane image of cell 
confined by 100 nN. Cytoplasm was identified by oversaturation of mTubulin-GFP channel and 
bleb areas were measured as outlined in white. (iv) Example mid-plane images of mitotic cells 
confined by different forces. Scale bars, 20 µm. (C) Cross-sectional bleb area, cell body 
volume and cell body surface area (mean ± SD) vs. confinement forces with n≥9 cells for each 
force. 
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Figure 4-9 Quantitative analysis of cell blebbing and geometry in trans-mitotic force 
confinement experiments. (A) Side view (i) and top view schematic (ii) of confined cell. 
(B) Representative mid-plane images of cells progressing through mitosis against confinement 
forces of 5 nN (left), 100 nN (middle) and 200 nN (right). Cytoplasm was identified by 
oversaturation of mTubulin-GFP channel, cross-sectional cell body areas were measured as 
outlined in yellow, and cross-sectional bleb areas were measured as outlined in white. Scale 
bars, 20 µm. (C-L) Quantification of cross-sectional cell body area (C), number of identified 
bleb areas (E), cross-sectional bleb area (G), cell body volume (I) and cell body surface area 
(K) for different confinement forces and for cells with (Div.) and without (ND) chromosome 
segregation within 120 minutes after NEBD (D, F, H, J, L). (M-O) Maximum pressure (M, n=39) 
and NEBD to anaphase duration (N, n=49) versus cross-sectional bleb area and NEBD to 
anaphase duration versus maximum pressure (O, n=39). Empty diamonds designate cells that 
did not divide within 120 minutes. Box, 25th to 75th percentile. Line, median. Whiskers, minimum 
to maximum. +, mean. Statistical significance determined using the Mann-Whitney t test 
comparing each condition with the 5 nN (C, E, G, I, K) or Div. data (D, F, H, J, L). ns, not 
significant (p > 0.05); *, p ≤ 0.05; **, p ≤ 0.01, ***, p ≤ 0.001. 
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Most of these blebs were persistent, exhibiting dynamic movement without 

fully retracting. Interestingly, cells exhibiting greater than 100 µm2 cross-

sectional bleb areas neither sustained intracellular pressures above 0.4 kPa 

nor efficiently progressed through mitosis (Figure 4-9M,N). Taken together, our 

results reveal a distinct pattern of changes in intracellular pressure and 

persistent plasma membrane blebbing that correlate with potentiation of cell 

height decline (Figure 4-8 and Figure 4-9). 

 

The observed increase in blebbing could be triggered by force-induced 

defects at the cell cortex. Bleb formation can result from local detachment of 

the membrane-cortex linkage or local rupture of the cortical actin 

meshwork223. To investigate this possibility, we performed force confinement 

experiments on HeLa cells that stably express human non-muscle myosin 

heavy chain 9 tagged with green fluorescent protein (MYH9-GFP) and a 

17-amino-acid peptide binding filamentous actin (F-actin) tagged with 

mCherry (Lifeact-mCherry). These fluorescent markers normally reveal a 

uniform enrichment of F-actin and myosin II at the mitotic cortex6,224. Cells 

were chemically arrested in mitosis with STC and then subjected to 

confinement forces ranging from 5 to 250 nN (Figure 4-10A-C and 

Figure 4-11)6. We found that increasing forces promote disorganization of 

cortical F-actin, both in regards to loss of homogeneous distribution and 

dynamic blebbing. Here, confined cells exhibited a potentiation in cell height 

decrease proportional to blebbing intensity, albeit from 200 nN to 250 nN. This 

difference in robustness could be due to the use of pre-rounded STC-arrested 

cells or because of clonal variation of the cell line224. To further probe the role 

of F-actin distribution in resisting confinement forces, we perturbed it by 

chemical or genetic means using the actin monomer sequesterer latrunculin 

A or siRNA targeting the diaphanous-related formin 1 (DIAPH1)6 

(Figure 4-10D,E and Figure 4-11). At 50 nN confinement forces, dose-

response treatments and RNAi confirmed a correlation between loss of F-

actin homogeneity, persistent blebbing, dissipation of intracellular pressure, 

and resistance of target cells to deformation. 
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Figure 4-10 Threshold confinement forces promote loss of cortical F-actin homogeneity 
concurrent with persistent blebbing. (A) Schematic representation of the experimental setup. 
Left, a cell arrested in mitosis by treatment with 2 µM STC. Right, the same cell confined with a 
set force (Fset). h, cantilever height. (B) Distribution of F-actin and myosin II in HeLa cells 
expressing Lifeact-mCherry (red) and MYH9-GFP (green). Mitotic cells were confined with 
forces of 5, 50, 100, 150, 200, or 250 nN. (C) Stable maximum cell height and pressure (i) and 
cross-sectional bleb area, cell body volume and cell body surface area (ii) (mean ± SD) vs. 
confinement forces with n=10 cells for each force. Purple line represents constant pressure and 
volume behavior based on cortical shell-liquid core model (see Figure 4-4). Note that 5 nN 
pressure data not included due to excessive error in determining cell-cantilever contact area 
at small deformations.              Continued on next page 
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Continued from previous page           
(D) Distribution of F-actin and myosin II in HeLa cells expressing Lifeact-mCherry (red) and 
MYH9-GFP (green). Mitotic cells were confined with forces of 50 nN after perturbation with RNAi 
(siRNA-mediated knockdown of DIAPH1, light grey) or increasing concentrations of latrunculin 
A (orange). UT, untreated control cells. (E) Stable height (i), cross-sectional bleb area (ii) and 
pressure (iii) of conditions from (D). Each diamond represents one cell. Red bars, mean. 
Statistical significance determined using the Mann-Whitney t tests comparing each condition 
with 5 nN (D) or UT (E) data. ns, not significant (p > 0.05); *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
Scale bars, 20 µm. 
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Figure 4-11 Characterization of actomyosin distribution and persistent blebbing as a function of 
confinement forces and actin perturbation in STC-arrested cells. (A) Schematic representation 
of the experimental set up. Left, cell arrested in mitosis by STC. Right, cell confined to a set 
force. F, force. Fset, set confinement force. h, cantilever height. UT, untreated. LatA, latrunculin 
A. RNAi, siRNA-mediated knockdown of DIAPH1. (B) Height data of STC-arrested HeLa cells 
expressing Lifeact-mCherry and MYH9-GFP confined with 5, 50, 100, 150, 200 and 250 nN. Each 
diamond corresponds to one cell. (C) Example fluorescence images of STC-arrested HeLa cells 
expressing Lifeact-mCherry (red) and MYH9-GFP (green). Cells were confined with 5, 50, 100, 
150, 200, 250 nN upon treatment with either RNAi (siRNA-mediated knockdown of DIAPH1, light 
grey) or increasing concentrations of latrunculin A (orange), respectively. UT, untreated 
STC-arrested control cells.             Continued on next page 
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Continued from previous page                    
Scale bars, 20 µm. N/A, measurement and imaging not applicable. (D) Cross-sectional cell 
body area (i), number of identified bleb areas (ii), cross-sectional bleb area (iii), cell body 
volume (iv) and cell body surface area (v) of STC-arrested HeLa cells expressing Lifeact-
mCherry and MYH9-GFP confined with forces indicated. Each black diamond corresponds to 
one cell. (E) Cross-sectional cell body area (i), number of identified bleb areas (ii), cross-
sectional bleb area (iii), cell body volume (iv) and cell body surface area (v) of STC -arrested 
HeLa cells expressing Lifeact-mCherry and MYH9-GFP confined with 50 nN upon treatment as 
indicated. DIAPH1 RNAi, siRNA mediated knockdown of DIAPH1 (light grey diamonds). 
LatA, actin perturbation with latrunculin A at concentrations indicated (orange diamonds). 
Each diamond corresponds to one cell. UT, untreated STC-arrested control cells. Red bars, 
mean. Statistical significance determined using the Mann-Whitney t test comparing each 
condition with the 5 nN (D) or UT (E) data. ns, not significant (p > 0.05); *, p ≤ 0.05; **, p ≤ 0.01, 
***, p ≤ 0.001. 

 

Overall, our results suggest the following model to explain mechanical 

robustness of mitotic cells against confinement forces (Figure 4-12). As 

applied force expands cell cortex surface area, elastic resistance causes 

increased cortical stress and a subsequent rise in intracellular pressure, like a 

balloon that follows Laplace’s Law5. At a critical yield point, these effects 

lead to concurrent persistent blebbing and a loss of cortical F-actin 

homogeneity, followed by dissipation of intracellular pressure and a 

potentiation of cell height decrease. By analogy to the biomechanical failure 

of pressurized tissues, this yield mechanism is akin to a herniation scenario. 

Finally, below a critical cell height, distortion of cell shape impinges on mitotic 

spindle function, thus perturbing mitotic progression. 

 

 
Figure 4-12 Model for mechanical robustness of mitotic cells against confinement forces. Yield 
force indicates the threshold whereby applied force triggers persistent blebbing concurrent 
with loss of cortical F-actin homogeneity. Critical height denotes the point where mitotic 
progression incurs inhibition due to impingement on spindle function. 
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4.1.5 Discussion 

We sought to determine how applied confinement forces inhibit mitotic 

progression in single animal cells. To do this, we employed an AFM-based 

approach with novel FIB-sculpted cantilevers that enabled us to subject 

individual cells to a wide range of uniaxial confinement forces as they 

transitioned through mitosis. The approach exploits commercially available 

instruments (AFM, FIB-SEM, and optical microscopy), is compatible with live 

cell culture, and offers high precision, dynamically adjustable confinement, 

and feedback modalities including constant force and constant height 

(Figure 4-1). Furthermore, because FIB-sculpted cantilevers are made from a 

single piece of silicon they are fully transparent and do not suffer from 

autofluorescence, necessary features for optimal imaging of confined cells. 

As an advancement on earlier attempts to compensate for the standard 

8°-12° angle of cantilever mounting4,225, FIB enabled reproducible sculpting of 

cantilevers and the ability to tune the cantilever spring constant to match the 

mechanical properties of the target cell. These technical advances allowed 

us to probe the effect of controlled forces on mitotic progression in isolated 

cells (Figure 4-1 to Figure 4-4). 

 

To compress or confine mitotic cells, others have reported customized systems 

with microfluidic chambers of fixed heights52,213 or combinations of 

micromanipulators and microneedles221,226,227. By applying a range of 

feedback-controlled confinement forces, we confirmed several of their 

observations including spindle widening and flattening226,227, accelerated 

mitotic progression with small deformations221, asymmetric spindle 

positioning213, and delayed mitotic progression due to ectopic spindle 

function below a critical height52. We identified several force regimes 

according to the cell response: small forces (~5 nN) that accelerate mitotic 

progression, intermediate forces (50-100 nN) where increased intracellular 

pressure was related with resistance to confinement, and finally, yield forces 

(>100 nN) where mitotic progression was inhibited by mechanical 

perturbation of spindle geometry. The yield force coincided with a critical cell 

height below which we observed distortion of spindle geometry, defective 

chromosome gathering, and impairment of mitotic progression (Figure 4-5). 
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We noted that the relative drop in cell height at the yield force correlated 

with a dissipation of built up intracellular pressure and persistent blebbing 

(Figure 4-8). To investigate the mechanisms of this structural failure we 

examined the distribution of F-actin and myosin II in the cell cortex. Increasing 

confinement forces provoked a loss of cortical F-actin homogeneity 

necessary to maintain maximum intracellular pressure and resistance to 

confinement (Figure 4-10). Based on these observations, we suggest a model 

where stretching of the cell surface initially increases actomyosin-dependent 

surface tension and intracellular pressure. Then, upon reaching a yield point, 

defects in F-actin uniformity and persistent blebbing conspire to potentiate a 

non-linear drop in cell height, by analogy to a herniation scenario 

(Figure 4-12). Interestingly, it has been observed elsewhere that both cortical 

tension and confinement can promote blebbing2,228-230. Recent experiments 

on confined cells exhibiting spontaneous bleb-based migration indicate that 

local fluctuations in cortical contractility are amplified by physical 

confinement, thereby increasing the probability of symmetry breaking and 

polarization in the cortex229,230. We hypothesize that two factors conspire to 

promote loss of cortical F-actin homogeneity at critical forces: 1) CDK1-

dependent upregulation of myosin II contractility characteristic to mitosis6, 

and 2) thinning of limited cortical components as cell surface area is dilated 

by mechanical confinement. We further speculate that cortical myosin II 

activity may be akin to a double-edged sword. On one hand it is necessary 

to generate the tension for intracellular pressure that endows mitotic cells with 

the ability to push against confinement1,6; on the other hand, it increases the 

probability of defect formation that can destabilize F-actin cortex 

homogeneity228. 

 

We anticipate that further investigations on the mechanical robustness of 

mitosis across diverse cell types will offer unique insight into the influence of 

the mechanical environment on cell proliferation. Studies of multicellular 

spheroids indicate that the mechanical pressure of the tissue environment 

can impair cell proliferation231,232. Moreover, it has been predicted that cells in 

stiffer or more densely-packed tissue environments, such as of an overgrown 

tumor, would require a more robust cell cortex and mitotic rounding 
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response43,233. Indeed, while strategies for chemical perturbation of cell 

division have been pursued for decades234, the advent of mechanical 

approaches opens the door to studies of physical perturbation. Our 

approach expands the applicability of in vitro cell mechanics studies by 

providing a platform to understand how confinement forces can affect 

mitosis68. Further studies could lead to novel concepts, for example, 

perturbing cell division with a combination of cortex-weakening agents and 

external force2. Finally and more broadly, precise methods to probe cell 

response to mechanical forces should advance our understanding of cell 

proliferation, motility, mechanosensitivity, cell fate determination, and 

signaling dynamics in confined conditions more indicative of the in vivo 

microenvironment.  

 

4.1.6 Materials and Methods 

Processing of FIB-sculpted cantilevers 

Noncoated N-type silicon cantilevers (ACL-TL, AppNano) with length, width 

and thickness of 225, 60 and 7.8 µm, respectively, were remodeled 

(Figure 4-1A) using FIB-SEM technology (Helios NanoLab 650, FEI) to 

compensate for the 10° tilt angle intrinsic to the AFM setup. To this end, the 

cantilever chip was first mounted vertically on the sample holder and brought 

into the FIB-SEM chamber via the air-lock system. The sample was then tilted 

by 52° such that the gallium ion beam was perpendicular to the side of the 

mounted cantilever (Figure 4-2A). The front end of the cantilever was milled 

to an angle of 10° over its whole width (60 µm) using 30 kV ion beam 

acceleration voltage and 21 nA beamcurrent. Subsequently, the cantilever 

beam thickness was reduced to approximately 2 to 3 µm between the base 

of the cantilever and the rear end of the newly created 10° plane using 30 kV 

ion beam acceleration voltage and 47 nA beamcurrent, leaving a wedge-

shaped structure at the end of a thin beam (Figure 4-1B). Length, width and 

thickness of the modified cantilevers were assessed using SEM and optical 

imaging (Figure 4-2). According to experimental needs, cantilever thickness 

could be tuned ranging from 1-3 µm, resulting in spring constants from 

0.1 to 2.7 N·m-1 (Figure 4-2E). 
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Characterization of FIB-sculpted cantilevers 

AFM reverse imaging235 in force-volume mode was performed to assess the 

quality of the modified cantilevers. To this end, cantilevers were mounted on 

an AFM (NanoWizard II, JPK Instruments AG) and calibrated using point 

contact with ~20 µm substrate-immobilized polystyrene beads followed by 

thermal noise method236 as previously described4. The surface of the modified 

cantilevers was scanned over an inverted immobilized tip (MPP-11100-10 

cantilever, Bruker) embedded in PDMS (Figure 4-2) and force volume images 

were analyzed to assess the surface topography and roughness using 

Gwyddion software (http://gwyddion.net) (Figure 4-1C,D). 

AFM setup and calibration of FIB-sculpted cantilevers 

FIB-sculpted cantilevers were fixed on a standard JPK glass block and 

mounted in the AFM head (CellHesion 200, JPK Instruments AG). Cantilever 

calibration was carried out using the thermal noise method as described 

above. Alternatively, cantilever deflection sensitivity was determined using 

point contact with an inverted cantilever tip (OMCL-RC800PSA, Olympus) 

glued to the substrate. Then, spring constants of the FIB-sculpted cantilevers 

were calibrated using the spring-spring method against a reference 

cantilever (OMCL-RC800PSA, Olympus)237, which beforehand was calibrated 

using the Sader et al. method238. For the FIB-sculpted cantilevers used in this 

study, the differences in the spring constants determined by both methods 

were between 1 and 19% (Figure 4-13), which lies within the accuracy of the 

thermal noise method236,239. Therefore we consider the thermal noise method 

to be a suitable calibration approach. The FIB-sculpted cantilevers could 

typically be used repeatedly, since, similar to earlier work5, the confined 

mitotic cells did not stick to the cantilever but rather remained adherent to 

the glass surface after the experiment (Figure 4-14). Thus, confinement of a 

set of cells could be carried out sequentially in the same dish without 

intermediate washing steps, and one FIB-sculpted cantilever could be used 

for many consecutive experiments. If needed in future work, the cantilevers 

could be cleaned using detergents, bleach, or sulfuric acid. For experiments 

where cell adhesion to the FIB-sculpted cantilevers could be problematic, we 

suggest chemical passivation of the cantilever. 
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Figure 4-13 Comparison of thermal noise and spring-spring calibration methods for the FIB-
sculptured cantilevers used in this study. (A-C) Schematics of the calibration of FIB-sculpted 
cantilevers. (A) Deflection sensitivity determination against inverted cantilever tip (Olympus 
OMCL-RC800PSA, length 200 µm, width 40 µm) glued on a glass bottom petri dish followed by 
spring constant determination by either (B) pressing the FIB-sculpted cantilever against a 
reference cantilever (Olympus OMCL-RC800PSA, length 100 µm, width 40 µm, spring constant 
determined by Sader method238: 0.651 N/m) or by (C) applying the thermal noise calibration 
method. (D, E) Example DIC images of a FIB-sculpted cantilever pressed (D) against a fixed 
inverted cantilever tip and (E) against the reference cantilever for calibration by the spring-
spring method. Scale bars, 50 µm. Red circles indicate the position of the inverted cantilever 
tip. (F) Spring constants of 12 FIB-sculpted cantilevers determined by spring-spring method 
against a reference cantilever (Spring-spring) and by using the thermal noise calibration 
method (Thermal). Each black diamond represents one cantilever calibration. k, spring 
constant. CL ID, identification number of FIB-sculpted cantilever. Red bars, mean. Red dashed 
lines connect spring constants of the same cantilever determined with the two methods. 
Extended red line, spring constant determined using spring-spring method, normalized to 1. 
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Figure 4-14 Quantifying the adhesion force of mitotic HeLa cells to FIB-sculpted cantilevers. 
(A) Schematic representation of a height confinement experiment on a HeLa cell arrested in 
prometaphase by the Eg5 inhibitor S-Trityl-L-cysteine (STC). Left, positioning of the FIB-sculpted 
cantilever above the cell of interest. Middle, cell confined to a constant height. 
Right, retraction of the FIB-sculpted cantilever with constant speed vr. (B) Left, representative 
force trace of an STC-arrested cell confined to a height of 10 µm for more than 30 minutes 
followed by cantilever retraction with a constant speed of 0.5 µm per second. 
Red trace, force. Black trace, cantilever height. Right, DIC, mCherry-H2B and mTubulin-GFP 
images of the confined cell. (C) Left, expanded view of adhesion force during cantilever 
retraction (timeframe colored blue in (B)). Red arrow, peak adhesion force. Right, Peak 
adhesion forces of five cells submitted to the conditions exemplified in (B). Each black 
diamond represents the peak adhesion force of one cell. Red bar, mean. 
(D) Left, representative force trace of an STC-arrested cell confined to a height of 10 µm for 
more than 30 minutes followed by cantilever retraction with a constant speed of 0.1 µm per 
second. Red trace, force. Black trace, cantilever height. Right, DIC, mCherry-H2B and 
mTubulin-GFP images of the confined cell. (E) Left, expanded view of adhesion force during 
cantilever retraction (timeframe colored blue in (D)). Right, Peak adhesion forces of six cells 
submitted to the conditions exemplified in (D). Each black diamond represents the peak 
adhesion force of one cell. Red bar, mean. (F, G) Example DIC images of three STC-arrested 
HeLa cells before (left), during (middle), and after (right) confinement to a height of 10 µm and 
subsequent cantilever retraction with a constant speed of 0.5 (G) and 0.1 (F) µm per second. 
Scale bars, 20 µm. 
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Cell culture 

HeLa Kyoto cells expressing mouse tubulin-eGFP and human H2B-mCherry or 

Lifeact-mCherry and human MYH9-eGFP were seeded on a glass bottom 

petri dishes (Fluorodish, WPI) in culture medium: DMEM (high glucose, 

GlutaMAX™ supplement, pyruvate, Life Technologies) supplemented with 

10% (vol/vol) FBS (Life Technologies), 100 µg·ml-1 penicillin, 100 µg·ml-1 

streptomycin, and selection antibiotics 0.5 mg·ml-1 geneticin and 0.5 µg·ml-1 

puromycin (Life Technologies); and cultured at 37°C and 5% CO2 until further 

use (24-48 hours). Prior to AFM experiments, medium was changed to 

microscopy medium: DMEM (high glucose, pyruvate, Life Technologies) with 

4 mM NaHCO3 (Sigma-Aldrich) buffered with 20 mM HEPES (AppliChem) at 

pH 7.4 supplemented with 10% (vol/vol) FBS, 100 µg·ml-1 penicillin and 

100 µg·ml-1 streptomycin. For experiments on chemically arrested mitotic cells, 

2 µM (+)-S-Trityl-L-cysteine (STC, Sigma-Aldrich) was added to the microscopy 

medium 2 hours before measurements. 
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4.2 MECHANICAL CONTROL OF MITOTIC PROGRESSION IN SINGLE ANIMAL 

CELLS - SUPPORTING INFORMATION 

4.2.1 Supporting Information Materials and Methods 

Perturbants 

For actin perturbation experiments with latrunculin A (Sigma-Aldrich), the drug 

was added to the microscopy medium at the indicated concentration at 

least 15 minutes before measurements. 

RNAi 

SiRNAs were purchased from Qiagen. Forward transfections with negative 

control AllStars siRNA and siRNA targeting DIAPH1 (DIAPH1_1 SI00073920, 

target sequence: 5’-aag ata tga gag tgc aac taa-3’) were carried out using 

Lipofectamine RNAiMAX transfection reagent (Life Technologies) following 

the manufacturer’s instructions. Cell were assayed 48 hours posttransfection. 

Single-cell AFM-based feedback confinement on chemically arrested mitotic 

cells 

HeLa Kyoto cells expressing mouse tubulin-eGFP and human H2B-mCherry 

were prepared as described above. 2 µM (+)-S-Trityl-L-cysteine (STC, Sigma-

Aldrich) was added to the microscopy medium 2 hours before 

measurements, petri dishes were mounted on an inverted light microscope 

(AxioObserver.Z1, Zeiss) and the AFM head (CellHesion 200, JPK Instruments 

AG) was positioned on the stage. Cells chemically arrested in prometaphase 

were selected based on mCherry fluorescence, which exhibits condensed 

chromosomes in a monopolar spindle arrangement. The cantilever was 

lowered on the cell to a pre-set height (10 µm, height confinement 

experiment) or force (50 nN, force confinement experiment) with a constant 

speed of 0.5 µm·s-1 and the resulting varying force (height confinement 

experiment) or cantilever height (force confinement experiment) was 

recorded over time. At the same time, DIC and fluorescence images at the 

mid-plane of the confined cell were recorded every 2 minutes using a 20x air 

objective. All microscopy equipment was placed and experiments were 

carried out in a custom-made isolation box at 37°C (The Cube, Life Imaging 

Services). Alternatively, for actin perturbation experiments, HeLa Kyoto cells 
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expressing Lifeact-mCherry and MYH9-eGFP were prepared as described 

above. Petri dishes were mounted in a dish heater (JPK Instruments AG) and 

kept at 37°C on an inverted light microscope (AxioObserver.Z1, Zeiss) 

equipped with a confocal microscope (LSM 700, Zeiss) and an AFM 

(CellHesion 200, JPK Instruments AG). The force confinement experiments 

were carried out as described above at pre-set forces of 5, 50, 100, 150, 200 

or 250 nN. Images at the cellular mid-plane were recorded using a 63x water-

immersion objective. 

Single-cell AFM-based constant force-feedback confinement on cells 

undergoing mitosis 

HeLa Kyoto cells expressing mouse tubulin-eGFP and human H2B-mCherry 

were prepared in microscopy medium as described above. Petri dishes were 

mounted in a dish heater (JPK Instruments AG) and kept at 37°C on an 

inverted light microscope (AxioObserver.Z1, Zeiss) equipped with a confocal 

microscope unit (LSM 700, Zeiss), and the AFM head (CellHesion 200, JPK 

Instruments AG) was installed. Cells in late prophase / early prometaphase 

were selected based on the mCherry fluorescence signal3. The cantilever was 

lowered on the cell to a pre-set force (5, 50, 100, 150 or 200 nN) with a 

constant speed of 0.5 µm·s-1 and the resulting cantilever height was recorded 

over time. Images were recorded as described above using a 63x water-

immersion objective. For alternative custom non-AFM-based approaches to 

uniaxial (parallel plate) cell confinement, we recommend looking at seminal 

methods that use glass microplates240,241. 

Mitotic phase assignment 

Mitotic phases were determined by H2B-mCherry images such as: prophase – 

condensed chromosomes but intact nucleus; prometaphase - nuclear 

envelope breakdown; metaphase - chromosomes aligned to form a 

metaphase plate; anaphase - two sets of chromosomes separated3. 

Determination of cellular parameters 

Cell geometry and pressure were calculated as described in Figure 4-4. 

Spindle parameters were analyzed as detailed in Figure 4-7. Quantification of 

magnitude of blebbing was performed as outlined in Figure 4-9. 



Doctoral Thesis Cédric J. Cattin                                  Mechanics of mitotic cell rounding 

 5-91 

5 CONCLUSIONS AND PERSPECTIVE 

 
In the studies presented in this thesis we aimed at improving the 

understanding of the components, regulation and robustness of MCR 

mechanics. To this end, we used complementary approaches by interfering 

with proteins potentially involved in MCR and by exposing cells to external 

confinements of varying magnitude. First, we carried out a screen by 

consecutively silencing the expression of 1’013 target genes and monitoring 

the impact of depletion of the respective proteins on the mechanical 

properties of rounded mitotic cells (Chapter 2). The silencing of 49 largely 

unrelated genes led to alterations in the mechanics of these cells. Then, we 

focused on describing in detail the consequences of depletion of two of 

these 49 proteins, namely ACTN4 and FAM134A, on MCR pressures and 

mitotic timing (Chapter 3). Furthermore, we determined the localization of 

these proteins and provide explanations on how their loss might impact MCR 

mechanics. Last, we examined the robustness of MCR against confinements 

of varying magnitude by applying novel FIB-sculpted AFM cantilevers 

(Chapter 4). 

 

5.1 CONCLUSIONS AND REMARKS ON MECHANICAL PHENOTYPING SCREEN 

Applicability of the screening assay 

To allow for rapid measurements in the mechanical phenotyping screen, we 

developed a short-term height confinement assay allowing probing for MCR 

mechanics in chemically arrested mitotic cells (Figure 2-1 and Figure 2-2). This 

assay allows detecting defects in the mechanics of MCR that were later 

verified by more elaborate AFM assays for selected hits. We thus concluded 

that for screening applications, measuring changes in the plateau force of 

rounded mitotic cells serves as a rapid and reliable way of probing for MCR 

defects. We would like to note that some aspects of MCR are not captured 

by our short-term height confinement assay. In particular, changes in MCR 

timing are not accessible. Therefore, as demonstrated in the follow-up studies 

on ACTN4 and FAM134A, a detailed characterization of the phenotypic 
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alterations found is important in order to understand how the depletion of a 

given protein leads to changes in the mechanics of MCR. 

Further methods in mechanical phenotyping 

Although the short-term height confinement assay used in the screen allows 

much more cells to be analyzed per time unit compared to trans-mitotic 

measurements, the throughput is still low compared to automatized imaging 

approaches, for instance, and investment in microscope- and manpower is 

high. Having shown the applicability of mechanical phenotyping in a 

screening setting, we envision that other recently developed techniques for 

quantification of single cell mechanics can be used to assess cell mechanical 

properties at high accuracy and speed. Microfabricated pillar arrays 

mimicking epithelial confinement162 and real-time deformability cytometry 

allowing quantification of the compliance of suspended cells33,163,242, for 

instance, could be the methods of choice for future screening applications in 

mechanical phenotyping. Moreover, detailed analysis of changes in further 

cell properties such as cell volume or cell mass throughout mitosis at high 

throughput243,244 will allow to broaden our understanding of the mechanisms 

important for MCR and its regulation. Increased measurement speeds finally 

would also enable for testing of a wider array of genes, ultimately allowing all 

human protein-coding genes to be tested for their involvement in the 

mechanics of MCR, ideally in a range of model cell lines not restricted to the 

HeLa cells used in this thesis. 

Uniqueness of hit list 

Out of 1’013 genes targeted, the silencing of 49 using two independent 

esiRNAs led to alterations in the mechanics of MCR (Figure 2-3, Figure 2-4, 

Table 1, Appendix Table 1 and Appendix Table 5). These hit genes proved to 

be largely unrelated, many of them encoding for proteins with functions 

hitherto not related to cell cycle regulation, cell mechanics or MCR, or with 

unknown functions altogether (Table 1). Thus, we conclude that our 

mechanical phenotyping approach is capable of pointing out novel players 

in MCR that by other in vitro screening approaches, like imaging-based 

methods, could not be found. The majority of verified hits remain to be further 
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studied to decipher their role in MCR. We trust that the results and follow-up 

strategy presented herein can serve as a resource for future studies on them. 

Protein depletion efficiency 

A reoccurring concern in the screen carried out was the efficiency of protein 

depletion by the (e)siRNAs used. Since esiRNAs are produced from cDNA and 

many of the oligonucleotide pools applied here were used in former studies, 

we generally trust in the esiRNAs to efficiently silence the expression of their 

target genes. However, we did not systematically test for this silencing to be 

efficient during the screen. Where we did so in later experiments, we found 

protein depletion to be successful with levels of remaining protein at 20% or 

less compared to control cells. To ensure that the observed defects in MRC 

are a consequence of targeted gene silencing in the screen, we used two 

unrelated esiRNA oligonucleotide pools. For further follow-up studies, we 

additionally employed a set of commercially available siRNA 

oligonucleotides (Appendix Table 6), analyzed protein depletion efficiency 

by immunoblotting (Figure 3-1 and Figure 3-8) and showed phenotypic 

rescue of the gene silencing effects using an siRNA-resistant transgene where 

possible (Figure 3-2). 

Genome editing methods in mechanical phenotyping 

With the recent advent of cost-efficient gene editing methods using zinc-

finger nucleases (ZFNs)245, transcription-activator-like effector nucleases 

(TALENs)246 or the clustered regulatory interspaced short palindromic repeats 

(CRISPR/Cas) system247, it became possible to rapidly generate cell lines in 

which the expression of a certain gene is permanently silenced (i.e. knocked 

out). Using such genome editing approaches would allow for complete 

removal of a given protein and alleviate the need for RNAi-based transient 

gene silencing. Cell lines in which screen hit genes are knocked out could be 

created and used in forthcoming cell mechanics studies, for instance for in-

depth analysis of the consequence of complete removal of ACTN4 or 

FAM134A on MCR mechanics. 
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Chemical inhibition of protein activity 

An approach to studying the importance of a given protein complementary 

to gene expression silencing is the use of inhibitors. This is especially feasible for 

genes that result in a lethal phenotype when silenced, or that for other 

reasons cannot be targeted by RNAi. A range of inhibitors, especially for 

protein kinases, is nowadays available and can serve as a means to verify the 

effects found upon protein depletion. Indeed, when testing the effect of 

protein kinase inhibition for 12 selected primary hits, we found comparable 

phenotypes between protein depletion and inhibition in 9 (75%) cases 

(Appendix Figure 3 and Appendix Table 7). Using protein kinase inhibitors 

therefore can help in verifying and further specifying the effects on MRC 

found upon protein depletion. However, this strategy is only applicable if 

specific inhibitors are available for a protein of interest and when this inhibitor 

can be used in cultured cells and at concentrations that do not affect the 

activity of other proteins. This issue is particularly relevant for protein kinase 

inhibitors which often affect more than one kinase, however at different 

concentrations. Thus, for every inhibitor used, the ideal application conditions 

such as inhibitor concentration and incubation time have to be determined 

and their effects on the target proteins as well as on potential off-target 

proteins need to be monitored. Moreover, for many of the proteins targeted 

in the screen, no chemical inhibitors are available to date. Thus, the use of 

inhibitors remains restricted to a small set of proteins and is not useful in 

screening applications of mechanical phenotyping. However, it can in 

conjunction with methods like RNAi and genome editing help characterizing 

the role of a given protein. 

 

5.2 CONCLUSIONS ON FOLLOW-UP STUDIES ON ACTN4 AND FAM134A 

ACTN4 depletion affects mitotic cell pressure due to cortex defects 

We found that ACTN4 depletion does not influence the timing of mitotic 

rounding but affects the plateau pressure of round mitotic cells as well as of 

non-mitotic cells rounded with trypsin (Figure 3-3 and Figure 3-4). We attribute 

this decrease in rounding pressure as well as the reduced ability of ACTN4-

depleted cells to resist deformation to defects in the cortical actin meshwork. 
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This also entails reduced levels of myosin at the mitotic cell cortex (Figure 3-4 

and Figure 3-6). We conclude that depletion of ACTN4 impairs the 

mechanical stability of mitotic cells which is potentially disadvantageous in 

an environment with strong confinement, such as within epithelia. The 

postulated defects in the mitotic actin cortex remain to be visualized, for 

instance by applying electron microscopy imaging. More importantly, using 

the knowledge from the results at hand it should be further analyzed how 

overexpression of ACTN4 and the invasiveness of the respective cancer cells 

are correlated. 

FAM134A depletion affects mitotic cell pressure and mitotic timing 

Depletion of FAM134A led to a decrease in the pressure of mitotic cells while 

non-mitotic cells rounded with trypsin were not affected (Figure 3-9). We 

attribute the decreased pressure found in mitotic FAM134A depleted cells to 

the concomitant reduction of cortical myosin when compared to control 

cells (Figure 3-11). Apart from affecting MCR pressure, FAM134A depletion 

also led to a significantly prolonged prometaphase, and consequential 

longer mitotic transition times (Figure 3-10). In light of recent findings on 

FAM134B204 and the results presented herein, we propose FAM134A to reside 

in the ER membrane and, potentially, to be involved in the remodeling of the 

ER in mitosis. To test this in the future, the distribution of FAM134A in respect to 

the ER throughout mitosis should be analyzed, for instance by using high-

resolution microscopy. Furthermore, similar to FAM134B, knockout cell lines of 

FAM134A could be produced and their mechanical behavior in mitosis 

tested. Moreover, mutating or blocking the putative FAM134A-microtubules 

interaction site would allow defining the role of FAM134A in preventing ER to 

interfere with mitotic spindle build-up. 

Follow-up studies on further screen hits 

Further follow-up experiments were carried out for selected screen hits and 

are summarized in Appendix Figure 1 and Appendix Figure 2. We find mitosis-

specific pressure defects for three primary hits (ECT2, FSCN1 and SCL33A1) 

and show different actin and myosin II distributions upon protein depletion for 

a small set of hits. We conclude that the strategy used to explore the effects 
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of protein depletion on MCR mechanics is applicable and trust in the results 

presented to serve as a resource for further studies on MCR mechanics.  

 

5.3 CONCLUSIONS ON ROBUSTNESS OF MITOTIC CELL ROUNDING IN 

CONFINEMENT 

 
In a further study we explored the robustness of MCR in conditions of strong 

confinement using novel AFM cantilevers. We found that when cells are 

confined with small forces, mitotic passage time is slightly shortened. For 

higher confinement forces, intracellular pressure increases and mitotic 

progression is prolonged (Figure 4-5). Above a threshold force, cells start to 

extensively bleb, release pressure and collapse in height, concomitant with 

loss of cortical F-actin homogeneity (Figure 4-8 and Figure 4-10). 

Consequentially, the high force confinement gradually impinges on the 

mitotic spindle, eventually leading to mitotic arrest (Figure 4-12). We 

conclude that, at least for the cell line tested, cells are capable of 

withstanding and rounding against high forces. Moreover, cells are able to 

modulate intracellular pressure in an attempt to create space for the mitotic 

spindle to form. This allows cells to carry out MCR and cell division in a highly 

confining environment, such as within epithelia. The robustness of MCR under 

such conditions remains to be tested for cell lines other than HeLa, for 

instance for cells originating from epithelia showing IKNM. This would allow 

quantifying the forces acting on – and exerted by - mitotic cells within 

epithelia, which lead to their displacement during mitosis. Applying AFM-

based methods or microfabricated pillar arrays mimicking the confinement in 

epithelia162, for instance, could help in quantifying these effects in 

forthcoming studies. 

 

5.4 CONCLUDING REMARKS 

 
In summary, we present a set of genes involved in the mechanics of MCR, 

many of which were hitherto not shown to be involved in this process 

(Chapter 2). We elucidate the role of proteins encoded by two of these 

genes, namely ACTN4 and FAM134A and propose how they could be 
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involved in MCR (Chapter 3). Last, we study the robustness of MCR in a highly 

confining environment (Chapter 4). 

 

Apart from their relevance in MCR, we envision many of the genes found in 

the mechanical phenotyping screen to additionally be important for 

mechanotransduction and cell mechanics in non-mitotic cells, as well. Thus, 

the results form our screen can also serve as a resource for 

mechanobiological studies of cell adhesion or cell migration, for instance. 

Model cells other than the HeLa cells used in this study should be additionally 

employed in forthcoming mechanobiological studies using these screening 

hits. Finally, we trust in the developed FIB-wedged AFM cantilevers to be 

applicable not only to study mitotic cells but the mechanics of cells at 

different stages of the cell cycle or different levels of differentiation, thereby 

allowing to obtain a more general view of cell mechanics and 

mechanotransduction and the regulation of these fascinating phenomena. 
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6 MATERIALS AND METHODS 

Cell culture 

HeLa Kyoto cells were seeded on glass bottom petri dishes (Fluorodish, WPI) in 

culture medium: DMEM (high glucose, GlutaMAX™ supplement, pyruvate, 

Life Technologies) supplemented with 10% fetal bovine serum (FBS, Life 

Technologies), 100 µg·ml-1 penicillin, 100 µg·ml-1 streptomycin; and cultured at 

37°C and 5% CO2 until further use. Prior to AFM experiments, medium was 

changed to microscopy medium: DMEM (high glucose, pyruvate, Life 

Technologies) with 4 mM NaHCO3 (Sigma-Aldrich) buffered with 20 mM HEPES 

(AppliChem) at pH 7.4 supplemented with 10% fetal bovine serum, 100 µg·ml-1 

penicillin and 100 µg·ml-1 streptomycin. For screening purposes and to 

visualize chromosome dynamics and image the cell periphery, a HeLa Kyoto 

cell line expressing fluorescently labeled histones (H2B-eGFP) and a label 

fluorescently marking the cell membrane (mCherry-CAAX) was used. For 

experiments requiring visualization of myosin II trans-mitotically, a cell line 

expressing fluorescently labeled histones (H2B-mCherry) and fluorescently 

labeled human non-muscle myosin heavy chain 9 (MYH9-eGFP) was used. For 

imaging myosin II and F-actin in mitotically arrested cells, we used a cell line 

expressing MYH9-eGFP and Lifeact-mCherry, a marker for filamentous actin 

not perturbing actin dynamics190. For experiments requiring spindle 

visualization, we used a cell line expressing mouse tubulin-eGFP and human 

H2B-mCherry. For experiments on ACTN4 and FAM134A we used cell lines 

expressing fluorescently labeled mouse ACTN4 (mACTN4-eGFP and 

mACTN4-eGFP siRESIS with the mACTN4 sequence resistant to targeted gene 

silencing by siRNA SI02779973) and fluorescently labeled human FAM134A 

(hFAM134A-eGFP), respectively. For antibiotic selection in all cell lines, 

0.5 mg·ml-1 geneticin (cell lines with eGFP label) and 0.5 µg·ml-1 puromycin 

(cell lines with mCherry label) (Life Technologies) were used. All cell lines 

courtesy of Anthony A. Hyman, except Lifeact-mCherry expressing cell line 

courtesy of Ewa Paluch. Cell lines resistant to gene silencing by an siRNA 

oligonucleotide of choice were produced in and obtained from the 

laboratory of Anthony A. Hyman at the MPI-CBG in Dresden. Expression of 

tagged proteins is based on bacterial artificial chromosomes (BAC) 
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transgenes189,248, endogenous unlabeled protein thus remains present in the 

cell249. 

Instrumental setup 

Glass bottom petri dishes (Fluorodish, WPI) containing cells in microscopy 

medium were mounted using a sample holder on an inverted light 

microscope (AxioObserver.Z1, Zeiss) with manual or automated precision 

stage (JPK Instruments AG) placed inside a custom made isolation box 

heated to a constant temperature of 37°C (The Cube, Life Imaging Services). 

Subsequently, the AFM (CellHesion 200, JPK Instruments AG) head carrying 

the glass block with mounted cantilever chip (NCS12/tipless/noAI, 

Mikromasch) was installed on the stage. To calibrate the cantilever, the 

deflection sensitivity against the rigid glass surface was measured followed by 

spring constant determination using the thermal noise method236. Imaging 

was carried out using a 20x air objective (Plan-Apochromat 20x/0.8 M27, 

Zeiss) and AxioVision acquisition software (Zeiss). For experiments where a 

terminal wedge was used to compensate for the intrinsic 10° tilt in the AFM 

setup, deflection sensitivity was measured by using point contact to 

immobilized polystyrene beads4,88. For experiments requiring confocal 

microscopy, the glass bottom petri dishes containing cells in microscopy 

medium were mounted on an inverted light microscope (AxioObserver.Z1, 

Zeiss) equipped with a laser scanning microscope (LSM 700, Zeiss) using a dish 

heater (JPK Instruments AG) at a constant temperature of 37°C on a manual 

or an automated precision stage (JPK Instruments AG). Imaging was carried 

out using a 63x water-immersion objective (LCI Plan-Neofluar 63x/1.3 Imm 

Corr DIC M27) and ZEN acquisition software (Zeiss). 

AFM-based single cell confinement on chemically arrested mitotic cells 

(short-term height confinement assay used for screen) 

HeLa Kyoto cells expressing H2B-eGFP and mCherry-CAAX were prepared for 

experiments in glass bottom dishes as outlined above. To chemically arrest 

cells in mitosis, 2 µM of the Eg5 inhibitor (+)-S-Trityl-L-cysteine (STC, Sigma-

Aldrich) was added to the microscopy medium 2 hours prior to 

measurements. Cells were mounted on the microscope and cantilever 

calibration was carried out as described above. Cells in late prometaphase 
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were selected based on eGFP fluorescence showing condensed 

chromosomes in a monopolar spindle configuration. The cantilever was 

brought into contact with the glass surface close to the cell of interest, 

retracted by 14 µm and moved over the cell, thereby confining it to the set 

height. Care was taken to position the cell at the front end of the cantilever. 

The force acting on the cantilever was constantly recorded; after an initial 

force peak (Peak force) at first contact with the cell, the signal gradually 

diminished to reach a constant force (Plateau force), which was used as 

readout of mitotic cell mechanical properties. At the same time, an image at 

the cellular mid-plane was taken followed by release of the cell and probing 

the surface with the cantilever to quantify potential time-dependent drift in 

cantilever height. 

AFM-based single cell height confinement assay on non-mitotic cells 

HeLa Kyoto cells expressing H2B-eGFP and mCherry-CAAX were prepared for 

experiments in glass bottom dishes and chemically arrested in mitosis in 

presence of 2 µM Eg5 inhibitor (+)-S-Trityl-L-cysteine (STC, Sigma-Aldrich) as 

described above. Using modified cantilevers compensating for the 10° tilt 

intrinsic to the AFM setup and thus preventing cells from sliding towards the 

cantilever base4,88, mitotic arrested cells were confined to a set height of 

typically 12 µm and images as well as force traces recorded as described 

above. Upon measuring a set of mitotic cells, the microscopy medium was 

removed from the petri dish, 200 µl of DMEM (high glucose, GlutaMAX™ 

supplement, pyruvate, Life Technologies) containing 1x trypsin (Trypsin (2.5%), 

no phenol red, no EDTA, Life Technologies) were added and cells incubated 

for 15-20 minutes. Then, microscopy medium containing only 0.1% FBS was 

added to a total volume of 2 ml. Subsequently, rounded non-mitotic cells 

were selected based on eGFP fluorescence showing an intact nucleus, and 

were confined to a set height of 10 µm. Images as well as force traces were 

recorded as described above. Confinement experiments on non-mitotic cells 

were typically started around 15 minutes and carried out within 90 minutes 

after addition of microscopy medium and dilution of trypsin. 
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Quantification of cortical myosin II and actin localization on chemically 

arrested mitotic cells 

HeLa Kyoto cells expressing MYH9-eGFP and Lifeact-mCherry were prepared 

for experiments in glass bottom dishes, chemically arrested in mitosis in 

presence of 2 µM Eg5 inhibitor (+)-S-Trityl-L-cysteine (STC, Sigma-Aldrich) and 

mounted on the confocal setup as described above. Using modified 

cantilevers compensating for the 10° tilt intrinsic to our AFM setup and thus 

preventing cells from sliding towards the cantilever base4,88, the cantilever 

was brought into contact with the glass surface close to the cell of interest, 

retracted by at least 22 µm, positioned over the cell and subsequently 

lowered with a constant speed of 0.5 µm·sec-1 to a predefined set height 

(typically 10 µm). Images at the cellular mid-plane were recorded and 

cortical enrichment of myosin II and actin were analyzed as described 

before6. 

AFM-based height confinement assay on single cells undergoing mitosis 

(trans-mitotic height confinement assay) 

HeLa Kyoto cells expressing H2B-eGFP and mCherry-CAAX or H2B-mCherry 

and MYH9-eGFP were prepared for experiments in glass bottom dishes and 

mounted on the confocal setup as described above. Cells in late prophase 

(before NEBD) were identified based on eGFP (H2B-eGFP) or mCherry 

(H2B-mCherry) fluorescence, and a modified cantilever compensating for the 

10° tilt intrinsic to the AFM setup and thus preventing cells from sliding towards 

the cantilever base4,88 was positioned at a predefined set height (typically 

10 µm) above the cell. Images at the cellular mid-plane were recorded at a 

set time interval (usually 2 minutes). Care was taken to continuously adjust the 

focus to the cellular mid-plane as the cell rounded against the cantilever and 

the corresponding resultant force trace was recorded. After chromosome 

segregation, the cell was released from confinement and the glass dish 

surface was probed with the cantilever to quantify potential time-dependent 

drift in cantilever height. For experiments where cortical myosin II localization 

was analyzed, images were processed and cortical localization values 

determined as described before6. 
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Mitotic phase assignment 

Mitotic phases were determined by H2B-eGFP or H2B-mCherry images such 

as: prophase – condensed chromosomes but intact nucleus; start of 

prometaphase - nuclear envelope breakdown; metaphase - chromosomes 

form a metaphase plate; anaphase - two sets of chromosomes separated3. 

Alternatively, for trans-mitotic constant height confinement assays, anaphase 

onset was apparent by the characteristic peak in the recorded force trace. 

Quantification of cell geometric and mechanical parameters 

Geometrical parameters were calculated based on the assumption of a 

rounded cell obeying a cortical-shell, liquid-core model in which the Young-

Laplace relation between surface tension and pressure difference across the 

cell boundary holds true. It was shown previously that the assumption of 

circular side profiles serves as a decent approximation for the shape of 

confined mitotic cells5. The AFM allows reading out the force leading to 

cantilever deflection and the cantilever height above the substrate. Using the 

in-built measurement tools of AxioVision and ZEN software allows determining 

cellular mid-plane cross sectional area (Am), corresponding radius (rm) and 

distance from cantilever tip to cell edge (x) from images of confined cells 

(Figure 6-1). For all experiments, parallel plate configuration was assumed. 

When using conventional non-wedged cantilevers, the difference between 

cantilever height above the substrate at the tip of the cantilever to the actual 

height between the glass dish and the cantilever at the center axis of the cell 

was corrected for, and so was the force-dependent height change due to 

cantilever deflection in all cases. Assuming parallel plate configuration for 

non-wedged cantilevers will induce an error when calculating shape 

parameters and cell pressure, which was considered negligible in light of the 

fact that we use this data for comparative means only. For all conditions, the 

relation between mid-plane cross sectional area (Am) and corresponding 

radius (rm) is 

 𝐴! = 2𝜋𝑟!!  (1) 

and the cell height at the center axis when using non-wedged cantilevers 

can be calculated as 

 ℎ = ℎ!"# +
𝐹
𝑘
+ tan 10° ∗ (𝑟! + 𝑥) (2) 
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where hset is the preset cantilever height, F the measured force deflecting the 

cantilever, k the cantilever spring constant and x the distance from the 

cantilever tip to the cell edge. Alternatively, when keeping the cell 

confinement force constant and recording varying cell height, the same 

formula can be applied by substituting hset with the actual measured 

cantilever height hc and the measured force F with the preset confinement 

force Fset. For wedged cantilevers, the corresponding formula for the 

calculation of cell height is the same as above, apart from the last term (and 

corresponding determination of x) becoming obsolete due to the true 

parallel plate configuration. For long-time experiments, drifts in cantilever 

height and force signal where determined at the end of the experiment and 

recorded values were corrected accordingly, assuming linear drift over time. 

For all results, the pressure data was calculated via 

 𝑟! = 𝑟! −
ℎ
2

 (3) 

 𝐴! = 𝜋𝑟!! (4) 

and 

 𝑃 =
𝐹
𝐴!

 (5) 

where Ac is the contact area between the cell and the confining cantilever, 

rc the corresponding radius and P the pressure across the plasma membrane. 

Using Pappus’ second centroid theorem, the volume V of the confined cell 

with circular side profiles of radius r 

 𝑟 =
ℎ
2

 (6) 

can be calculated as 

 𝑉 = 𝜋ℎ𝑟!! + 2𝜋 𝑟! +
4𝑟
3𝜋

∗ 𝜋
𝑟!

2
 (7) 

and the corresponding cell surface area S is 

 𝑆 = 2𝜋𝑟!! + 𝜋!ℎ𝑟! + 𝜋ℎ!. (8) 

Finally, applying the Young-Laplace equation with the two principal radii of 

cell surface curvature rm and r allows calculating the cortex tension as 

 𝑇 =
𝑃

!
!
+ !

!!

. (9) 

The geometry of round cells confined by AFM cantilevers is depicted in 

Figure 6-1. 
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Figure 6-1 Cell geometry determination. Depiction of the geometry of globular cells confined 
by non-wedged cantilevers (AFM-intrinsic 10° mounting angle between cantilever and 
substrate) (A) and wedged cantilevers (compensating for the 10° mounting angle4,88) (B) with 
measures, based on a model cell with cortical shell and liquid core5. k, cantilever spring 
constant; F, measured force; rc, radius of contact area between cell and cantilever; rm, radius 
of cellular mid-plane cross section; r, radius of circular side profile; x, distance from cantilever 
tip to cell edge; hset, preset cantilever height. 

RNA interference 

EsiRNAs were produced by and obtained from the laboratory of Frank 

Buchholz7,8 at a concentration of 200 ng·µl-1. To minimize the consumption of 

chemicals and esiRNA, forward transfections of HeLa Kyoto cells were 

routinely carried out in glass bottom petri dishes equipped with a re-usable 

self-adhesive silicone compartment (modified from removable 12 well 

chamber, Ibidi) restricting the available growth area to 0.56 cm2 (Figure 6-2). 

At time (t) = 0 hours, 2’500 – 3’000 cells were seeded in culture medium. 

At t = 14-16 hours, transfection premix A (containing 1 µl transfection reagent 

(Oligofectamine, Life Technologies) and 5 µl reduced serum medium (Opti-

MEM, Life Technologies)) and premix B (containing 360 ng esiRNA and 26 µl 

reduced serum medium) were mixed and incubated at room temperature for 

20 minutes. The culture medium was aspirated from the petri dishes, cells 

rinsed once with 150 µl pure DMEM (high glucose, GlutaMAX™ supplement, 

pyruvate, Life Technologies, with neither serum nor antibiotics) and 

subsequently supplemented with 330 µl pure DMEM. The transfection mix was 

added and cells incubated at 37°C and 5% CO2. At t = 18-20 hours, 40 µl of 

100% fetal bovine serum (Life Technologies) was added to the culture. 

Assuming an average molecular weight per base of 345 g·mol-1 and an 

average length of 21 base pairs per esiRNA oligonucleotide, the molecular 

weight per esiRNA can be estimated to be ~15’000 g·mol-1. The esiRNA 

concentration per transfection thus was ~60 nM. Cells were routinely 

prepared for experiments and assayed as described above between 

t = 48-60 hours unless noted otherwise. The transfection strategy is depicted in 

Figure 6-2. 
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Figure 6-2 Workflow for forward esiRNA transfections used in the screen. A self-adhesive 
reusable silicon compartment (grey) was mounted in a glass bottom petri dish (blue) (1.). Upon 
addition of culture medium (red), 2’500 – 3’000 HeLa cells were seeded (2.). After overnight 
incubation to allow cells to adhere and spread, the culture medium was aspirated, cells rinsed 
with DMEM, and fresh DMEM with neither serum nor antibiotics was added, followed by 
addition of the transfection mix (3.). 4 hours later, fetal bovine serum (FBS) was added to a final 
concentration of 10% (4.). Starting from 48 hours post transfection, medium was aspirated, the 
silicon compartment removed and cells supplemented with microscopy medium (Materials 
and Methods) containing S-Trityl-L-cysteine (STC) (5.). Cells in the central growth area (orange) 
were assayed using atomic force microscopy. 

 

SiRNA’s were obtained from Qiagen (see Appendix Table 6) and forward 

transfections of HeLa Kyoto cells were routinely carried out in glass bottom 

petri dishes unless noted otherwise. At t = 0 hours, 25’000 – 30’000 cells were 

seeded in culture medium. At t = 14-16 hours, transfection mix (containing 

0.8 µl transfection reagent (Lipofectamine RNAiMAX, Life Technologies), 100 µl 

reduced serum medium (Opti-MEM, Life Technologies) and 25-50 pmol siRNA) 

was prepared and incubated at room temperature for 15-20 minutes. The 

culture medium was aspirated from the petri dishes, cells rinsed once with 

and subsequently supplemented with 400 µl culture medium devoid of 

antibiotics. The transfection mix was added and cells incubated at 37°C and 

5% CO2. Cells were routinely prepared for experiments and assayed as 

described above between t = 24-60 hours unless noted otherwise. 

Screen analysis 

On each day of measurements, cells transfected with esiRNA targeting Firefly 

luciferase (negative control esiRNA not affecting any human gene) were 

subjected to the screening assay as described above in addition to the cells 

transfected with esiRNA targeting screen target genes. In the first round of 

screening using primary esiRNA oligonucleotide pools, the following workflow 

was applied: After measuring the plateau force of 12-16 cells, the statistical 

significance of the difference between plateau forces from cells with a 

particular gene silenced and control cells was assayed using a two-tailed 
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Students t test. In case of a statistically significant difference (p≤0.05) of at 

least 20%, the respective esiRNA was subjected to more rounds of 

measurements on different days. A gene was considered a primary hit if it 

resulted in statistically significant (p≤0.05) plateau force differences of at least 

20% in >50% of the measurement rounds (n≥2) when silenced by esiRNA. Using 

secondary esiRNA oligonucleotide pools targeting the primary hits, we 

followed the workflow described above with the sole difference that for each 

gene at least two subsequent rounds of measurements were carried out. If 

abovementioned requirements in statistically relevant plateau force 

differences were fulfilled and the phenotype found in the primary screening 

round was confirmed, the respective gene was considered a verified hit and 

intracellular pressure as well as cell volume data was retrieved using the force 

data and light microscopy images as described above. Verified hits with 

repeated (>50%, n≥2) statistically significant (p≤0.05) differences (≥20%) in 

intracellular pressure compared to control cells were considered pressure hits.  

Cell harvest 

Cells were prepared, cultured, transfected and assayed as described above. 

For subsequent analysis medium was aspirated, cells were rinsed twice on ice 

with ice-cold PBS followed by aspiration of all remaining liquid and 

subsequent incubation with 2x SDS sample buffer (2.5 ml 0.5 M Tris-HCl at 

pH 6.8 (Biosolve BV), 2 ml glycerol (AppliChem), 400 mg SDS (Applichem), 

0.5 ml 0.1% bromophenol blue (Sigma-Aldrich), 0.5 ml β-mercaptoethanol 

(Sigma-Aldrich) and H2O to 10 ml) for a maximum duration of 5 minutes. 

Amounts of 2x SDS sample buffer were adjusted based on cell confluence to 

obtain comparable cell lysate concentrations. The dissolved cells in harvest 

buffer were transferred to 1.5 ml reaction tubes (Eppendorff), heated to 95°C 

for 10 minutes, centrifuged briefly and stored at -20°C until further use. 

SDS-PAGE and immunoblotting 

Cell lysates were prepared as described above. 10-15 µl of lysate was loaded 

into SDS-PAGE gels (NuPage Novex 4-12% Bis-Tris Protein Gels, Life 

Technologies) and gels were run at a constant voltage of 165 V for 

~60 minutes at room temperature in MOPS SDS-PAGE running buffer using an 

electrophoresis system (XCell SureLock Mini-Cell, Life Technologies). Protein 
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transfer to nitrocellulose membranes (Protran BA85, Sigma-Aldrich) was 

carried out for ~60 minutes at 4°C and a constant current of 400 mA in a 

transfer unit (TE 22 Mighty Small Transphor Tank Transfer Unit, GE Healthcare 

Life Sciences) following the manufacturers instructions. Membranes were 

repeatedly washed in Tris-buffered saline (TBS), blocked for at least 60 minutes 

in TBS supplemented with 5% skimmed milk powder (Coop) and subsequently 

incubated overnight at 4°C with primary antibody in 5% skimmed milk 

powder. Upon repeated washing in TBS, incubation for 60 minutes with 

horseradish peroxidase (HRP) conjugated secondary antibody in 5% skimmed 

milk powder was carried out, followed by repeated washing of the 

membranes in TBS. Chemiluminescent detection reagent (Amersham ECL 

Western Blotting Detection Reagent, GE Healthcare Life Sciences) was used 

to detect relative protein amounts by exposure to X-ray films (Super RX, 

Fujifilm). Primary antibodies included custom-made rabbit polyclonal anti-

FAM134A antibody (C16039 and C16045, raised in two rabbits against 

synthetic peptide CDAPPLGPDIHSLVQS coupled to KLH, harvested and 

affinity-purified at the Antibody Facility of MPI-CBG in Dresden), mouse 

monoclonal anti-ACTN4 (4D10, Sigma-Aldrich), rabbit polyclonal 

anti-Myosin IIa antibody (#3403, Cell Signaling Technology), rabbit 

monoclonal anti-GAPDH antibody (#2118, Cell Signaling Technology), mouse 

monoclonal anti-α-Tubulin antibody (T9026, Sigma-Aldrich); secondary 

antibodies were HRP conjugated goat anti-rabbit antibody (#170-6515, 

BioRad Laboratories) and HRP conjugated goat anti-mouse antibody 

(#170-6516, BioRad Laboratories). 

Cell fractionation 

Cell fractionation into cytoplasmic, membrane, nuclear soluble, chromatin-

bound and cytoskeletal protein fractions was carried out using a fractionation 

kit (Subcellular Protein Fractionation Kit for Cultured Cells, Thermo Fisher 

Scientific) following the manufacturers instructions. The equivalent of 

50’000 cells was used for immunoblotting. 
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LIST OF ABREVIATIONS AND SYMBOLS 

Methods / Processes: 

AFM Atomic force microscopy 

CL Cantilever 

DIC Differential interference contrast 

FIB Focused ion beam 

IKNM Interkinetic nuclear migration 

LM Light microscopy 

MCR Mitotic cell rounding 

SEM Scanning electron microscopy 

UT Untreated 

WT Wild type 

RNA interference 

DNA Deoxyribonucleic acid 

cDNA Complementary DNA 

RNA Ribonucleic acid 

dsRNA Double stranded RNA 

mRNA Messenger RNA 

RNAi RNA interference 

siRNA Small interfering RNA 

esiRNA Endoribonuclease-derived siRNA 

RISC RNA-induced silencing complex 

Proteins / Tags: 

ACTN4 Alpha-actinin-4 

CDK1 Cyclin-dependent kinase 1 

mCherry Red fluorescent protein (derived and modified from 

 Discosoma coral red fluorescent protein) 

DIAPH1 Diaphanous-related formin 1 

ECT2 Epithelial cell transforming 2 

Eg5 Kinesin-Related Motor Protein, also KIF11 

F-actin Filamentous actin 

FAM134A Family with sequence similarity 134 member A 
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GFP Green fluorescent protein (derived from Aequorea victoria 

 jellyfish green fluorescent protein) 

eGFP Enhanced green fluorescent protein (this is the version of GFP 

used in all cell lines in this study, abbreviated to GFP in the text 

and figures) 

H2B Histone protein H2B 

LC3 Microtubule-associated protein 1A/1B-light chain 3 

LIR LC3-interacting region 

MRLC2 Myosin regulatory light chain 2, also abbreviated to MYL12B 

MYL12B Myosin regulatory light chain 2, also abbreviated to MRLC2 

MYH9 Non-muscle myosin, heavy chain 9 

PARK7 Parkinson protein 7 

ROCK Rho-associated protein kinase 

Material / Chemicals: 

BAC Bacterial artificial chromosome 

DMEM Dulbecco’s Modified Eagle Medium 

F-Luc esiRNA targeting Firefly luciferease (negative control) 

FBS Fetal bovine serum 

LatA Latrunculin A 

PDMS Polydimethylsiloxane 

STC (+)-S-Trityl-L-cysteine 

Cell compartments / Mitotic phases: 

P Prophase 

PM Prometaphase 

M Metaphase 

A / AP Anaphase 

T Telophase 

MP Metaphase plate formation 

NEBD Nuclear envelope breakdown 

ER Endoplasmic reticulum 
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Measurements: 

Ac Cell-cantilever contact area 

Am Cross-sectional cellular mid-plane area 

F Force 

Fset Set force 

h Height 

hset Set height 

k Cantilever spring constant 

n Number of experiments 

P Pressure 

r Radius of circular side profile of confined cells  

rc Cell-cantilever contact radius 

rm Cross-sectional cellular mid-plane radius 

S Surface area 

T Tension 

t Time 

V Volume 

x Distance from cantilever tip to cell edge 

Statistical analysis: 

N/A Not applicable / Not available 

p Probability 

ns Not statistically significant, p > 0.05 

* Statistically significant, p ≤ 0.05 

** Statistically significant, p ≤ 0.01 

*** Statistically significant, p ≤ 0.001 

SD Standard deviation 
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1. APPENDIX I: LIST OF TARGET GENES, HIT GENES AND (E)SIRNA USED 

 
Appendix I contains a list of all target genes tested in the screen presented in 
Chapter 2 (Appendix Table 1), followed by lists of all primary hits 
(Appendix Tables 2-4) and all verified hits (Appendix Table 5). All tables 
specify gene symbol, ENSEMBLE ID as well as results from primary and 
secondary screen. Then, a table of all main (e)siRNAs used in follow-up 
experiments (Chapter 3 and Chapter 4) is given (Appendix Table 6). 
 

1.1. List of all target genes tested in screen 

Appendix Table 1 - Alphabetical list of all target genes. Shown are gene symbol, ENSEMBLE ID, 
ID’s of primary and secondary esiRNA oligonucleotide pools used and results from primary and 
secondary screen. F, P and V, average relative force, pressure and volume, respectively; 
RD, number of rounds of measurements; PH and VH, primary and verified hits, respectively; 
N/A, secondary esiRNA oligonucleotide pool not available; let., lethal phenotype in majority of 
rounds. 

Gene Primary screen Secondary screen 

Symbol ENSEMBLE ID esiRNA ID F RD PH esiRNA ID F P V RD VH 

AAK1 ENSG00000115977 HU-08403-1 1.23 1        
ABCC1 ENSG00000103222 HU-07626-1 1.15 1        
ABI2 ENSG00000138443 HU-15173-1 1.03 1        
ABL2 ENSG00000143322 HU-01494-1 1.03 1        
ABLIM1 ENSG00000099204 HU-12582-1 1.15 1        
ABRA ENSG00000174429 HU-02972-1 1.46 4 x HU-02972-2 0.52 0.60 0.94 2  
ACTA1 ENSG00000143632 HU-11525-1 0.88 3        
ACTA2 ENSG00000107796 HU-11123-1 1.06 2        
ACTB ENSG00000075624 HU-07335-1 1.11 2        
ACTC1 ENSG00000159251 HU-04726-1 1.11 2        
ACTG1 ENSG00000184009 HU-12110-1 1.38 1        
ACTG2 ENSG00000163017 HU-08492-1 1.06 1        
ACTL7B ENSG00000148156 HU-01584-1 1.05 1        
ACTN1 ENSG00000072110 HU-01600-1 0.88 4        
ACTN2 ENSG00000077522 HU-00109-1 0.76 5 x N/A      
ACTN4 ENSG00000130402 HU-02773-1 0.63 5 x HU-02773-2 0.69 0.67 1.00 2 x 
ACTR10 ENSG00000131966 HU-01632-1 1.53 2        
ACTR1A ENSG00000138107 HU-14457-1 1.10 2        
ACTR1B ENSG00000115073 HU-00047-1 1.20 1        
ACTR2 ENSG00000138071 HU-10579-1 0.96 1        
ACTR3 ENSG00000115091 HU-10837-1 1.13 1        
ACVR1 ENSG00000115170 HU-02382-1 0.80 1        
ACVR1B ENSG00000135503 HU-03197-1 0.95 1        
ACVR2A ENSG00000121989 HU-02860-1 0.86 4        
ACVR2B ENSG00000114739 HU-05741-1 1.28 1        
ACVRL1 ENSG00000139567 HU-05827-1 0.92 1        
ADAM17 ENSG00000151694 HU-07538-1 1.12 2        
ADCK1 ENSG00000063761 HU-07692-1 0.83 1        
ADCK2 ENSG00000133597 HU-15440-1 0.63 1        
ADD1 ENSG00000087274 HU-12293-1 1.30 3 x HU-12293-2 0.63 0.67 0.96 2  
ADD2 ENSG00000075340 HU-08114-1 1.09 1        
ADK ENSG00000156110 HU-09268-1 0.90 1        
ADRBK1 ENSG00000173020 HU-04796-1 1.04 3        
ADRBK2 ENSG00000100077 HU-15605-1 0.85 3        
AGK ENSG00000006530 HU-11510-1 1.17 1        
AIF1L ENSG00000126878 HU-15491-1 0.92 3        
AIFM3 ENSG00000183773 HU-12256-1 0.95 1        
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Gene Primary screen Secondary screen 

Symbol ENSEMBLE ID esiRNA ID F RD PH esiRNA ID F P V RD VH 

AK1 ENSG00000106992 HU-00880-1 0.75 4 x HU-00880-2 1.07   2  
AK2 ENSG00000004455 HU-11410-1 1.04 1        
AK3 ENSG00000147853 HU-06943-1 0.94 1        
AK4 ENSG00000162433 HU-11408-1 0.99 1        
AK5 ENSG00000154027 HU-07639-1 1.19 1        
AK7 ENSG00000140057 HU-04086-1 0.69 4 x HU-04086-2 0.84   2  
AK9 ENSG00000155085 HU-00303-1 1.00 1        
AKT1 ENSG00000142208 HU-08350-1 0.75 1        
AKT2 ENSG00000105221 HU-07747-1 0.87 1        
AKT3 ENSG00000117020 HU-06720-1 0.85 3        
ALDH18A1 ENSG00000059573 HU-03700-1 0.95 4        
ALDOA ENSG00000149925 HU-11433-1 0.98 1        
ALMS1 ENSG00000116127 HU-00647-1 0.84 1        
ALPK1 ENSG00000073331 HU-09021-1 1.08 1        
ALPK2 ENSG00000198796 HU-10064-1 1.26 1        
AMHR2 ENSG00000135409 HU-01858-1 0.74 4        
AMOT ENSG00000126016 HU-12977-1 0.28 3 x HU-12977-2 1.03   2  
AMPH ENSG00000078053 HU-09642-1 1.04 1        
ANK1 ENSG00000029534 HU-09945-1 1.03 1        
ANKK1 ENSG00000170209 HU-03768-1 0.96 1        
ANLN ENSG00000011426 HU-05044-1 0.90 3        
APBB3 ENSG00000113108 HU-09485-1 1.28 2        
APC ENSG00000134982 HU-07917-1 1.00 1        
AQP11 ENSG00000178301 HU-03777-1 0.89 3        
AQP3 ENSG00000165272 HU-07164-1 1.27 1        
AQP7 ENSG00000165269 HU-11110-1 0.90 2        
AQP9 ENSG00000103569 HU-00316-1 0.80 2        
ARAF ENSG00000078061 HU-03822-1 1.23 1        
ARHGAP32 ENSG00000134909 HU-06633-1 0.82 3        
ARHGAP35 ENSG00000160007 HU-14606-1 0.99 1        
ARHGAP6 ENSG00000047648 HU-08726-1 1.25 1        
ARHGEF12 ENSG00000196914 HU-12271-1 1.04 1        
ARHGEF2 ENSG00000116584 HU-09294-1 0.83 1        
ARHGEF4 ENSG00000136002 HU-07543-1 1.24 3        
ARHGEF6 ENSG00000129675 HU-13368-1 0.84 3        
ARHGEF7 ENSG00000102606 HU-09436-1 0.81 1        
ARPC1B ENSG00000130429 HU-00789-1 0.94 1        
ARPC2 ENSG00000163466 HU-07795-1 1.11 1        
ARPC3 ENSG00000111229 HU-10712-1 1.27 2        
ARPC5 ENSG00000162704 HU-09380-1 1.01 1        
ATM ENSG00000149311 HU-08952-1 0.86 1        
ATP1A2 ENSG00000018625 HU-13499-1 0.96 1        
ATP1B2 ENSG00000129244 HU-02888-1 1.18 3        
ATP6V1C2 ENSG00000143882 HU-05559-1 0.75 3        
ATP6V1G1 ENSG00000136888 HU-15624-1 1.17 1        
ATR ENSG00000175054 HU-04034-1 0.74 3 x HU-04034-2 0.75 0.73 0.98 3 x 
AURKB ENSG00000178999 HU-00147-1 0.98 6        
AVIL ENSG00000135407 HU-01618-1 0.89 2        
AXL ENSG00000167601 HU-08146-1 1.19 1        
BAIAP2 ENSG00000175866 HU-07677-1 0.61 3 x HU-07677-2 1.26   3  
BCAR1 ENSG00000050820 HU-14294-1 0.62 2 x HU-14294-2 0.73 0.83 0.94 3 x 
BCKDK ENSG00000103507 HU-08644-1 1.06 1        
BCR ENSG00000186716 HU-09489-1 1.08 1        
BIN1 ENSG00000136717 HU-06911-1 1.15 1        
BMF ENSG00000104081 HU-14094-1 1.12 1        
BMP2K ENSG00000138756 HU-07668-1 0.85 1        
BMPR1A ENSG00000107779 HU-10598-1 0.77 2        
BMPR2 ENSG00000204217 HU-10381-1 1.08 1        
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BMX ENSG00000102010 HU-06671-1 0.92 1        
BRD4 ENSG00000141867 HU-07675-1 0.91 1        
BRDT ENSG00000137948 HU-11678-1 1.02 1        
BUB1 ENSG00000169679 HU-01483-1 0.69 5 x HU-01483-2 0.81 0.81 0.97 3 x 
BUB1B ENSG00000156970 HU-05210-1 0.62 3 x HU-05210-2    3 let.  
C1orf74 ENSG00000162757 HU-03983-1 1.52 3 x HU-03983-2 0.79   2  
C21orf91 ENSG00000154642 HU-14394-1 0.95 2        
CACNA1B ENSG00000148408 HU-15904-1 0.95 3        
CACNB4 ENSG00000182389 HU-08663-1 0.87 3        
CALD1 ENSG00000122786 HU-06691-1 0.83 1        
CALML3 ENSG00000178363 HU-13578-1 0.86 1        
CAMK1 ENSG00000134072 HU-03925-1 0.86 1        
CAMK1D ENSG00000183049 HU-07572-1 1.03 1        
CAMK1G ENSG00000008118 HU-06337-1 1.13 1        
CAMK2A ENSG00000070808 HU-06810-1 0.69 3 x HU-06810-2 0.64 0.71 0.96 2 x 
CAMK2B ENSG00000058404 HU-05919-1 0.88 1        
CAMK2G ENSG00000148660 HU-06308-1 1.10 1        
CAMKK1 ENSG00000004660 HU-06229-1 0.53 3 x HU-06229-2 0.85   2  
CAMKK2 ENSG00000110931 HU-08385-1 1.02 1        
CAMKV ENSG00000164076 HU-06560-1 0.99 1        
CAP1 ENSG00000131236 HU-10576-1 0.95 1        
CAPG ENSG00000042493 HU-12932-1 0.88 2        
CAPZA1 ENSG00000116489 HU-10783-1 1.34 5        
CAPZA2 ENSG00000198898 HU-10089-1 0.70 4 x HU-10089-2 0.96 0.82 0.89 4  
CAPZA3 ENSG00000177938 HU-05789-1 0.92 1        
CAPZB ENSG00000077549 HU-08794-1 0.90 2        
CASK ENSG00000147044 HU-07495-1 1.02 4        
CCDC9 ENSG00000105321 HU-14989-1 0.74 1        
CCT2 ENSG00000166226 HU-01223-1 0.82 4        
CD2AP ENSG00000198087 HU-01582-1 0.74 4        
CD63 ENSG00000135404 HU-03278-1 0.89 5        
CDC14B ENSG00000081377 HU-11533-1 1.14 1        
CDC37 ENSG00000105401 HU-10455-1 0.46 3 x HU-10455-2 0.56 0.51 0.95 7 x 
CDC42 ENSG00000070831 HU-11724-1 0.96 1        
CDC42BPA ENSG00000143776 HU-15875-1 0.73 4 x HU-15875-2 1.27   3  
CDC42BPB ENSG00000198752 HU-10143-1 1.03 1        
CDC42EP1 ENSG00000128283 HU-10033-1 1.20 3        
CDC42EP4 ENSG00000179604 HU-13375-1 1.00 1        
CDC7 ENSG00000097046 HU-01216-1 0.99 1        
CDH1 ENSG00000039068 HU-09037-1 1.06 3        
CDK1 ENSG00000170312 HU-09935-1 0.74 6        
CDK10 ENSG00000185324 HU-09405-1 0.79 1        
CDK11A ENSG00000008128 HU-11472-1 0.65 4 x HU-11472-2 0.52 0.59 0.93 2 x 
CDK12 ENSG00000167258 HU-02180-1 0.85 8        
CDK13 ENSG00000065883 HU-06477-1 1.02 1        
CDK14 ENSG00000058091 HU-08733-1 1.03 1        
CDK16 ENSG00000102225 HU-06343-1 0.87 1        
CDK17 ENSG00000059758 HU-03570-1 0.70 4        
CDK18 ENSG00000117266 HU-07455-1 0.71 3 x HU-07455-2 0.95   2  
CDK19 ENSG00000155111 HU-06157-1 0.94 1        
CDK2 ENSG00000123374 HU-06176-1 0.97 1        
CDK20 ENSG00000156345 HU-06196-1 0.88 1        
CDK4 ENSG00000135446 HU-07051-1 1.06 1        
CDK6 ENSG00000105810 HU-03307-1 1.12 1        
CDK7 ENSG00000134058 HU-10856-1 0.99 1        
CDK8 ENSG00000132964 HU-02398-1 1.63 3 x HU-02398-2 0.94   2  
CDK9 ENSG00000136807 HU-05348-1 0.83 4        
CDKL2 ENSG00000138769 HU-04227-1 0.99 1        
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CDKL3 ENSG00000006837 HU-05616-1 1.05 1        
CDKL4 ENSG00000205111 HU-10269-1 1.05 1        
CDKL5 ENSG00000008086 HU-04812-1 1.03 1        
CELSR2 ENSG00000143126 HU-04146-1 0.83 2        
CEP120 ENSG00000168944 HU-06701-1 0.74 3 x HU-06701-2 0.94   2  
CEP72 ENSG00000112877 HU-04108-1 0.83 3 x HU-04108-2 0.41 0.40 1.01 2 x 
CEP76 ENSG00000101624 HU-02035-1 0.93 1        
CERK ENSG00000100422 HU-02072-1 0.78 4 x HU-02072-2 0.64 0.70 0.95 2 x 
CFL2 ENSG00000165410 HU-06197-1 0.69 4        
CHEK1 ENSG00000149554 HU-05614-1 0.94 1        
CHEK2 ENSG00000183765 HU-15848-1 0.88 1        
CHKA ENSG00000110721 HU-06627-1 0.98 1        
CHKB ENSG00000100288 HU-11667-1 0.81 1        
CHMP3 ENSG00000115561 HU-04914-1 1.04 1        
CHRM1 ENSG00000168539 HU-00982-1 1.12 1        
CHRM2 ENSG00000181072 HU-12077-1 1.15 1        
CHRM3 ENSG00000133019 HU-02715-1 0.70 2 x HU-02715-2 0.50 0.59 0.94 2 x 
CHRM5 ENSG00000184984 HU-13028-1 1.00 1        
CIT ENSG00000122966 HU-00638-1 0.86 5        
CKB ENSG00000166165 HU-15397-1 1.01 1        
CKM ENSG00000104879 HU-00665-1 0.71 3 x HU-00665-2 0.83   3  
CLASP1 ENSG00000074054 HU-02894-1 1.10 1        
CLCN2 ENSG00000114859 HU-13291-1 0.69 3 x HU-13291-2 1.02   2  
CLCN3 ENSG00000109572 HU-11588-1 0.88 1        
CLCN5 ENSG00000171365 HU-06186-1 1.15 1        
CLEC16A ENSG00000038532 HU-04156-1 0.73 3 x HU-04156-2 0.67 0.62 0.96 3 x 
CLIC4 ENSG00000169504 HU-10470-1 0.86 2        
CLIC5 ENSG00000112782 HU-09514-1 0.79 4 x HU-09514-2 0.67 0.82 0.95 2 x 
CLK1 ENSG00000013441 HU-09508-1 1.14 1        
CLK4 ENSG00000113240 HU-02727-1 1.11 1        
CMPK1 ENSG00000162368 HU-00508-1 0.97 2        
CNBP ENSG00000169714 HU-03909-1 0.56 1        
CNN2 ENSG00000064666 HU-08238-1 0.92 1        
CNOT2 ENSG00000111596 HU-00166-1 1.01 1        
COASY ENSG00000068120 HU-05755-1 0.91 1        
COBLL1 ENSG00000082438 HU-05925-1 0.82 1        
CORO1A ENSG00000102879 HU-14731-1 0.89 3        
CORO1C ENSG00000110880 HU-05743-1 1.16 2        
CORO2B ENSG00000103647 HU-15602-1 0.67 3 x HU-15602-2 1.03   2  
CRK ENSG00000167193 HU-15997-1 0.75 2        
CRKL ENSG00000099942 HU-06707-1 0.84 1        
CROCC ENSG00000058453 HU-16037-1 1.14 1        
CRYAB ENSG00000109846 HU-01732-1 0.91 2        
CSF1R ENSG00000182578 HU-05266-1 0.79 4        
CSK ENSG00000103653 HU-15680-1 1.11 3        
CSNK1A1 ENSG00000113712 HU-09319-1 0.91 1        
CSNK1G1 ENSG00000169118 HU-07378-1 1.20 1        
CSNK1G2 ENSG00000133275 HU-08115-1 0.93 1        
CSNK2A1 ENSG00000101266 HU-15685-1 0.84 1        
CSNK2A2 ENSG00000070770 HU-01117-1 1.20 1        
CTNNA1 ENSG00000044115 HU-08813-1 0.91 2        
CTNNA2 ENSG00000066032 HU-05933-1 1.08 1        
CTNNA3 ENSG00000183230 HU-06105-1 0.90 1        
CTNNAL1 ENSG00000119326 HU-06137-1 0.91 1        
CTNNB1 ENSG00000168036 HU-13942-1 0.92 2        
CTTNBP2NL ENSG00000143079 HU-05877-1 1.03 1        
CYB561D1 ENSG00000174151 HU-05526-1 0.96 3        
CYFIP1 ENSG00000068793 HU-00947-1 0.67 2 x HU-00947-2 0.83 0.64 0.98 3 x 
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CYFIP2 ENSG00000055163 HU-02079-1 1.07 1        
DAK ENSG00000149476 HU-09067-1 1.15 1        
DAPK1 ENSG00000196730 HU-01541-1 1.08 2        
DAPK2 ENSG00000035664 HU-03603-1 0.96 1        
DBN1 ENSG00000113758 HU-08713-1 0.59 3 x HU-08713-2 0.67 0.74 0.95 2 x 
DCK ENSG00000156136 HU-00074-1 1.08 1        
DCLK1 ENSG00000133083 HU-06376-1 0.92 1        
DCLK2 ENSG00000170390 HU-08970-1 1.09 1        
DCLK3 ENSG00000163673 HU-02208-1 0.98 1        
DCTN2 ENSG00000175203 HU-08658-1 0.87 2        
DCTN3 ENSG00000137100 HU-12560-1 0.99 1        
DDR2 ENSG00000162733 HU-04783-1 1.26 1        
DFNB31 ENSG00000095397 HU-07481-1 0.69 4 x HU-07481-2 0.52 0.57 0.90 2 x 
DGKA ENSG00000065357 HU-08288-1 0.84 1        
DGKB ENSG00000136267 HU-05408-1 0.95 1        
DGKD ENSG00000077044 HU-02192-1 0.81 3        
DGKE ENSG00000153933 HU-03134-1 0.99 1        
DGKG ENSG00000058866 HU-07726-1 0.78 1        
DGKH ENSG00000102780 HU-07284-1 1.11 1        
DGKI ENSG00000157680 HU-04622-1 0.88 1        
DGKQ ENSG00000145214 HU-08695-1 1.21 3        
DGUOK ENSG00000114956 HU-08775-1 1.19 3        
DIAPH1 ENSG00000131504 HU-10947-1 0.66 2 x HU-10947-2 0.33 0.35 0.98 2 x 
DIAPH2 ENSG00000147202 HU-08857-1 0.92 1        
DIAPH3 ENSG00000139734 HU-09027-1 1.00 1        
DLC1 ENSG00000164741 HU-09324-1 0.99 3        
DLG3 ENSG00000082458 HU-02774-1 1.13 1        
DLG4 ENSG00000132535 HU-07173-1 0.74 6 x HU-07173-2 0.72 0.76 0.97 2 x 
DLG5 ENSG00000151208 HU-05341-1 0.61 3 x HU-05341-2 0.67 0.87 0.89 2 x 
DMPK ENSG00000104936 HU-09919-1 0.83 1        
DMTN ENSG00000158856 HU-09739-1 1.24 1        
DNAJA3 ENSG00000103423 HU-09160-1 1.53 3 x N/A      
DOCK1 ENSG00000150760 HU-13119-1 0.88 1        
DPY30 ENSG00000162961 HU-07579-1 0.87 1        
DSTN ENSG00000125868 HU-07312-1 0.83 1        
DTYMK ENSG00000168393 HU-11029-1 1.31 4        
DYNC1LI2 ENSG00000135720 HU-12218-1 0.73 1        
DYNLL2 ENSG00000121083 HU-03985-1 0.69 4        
DYRK1A ENSG00000157540 HU-06132-1 0.94 1        
DYRK1B ENSG00000105204 HU-07681-1 0.77 4        
DYRK3 ENSG00000143479 HU-05679-1 0.83 1        
DYRK4 ENSG00000010219 HU-03735-1 0.95 1        
ECT2 ENSG00000114346 HU-03747-1 0.46 2 x HU-03747-2 0.67 0.66 0.98 3 x 
EDA2R ENSG00000131080 HU-09920-1 0.98 1        
EEF2K ENSG00000103319 HU-03387-1 1.17 1        
EGF ENSG00000138798 HU-13085-1 1.15 1        
EGFR ENSG00000146648 HU-07676-1 0.80 1        
EIF2AK1 ENSG00000086232 HU-01112-1 1.09 1        
EIF2AK3 ENSG00000172071 HU-03088-1 0.82 3        
EIF2AK4 ENSG00000128829 HU-05395-1 1.12 1        
EMC3 ENSG00000125037 HU-04033-1 0.99 1        
EMP3 ENSG00000142227 HU-00609-1 0.83 5        
EPB41 ENSG00000159023 HU-13262-1 1.09 1        
EPB41L2 ENSG00000079819 HU-08373-1 0.90 1        
EPHA1 ENSG00000146904 HU-01790-1 0.85 1        
EPHA2 ENSG00000142627 HU-07505-1 1.26 1        
EPHA3 ENSG00000044524 HU-00280-1 0.89 1        
EPHA4 ENSG00000116106 HU-04147-1 1.00 1        
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EPHB2 ENSG00000133216 HU-06051-1 1.20 3        
EPHB4 ENSG00000196411 HU-07978-1 1.02 1        
ERBB2 ENSG00000141736 HU-07875-1 0.88 1        
ERBB3 ENSG00000065361 HU-03096-1 1.06 1        
ERN1 ENSG00000178607 HU-00272-1 0.91 3        
ERN2 ENSG00000134398 HU-06801-1 0.97 1        
ESPN ENSG00000187017 HU-14912-1 0.44 3 x HU-14912-2 0.88   3  
ETNK1 ENSG00000139163 HU-06271-1 0.88 1        
EVI5L ENSG00000142459 HU-05853-1 0.75 4        
EZR ENSG00000092820 HU-06684-1 0.63 4 x HU-06684-2 0.96   2  
F2 ENSG00000180210 HU-03818-1 1.03 1        
F2R ENSG00000181104 HU-00027-1 0.67 2 x HU-00027-2 0.44 0.40 1.04 2 x 
FAM107B ENSG00000065809 HU-01563-1 1.16 1        
FAM134A ENSG00000144567 HU-15382-1 0.65 3 x HU-15382-2 0.57 0.60 0.99 3 x 
FAM156B ENSG00000179304 HU-11349-1 0.78 1        
FASTK ENSG00000164896 HU-10026-1 0.84 1        
FER ENSG00000151422 HU-01199-1 0.82 1        
FERMT1 ENSG00000101311 HU-06474-1 0.82 2        
FERMT2 ENSG00000073712 HU-13993-1 0.81 1        
FERMT3 ENSG00000149781 HU-07608-1 0.67 4 x HU-07608-2 0.86   2  
FES ENSG00000182511 HU-04877-1 0.96 1        
FGD1 ENSG00000102302 HU-13797-1 1.03 1        
FGF1 ENSG00000113578 HU-08580-1 0.86 1        
FGF10 ENSG00000070193 HU-04185-1 0.85 1        
FGF11 ENSG00000161958 HU-01928-1 0.96 1        
FGF12 ENSG00000114279 HU-02307-1 1.04 1        
FGF14 ENSG00000102466 HU-07037-1 1.12 1        
FGF2 ENSG00000138685 HU-00961-1 0.56 2 x HU-00961-2 0.68 0.52 0.98 3 x 
FGF5 ENSG00000138675 HU-12409-1 0.83 1        
FGF7 ENSG00000140285 HU-05164-1 0.90 1        
FGF9 ENSG00000102678 HU-03813-1 0.86 1        
FGFR1 ENSG00000077782 HU-10042-1 1.09 1        
FGFR2 ENSG00000066468 HU-12563-1 0.95 3        
FGFR3 ENSG00000068078 HU-09524-1 0.96 2        
FGFR4 ENSG00000160867 HU-08549-1 1.26 1        
FGGY ENSG00000172456 HU-09922-1 1.06 1        
FGR ENSG00000000938 HU-05644-1 0.95 1        
FHL2 ENSG00000115641 HU-06394-1 0.76 2        
FHL3 ENSG00000183386 HU-15464-1 1.05 1        
FILIP1L ENSG00000168386 HU-08341-1 0.91 1        
FKBP15 ENSG00000119321 HU-12999-1 0.86 3        
FLNA ENSG00000196924 HU-15778-1 1.02 3        
FLNB ENSG00000136068 HU-09169-1 0.93 2        
flot2 ENSG00000132589 HU-00855-1 0.79 1        
FLT1 ENSG00000102755 HU-00544-1 1.04 1        
FLT3 ENSG00000122025 HU-02069-1 1.39 5        
FMN1 ENSG00000186031 HU-08953-1 0.85 4        
FN1 ENSG00000115414 HU-09988-1 0.96 1        
FN3K ENSG00000167363 HU-02725-1 0.99 1        
FRK ENSG00000111816 HU-03757-1 0.76 3        
FSCN1 ENSG00000075618 HU-05054-1 0.28 3 x HU-05054-2 0.72 0.76 0.99 2 x 
FUK ENSG00000157353 HU-00483-1 0.76 4        
FXYD2 ENSG00000137731 HU-13550-1 1.02 1        
FYN ENSG00000010810 HU-06249-1 1.01 1        
FZD10 ENSG00000111432 HU-03252-1 1.11 1        
FZD7 ENSG00000155760 HU-12164-1 0.84 2        
GABARAP ENSG00000170296 HU-14702-1 0.95 2        
GAK ENSG00000178950 HU-15838-1 1.28 4        
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GALK1 ENSG00000108479 HU-15635-1 0.82 1        
GALK2 ENSG00000156958 HU-15386-1 1.34 3 x HU-15386-2 0.86   3  
GAS2 ENSG00000148935 HU-01278-1 0.60 3 x HU-01278-2 0.85   2  
GAS7 ENSG00000007237 HU-15854-1 0.96 1        
GIT1 ENSG00000108262 HU-09874-1 0.93 1        
GJB2 ENSG00000165474 HU-02276-1 0.81 2        
GK2 ENSG00000196475 HU-11609-1 1.34 3        
GNA12 ENSG00000146535 HU-05981-1 1.15 1        
GNA13 ENSG00000120063 HU-01808-1 0.48 2 x HU-01808-2 0.44 0.59 0.88 2 x 
GNE ENSG00000159921 HU-01955-1 1.11 1        
GNG12 ENSG00000172380 HU-14389-1 1.13 5        
GPR125 ENSG00000152990 HU-08531-1 1.13 1        
GRK4 ENSG00000125388 HU-07088-1 0.86 1        
GRK6 ENSG00000198055 HU-11557-1 0.92 1        
GSK3A ENSG00000105723 HU-04079-1 0.95 1        
GSK3B ENSG00000082701 HU-07945-1 0.87 1        
GSN ENSG00000148180 HU-07147-1 0.92 1        
GTSE1 ENSG00000075218 HU-06782-1 1.01 1        
GYPC ENSG00000136732 HU-12502-1 1.24 1        
GYS2 ENSG00000111713 HU-00551-1 0.89 2        
H1F0 ENSG00000189060 HU-13587-1 0.82 1        
HAP1 ENSG00000173805 HU-09431-1 0.97 1        
HAUS1 ENSG00000152240 HU-10516-1 0.69 2        
HAX1 ENSG00000143575 HU-10577-1 1.05 1        
HCK ENSG00000101336 HU-02779-1 0.98 1        
HDAC4 ENSG00000068024 HU-13698-1 0.99 1        
HDAC6 ENSG00000094631 HU-05485-1 1.14 1        
HERC2 ENSG00000128731 HU-04052-1 1.08 1        
HIPK3 ENSG00000110422 HU-01994-1 0.81 1        
HK1 ENSG00000156515 HU-08988-1 1.25 3        
HK3 ENSG00000160883 HU-05273-1 1.09 1        
HKDC1 ENSG00000156510 HU-06827-1 0.87 1        
HNRNPH1 ENSG00000169045 HU-11643-1 1.01 1        
HNRNPH2 ENSG00000126945 HU-05403-1 0.95 1        
HRAS ENSG00000174775 HU-13421-1 0.88 1        
HSPA14 ENSG00000187522 HU-13396-1 0.94 1        
HUNK ENSG00000142149 HU-02388-1 1.05 1        
ICK ENSG00000112144 HU-09185-1 1.08 1        
IFT88 ENSG00000032742 HU-06483-1 1.18 1        
IGF1R ENSG00000140443 HU-02886-1 0.83 3        
IKBKB ENSG00000104365 HU-00777-1 0.85 1        
ILK ENSG00000166333 HU-14327-1 0.73 5 x HU-14327-2 1.00   2  
INPPL1 ENSG00000165458 HU-08105-1 1.06 3        
INSR ENSG00000171105 HU-09184-1 1.05 1        
INTS6 ENSG00000102786 HU-13131-1 0.92 1        
IP6K1 ENSG00000176095 HU-03212-1 0.93 1        
IP6K2 ENSG00000068745 HU-07393-1 1.07 1        
IP6K3 ENSG00000161896 HU-07905-1 0.75 3 x HU-07905-2 1.01   2  
IQGAP1 ENSG00000140575 HU-13792-1 1.18 1        
IQGAP2 ENSG00000145703 HU-00742-1 0.86 3        
IQGAP3 ENSG00000183856 HU-09362-1 1.17 5        
IRAK1 ENSG00000184216 HU-09329-1 0.83 4        
IRAK2 ENSG00000134070 HU-05366-1 1.19 3        
IRAK3 ENSG00000090376 HU-05311-1 1.06 1        
ITGA1 ENSG00000213949 HU-22646-1 1.15 1        
ITGA11 ENSG00000137809 HU-14532-1 0.85 1        
ITGA2 ENSG00000164171 HU-04053-1 0.88 1        
ITGA3 ENSG00000005884 HU-13398-1 1.12 1        
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ITGA4 ENSG00000115232 HU-09845-1 1.15 1        
ITGA5 ENSG00000161638 HU-05573-1 0.96 1        
ITGA6 ENSG00000091409 HU-08886-1 0.88 1        
ITGA7 ENSG00000135424 HU-15881-1 1.27 1        
ITGA9 ENSG00000144668 HU-13156-1 1.12 1        
ITGAD ENSG00000156886 HU-06676-1 1.23 1        
ITGAE ENSG00000083457 HU-01504-1 0.96 1        
ITGAL ENSG00000005844 HU-05977-1 0.94 1        
ITGAM ENSG00000169896 HU-04881-1 1.00 1        
ITGAV ENSG00000138448 HU-00230-1 0.94 1        
ITGAX ENSG00000140678 HU-07269-1 0.81 1        
ITGB1 ENSG00000150093 HU-06507-1 1.02 1        
ITGB2 ENSG00000160255 HU-13391-1 1.03 1        
ITGB4 ENSG00000132470 HU-05951-1 0.84 1        
ITGB5 ENSG00000082781 HU-03652-1 0.88 1        
ITGB6 ENSG00000115221 HU-00924-1 1.13 1        
ITGB7 ENSG00000139626 HU-06709-1 1.15 1        
ITGB8 ENSG00000105855 HU-01422-1 1.00 1        
ITK ENSG00000113263 HU-01891-1 0.91 1        
ITPK1 ENSG00000100605 HU-06319-1 1.18 1        
ITPKA ENSG00000137825 HU-01477-1 1.03 1        
ITPKB ENSG00000143772 HU-03936-1 1.01 1        
ITPKC ENSG00000086544 HU-15372-1 0.92 4        
JAK1 ENSG00000162434 HU-08487-1 1.13 1        
JAK3 ENSG00000105639 HU-09710-1 0.55 3 x HU-09710-2 1.04   2  
KALRN ENSG00000160145 HU-06114-1 0.96 2        
KAT2B ENSG00000114166 HU-02057-1 1.13 1        
KCNC4 ENSG00000116396 HU-16028-1 0.87 3        
KCNE2 ENSG00000159197 HU-04402-1 1.24 1        
KCNE3 ENSG00000175538 HU-00343-1 0.77 3 x HU-00343-2 0.98   2  
KCNH5 ENSG00000140015 HU-08514-1 1.19 1        
KCNH6 ENSG00000173826 HU-11503-1 0.82 1        
KCNH7 ENSG00000184611 HU-06342-1 1.25 1        
KCNJ13 ENSG00000115474 HU-04175-1 1.19 1        
KCNJ15 ENSG00000157551 HU-07321-1 0.77 3 x HU-07321-2 0.72 0.67 1.04 2 x 
KCNJ16 ENSG00000153822 HU-14049-1 1.11 1        
KCNK1 ENSG00000135750 HU-04824-1 0.82 5        
KCNN2 ENSG00000080709 HU-15012-1 1.17 1        
KCTD10 ENSG00000110906 HU-04012-1 1.50 1        
KCTD14 ENSG00000151364 HU-00363-1 0.70 1        
KCTD5 ENSG00000167977 HU-00446-1 0.93 1        
KDR ENSG00000128052 HU-15561-1 1.05 1        
KIF23 ENSG00000137807 HU-06612-1 0.75 1        
KIT ENSG00000157404 HU-00084-1 1.19 1        
KLHL2 ENSG00000109466 HU-01285-1 1.18 1        
KLHL20 ENSG00000076321 HU-07959-1 0.96 1        
KLHL22 ENSG00000185214 HU-11949-1 1.27 1        
KNCN ENSG00000162456 HU-03253-1 1.07 1        
KNSTRN ENSG00000128944 HU-05064-1 1.05 1        
KPTN ENSG00000118162 HU-12302-1 1.03 1        
KRAS ENSG00000133703 HU-11443-1 1.44 2 x HU-11443-2 0.37 0.46 0.90 2  
LAMP1 ENSG00000185896 HU-02878-1 1.32 2        
LANCL2 ENSG00000132434 HU-02495-1 1.00 1        
LASP1 ENSG00000002834 HU-13529-1 0.94 1        
LATS2 ENSG00000150457 HU-05578-1 1.00 1        
LCK ENSG00000182866 HU-06481-1 0.76 2        
LCP1 ENSG00000136167 HU-05769-1 1.30 3 x N/A      
LIMA1 ENSG00000050405 HU-03858-1 0.96 2        
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LIMK1 ENSG00000106683 HU-07330-1 1.00 2        
LIMK2 ENSG00000182541 HU-14739-1 0.81 1        
LLGL1 ENSG00000131899 HU-14646-1 1.15 3        
LLGL2 ENSG00000073350 HU-04826-1 0.94 1        
LRGUK ENSG00000155530 HU-00769-1 1.08 1        
LRR1 ENSG00000165501 HU-07475-1 0.95 1        
LRRCC1 ENSG00000133739 HU-07182-1 1.25 1        
LRRK1 ENSG00000154237 HU-05621-1 1.38 1        
LRRK2 ENSG00000188906 HU-09859-1 0.69 3 x HU-09859-2 0.77 0.78 1.03 2  
LSP1 ENSG00000130592 HU-04561-1 0.83 1        
LYN ENSG00000147507 HU-08996-1 0.91 1        
LYPLAL1 ENSG00000143353 HU-00152-1 0.86 1        
MAD2L1 ENSG00000164109 HU-07461-1 0.92 2        
MAEA ENSG00000090316 HU-06596-1 1.72 2        
MAGI1 ENSG00000151276 HU-15739-1 0.99 1        
MAGI2 ENSG00000187391 HU-07662-1 0.99 1        
MAK ENSG00000111837 HU-06138-1 0.87 1        
MAP2K1 ENSG00000169032 HU-00214-1 0.98 1        
MAP2K3 ENSG00000034152 HU-08828-1 1.15 1        
MAP2K4 ENSG00000065559 HU-10842-1 0.92 1        
MAP2K5 ENSG00000137764 HU-08544-1 0.79 1        
MAP3K1 ENSG00000095015 HU-05709-1 0.88 3        
MAP3K10 ENSG00000130758 HU-03183-1 1.03 1        
MAP3K12 ENSG00000139625 HU-07472-1 0.83 1        
MAP3K13 ENSG00000073803 HU-01721-1 1.02 1        
MAP3K14 ENSG00000006062 HU-02453-1 1.01 1        
MAP3K15 ENSG00000180815 HU-09942-1 1.22 1        
MAP3K19 ENSG00000176601 HU-07072-1 0.93 1        
MAP3K19 ENSG00000143674 HU-00550-1 1.08 1        
MAP3K2 ENSG00000169967 HU-08135-1 1.36 3 x HU-08135-2 0.70 0.47 1.02 3  
MAP3K3 ENSG00000198909 HU-10136-1 1.15 1        
MAP3K4 ENSG00000085511 HU-08448-1 1.00 1        
MAP3K5 ENSG00000197442 HU-06830-1 0.84 1        
MAP3K7 ENSG00000135341 HU-08179-1 1.02 3        
MAP3K8 ENSG00000107968 HU-05199-1 1.30 3 x HU-05199-2 0.99   2  
MAP4K1 ENSG00000104814 HU-00519-1 1.00 1        
MAP4K2 ENSG00000168067 HU-00714-1 1.43 5 x HU-00714-2 0.60 0.72 0.93 2  
MAP4K3 ENSG00000011566 HU-07191-1 0.96 4        
MAPK1 ENSG00000100030 HU-04417-1 1.18 1        
MAPK11 ENSG00000185386 HU-09433-1 0.83 3        
MAPK12 ENSG00000188130 HU-00897-1 1.02 1        
MAPK14 ENSG00000112062 HU-08144-1 1.25 1        
MAPK15 ENSG00000181085 HU-15863-1 1.01 1        
MAPK3 ENSG00000102882 HU-06248-1 0.87 1        
MAPK6 ENSG00000069956 HU-10612-1 1.35 3 x HU-10612-2 0.61 0.87 0.84 2  
MAPK8 ENSG00000107643 HU-07297-1 1.18 1        
MAPK9 ENSG00000050748 HU-08068-1 1.06 1        
MAPKAPK2 ENSG00000162889 HU-04082-1 1.08 1        
MAPKAPK3 ENSG00000114738 HU-07406-1 1.05 1        
MAPKAPK5 ENSG00000089022 HU-01641-1 0.86 1        
MAPRE1 ENSG00000101367 HU-04567-1 1.02 3        
MARCKS ENSG00000155130 HU-03597-1 0.95 1        
MARK1 ENSG00000116141 HU-07590-1 1.27 4        
MARK3 ENSG00000075413 HU-09302-1 0.89 1        
MAST3 ENSG00000099308 HU-02735-1 1.19 1        
MASTL ENSG00000120539 HU-07648-1 0.96 1        
MATK ENSG00000007264 HU-08444-1 1.28 1        
MELK ENSG00000165304 HU-03040-1 1.03 1        
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MERTK ENSG00000153208 HU-02512-1 1.10 4        
MET ENSG00000105976 HU-09173-1 0.76 3        
MICALL2 ENSG00000164877 HU-09697-1 1.19 1        
MINK1 ENSG00000141503 HU-06478-1 0.93 1        
MINPP1 ENSG00000107789 HU-06479-1 0.90 2        
MISP ENSG00000099812 HU-00384-1 0.83 2        
MITD1 ENSG00000158411 HU-15362-1 0.83 1        
MKNK1 ENSG00000079277 HU-11521-1 1.31 3        
MKNK2 ENSG00000099875 HU-08573-1 0.66 4 x HU-08573-2 0.76 0.86 0.95 2 x 
MLKL ENSG00000168404 HU-07266-1 0.98 1        
MLPH ENSG00000115648 HU-07467-1 1.09 1        
MLTK ENSG00000091436 HU-05817-1 0.73 1        
MOS ENSG00000172680 HU-13928-1 1.19 1        
MPP1 ENSG00000130830 HU-05623-1 0.67 4 x HU-05623-2 0.71 0.79 0.96 2  
MPP3 ENSG00000161647 HU-08668-1 0.80 3        
MPP4 ENSG00000082126 HU-09306-1 1.26 1        
MPP5 ENSG00000072415 HU-04257-1 0.96 1        
MPP6 ENSG00000105926 HU-00331-1 0.84 1        
MPRIP ENSG00000133030 HU-14118-1 0.76 6        
MPRIP ENSG00000214899 HU-10204-1 0.78 4        
MRAS ENSG00000158186 HU-06341-1 1.08 1        
MSN ENSG00000147065 HU-08893-1 0.76 1        
MST1R ENSG00000164078 HU-07290-1 1.13 3        
MST4 ENSG00000134602 HU-08208-1 0.97 1        
MTOR ENSG00000198793 HU-10164-1 0.55 3 x HU-10164-2 0.88 1.15 0.91 3  
MTSS1 ENSG00000170873 HU-07852-1 0.96 4        
MUSK ENSG00000030304 HU-01370-1 1.08 1        
MVK ENSG00000110921 HU-05810-1 0.92 4        
MYBPC1 ENSG00000196091 HU-08906-1 0.58 3 x HU-08906-2 1.04 0.64 1.08 3  
MYBPC2 ENSG00000086967 HU-04097-1 0.94 4        
MYBPC3 ENSG00000134571 HU-02397-1 0.86 1        
MYBPH ENSG00000133055 HU-13708-1 0.99 2        
MYH1 ENSG00000109061 HU-01064-1 0.61 3 x HU-01064-2 0.75 0.87 0.90 5 x 
MYH10 ENSG00000133026 HU-14603-1 1.00 1        
MYH11 ENSG00000133392 HU-13330-1 0.92 1        
MYH14 ENSG00000105357 HU-15136-1 1.16 1        
MYH15 ENSG00000144821 HU-02558-1 0.99 1        
MYH2 ENSG00000125414 HU-11225-1 1.14 2        
MYH3 ENSG00000109063 HU-02260-1 0.64 3 x HU-02260-2 1.18   2  
MYH7 ENSG00000092054 HU-12389-1 1.62 3 x HU-12389-2 1.22   2  
MYH7B ENSG00000078814 HU-13978-1 0.38 3 x HU-13978-2 0.63 0.69 0.97 2 x 
MYH9 ENSG00000100345 HU-08161-1 0.35 7 x HU-08161-2 0.20 0.15 1.14 5 x 
MYL1 ENSG00000168530 HU-08091-1 1.16 3 x N/A      
MYL12A ENSG00000101608 HU-10681-1 1.05 1        
MYL12B ENSG00000118680 HU-10542-1 0.27 8 x HU-10542-2 0.31 0.28 1.00 8 x 
MYL2 ENSG00000111245 HU-05346-1 0.98 1        
MYL3 ENSG00000160808 HU-00329-1 0.84 2        
MYL4 ENSG00000198336 HU-03179-1 0.84 1        
MYL6 ENSG00000092841 HU-12574-1 1.03 1        
MYL6B ENSG00000196465 HU-04846-1 1.15 1        
MYL7 ENSG00000106631 HU-03161-1 1.08 1        
MYL9 ENSG00000101335 HU-07374-1 0.56 3 x HU-07374-2    3 let.  
MYLK ENSG00000065534 HU-15880-1 0.89 1        
MYLK2 ENSG00000101306 HU-00536-1 0.78 4        
MYLK3 ENSG00000140795 HU-05685-1 0.87 1        
MYLPF ENSG00000180209 HU-03242-1 0.89 1        
MYO10 ENSG00000145555 HU-03780-1 1.05 1        
MYO15A ENSG00000091536 HU-07213-1 0.94 1        



Doctoral Thesis Cédric J. Cattin              Mechanics of mitotic cell rounding - Appendix 
 

 A12 

Gene Primary screen Secondary screen 

Symbol ENSEMBLE ID esiRNA ID F RD PH esiRNA ID F P V RD VH 

MYO15B ENSG00000188126 HU-09795-1 1.06 1        
MYO16 ENSG00000041515 HU-00317-1 1.15 1        
MYO18A ENSG00000196535 HU-13276-1 0.95 1        
MYO18B ENSG00000133454 HU-15405-1 0.94 2        
MYO19 ENSG00000141140 HU-13206-1 1.35 1        
MYO1A ENSG00000166866 HU-01862-1 0.88 1        
MYO1B ENSG00000128641 HU-06895-1 0.93 1        
MYO1C ENSG00000197879 HU-08472-1 0.98 1        
MYO1D ENSG00000176658 HU-08128-1 1.03 1        
MYO1E ENSG00000157483 HU-01743-1 0.99 1        
MYO1F ENSG00000142347 HU-07958-1 0.46 3 x HU-07958-2 0.73   3  
MYO1G ENSG00000136286 HU-15825-1 0.61 4 x HU-15825-2 0.84   3  
MYO3A ENSG00000095777 HU-12089-1 0.96 1        
MYO3B ENSG00000071909 HU-06648-1 0.60 5 x HU-06648-2 0.73 0.86 0.91 3 let.  
MYO5B ENSG00000167306 HU-09189-1 1.12 1        
MYO5C ENSG00000128833 HU-00677-1 0.84 1        
MYO9A ENSG00000066933 HU-06642-1 0.98 1        
MYOM1 ENSG00000101605 HU-06066-1 1.07 1        
MYOM2 ENSG00000036448 HU-01553-1 0.80 1        
MYOT ENSG00000120729 HU-01664-1 0.89 2        
MYOZ1 ENSG00000177791 HU-07286-1 1.29 1        
MYOZ2 ENSG00000172399 HU-14381-1 1.15 1        
MYRIP ENSG00000170011 HU-02135-1 0.74 3 x HU-02135-2 0.64 0.64 1.00 2 x 
NAA50 ENSG00000121579 HU-00297-1 1.12 1        
NADK ENSG00000008130 HU-08503-1 1.14 1        
NCKAP1 ENSG00000061676 HU-08927-1 1.12 1        
NCKAP1L ENSG00000123338 HU-16110-1 1.15 1        
NDUFA10 ENSG00000130414 HU-07613-1 0.91 1        
NEB ENSG00000183091 HU-00540-1 0.98 1        
NEK10 ENSG00000163491 HU-09675-1 0.85 1        
NEK11 ENSG00000114670 HU-07363-1 0.99 1        
NEK2 ENSG00000117650 HU-10995-1 1.23 1        
NEK3 ENSG00000136098 HU-09425-1 1.19 1        
NEK5 ENSG00000197168 HU-08220-1 1.30 1        
NEK6 ENSG00000119408 HU-07225-1 0.78 1        
NEK7 ENSG00000151414 HU-05058-1 1.01 1        
NEK8 ENSG00000160602 HU-15407-1 0.91 1        
NEK9 ENSG00000119638 HU-01219-1 1.00 1        
NETO2 ENSG00000171208 HU-00376-1 0.91 2        
NF2 ENSG00000186575 HU-09570-1 1.47 3 x N/A      
NFE2 ENSG00000123405 HU-15666-1 0.89 1        
NIM1K ENSG00000177453 HU-01734-1 0.90 1        
NLGN3 ENSG00000196338 HU-06386-1 0.82 2        
NLK ENSG00000087095 HU-04639-1 1.10 1        
NME4 ENSG00000103200 HU-05860-1 1.20 1        
NME5 ENSG00000112981 HU-03900-1 1.06 1        
NME6 ENSG00000172113 HU-02433-1 1.01 1        
NME7 ENSG00000143156 HU-00486-1 0.75 1        
NPR2 ENSG00000159899 HU-08604-1 1.05 1        
NRAS ENSG00000213281 HU-22404-1 1.12 3        
NRBP1 ENSG00000115216 HU-04504-1 1.02 1        
NRBP2 ENSG00000185189 HU-06982-1 1.13 1        
NTPCR ENSG00000135778 HU-15557-1 0.73 3        
NTRK1 ENSG00000198400 HU-08166-1 0.99 2        
NTRK3 ENSG00000140538 HU-09218-1 1.43 3 x HU-09218-2 0.94   2  
NUAK1 ENSG00000074590 HU-10007-1 1.33 3 x HU-10007-2 0.78   3  
NUAK2 ENSG00000163545 HU-04379-1 1.01 4        
NUDC ENSG00000090273 HU-11487-1 1.11 1        
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NXF2 ENSG00000185554 HU-11466-1 0.99 1        
NXF5 ENSG00000126952 HU-11370-1 0.90 1        
OBFC1 ENSG00000107960 HU-02387-1 1.03 3        
OPHN1 ENSG00000079482 HU-15075-1 0.91 1        
OXSM ENSG00000151093 HU-03960-1 1.03 1        
OXSR1 ENSG00000172939 HU-00030-1 0.97 5        
PAK1 ENSG00000149269 HU-14018-1 1.19 1        
PAK2 ENSG00000180370 HU-02672-1 1.07 1        
PAK3 ENSG00000077264 HU-08684-1 1.13 1        
PAK4 ENSG00000130669 HU-07395-1 1.19 1        
PAK7 ENSG00000101349 HU-06255-1 0.92 1        
PALLD ENSG00000129116 HU-09517-1 0.72 3 x HU-09517-2 0.90   2  
PAN3 ENSG00000152520 HU-04482-1 0.88 1        
PANK1 ENSG00000152782 HU-15871-1 0.89 1        
PANK3 ENSG00000120137 HU-02325-1 0.93 1        
PAPSS2 ENSG00000198682 HU-07966-1 0.94 1        
PARK7 ENSG00000116288 HU-11396-1 0.55 6 x HU-11396-2 0.48 0.57 0.94 3 x 
PARP10 ENSG00000178685 HU-12420-1 0.81 2        
PASK ENSG00000115687 HU-05989-1 1.07 1        
PBK ENSG00000168078 HU-05011-1 0.88 1        
PCK1 ENSG00000124253 HU-04929-1 0.64 4 x HU-04929-2 0.91   2  
PCK2 ENSG00000100889 HU-02851-1 0.77 4 x HU-02851-2 0.97   2  
PDGFA ENSG00000197461 HU-11800-1 1.08 2        
PDGFRA ENSG00000134853 HU-00614-1 0.74 4 x HU-00614-2 1.14   2  
PDGFRB ENSG00000113721 HU-05127-1 0.89 1        
PDIK1L ENSG00000175087 HU-00323-1 0.95 1        
PDK1 ENSG00000152256 HU-07998-1 1.23 2        
PDK2 ENSG00000005882 HU-02879-1 0.83 4        
PDK3 ENSG00000067992 HU-04813-1 0.96 1        
PDK4 ENSG00000004799 HU-00765-1 0.90 1        
PDLIM2 ENSG00000120913 HU-09475-1 0.81 1        
PDLIM5 ENSG00000163110 HU-06778-1 0.72 3 x N/A      
PDLIM7 ENSG00000196923 HU-13490-1 0.78 2        
PDPK1 ENSG00000140992 HU-07126-1 0.94 1        
PDXK ENSG00000160209 HU-09911-1 1.39 1        
PDZD2 ENSG00000133401 HU-02807-1 0.70 3 x HU-02807-2 0.91   2  
PEAK1 ENSG00000173517 HU-04915-1 1.18 1        
PFKFB1 ENSG00000158571 HU-00521-1 0.90 1        
PFKFB2 ENSG00000123836 HU-07977-1 1.28 3 x HU-07977-2 0.97   2  
PFKFB4 ENSG00000114268 HU-02987-1 1.19 1        
PFKL ENSG00000141959 HU-05887-1 0.80 1        
PFKM ENSG00000152556 HU-08426-1 1.32 3        
PFKP ENSG00000067057 HU-01667-1 1.07 1        
PFN1 ENSG00000108518 HU-10691-1 0.65 3 x HU-10691-2 0.54 0.69 0.93 3 x 
PFN2 ENSG00000070087 HU-01143-1 0.84 1        
PFN4 ENSG00000176732 HU-04010-1 1.07 1        
PGK1 ENSG00000102144 HU-10594-1 1.20 1        
PGK2 ENSG00000170950 HU-01676-1 0.93 1        
PGM5 ENSG00000154330 HU-10829-1 0.87 1        
PHF6 ENSG00000156531 HU-06694-1 0.83 1        
PHKA1 ENSG00000067177 HU-11357-1 1.06 1        
PHKA2 ENSG00000044446 HU-03097-1 1.12 3        
PHKB ENSG00000102893 HU-07246-1 0.89 1        
PHKG1 ENSG00000164776 HU-02097-1 1.05 1        
PHKG2 ENSG00000156873 HU-08934-1 0.60 3 x HU-08934-2 0.67 0.61 1.04 2 x 
PI4K2B ENSG00000038210 HU-01603-1 1.09 1        
PI4KA ENSG00000133511 HU-00412-1 0.84 4        
PI4KB ENSG00000143393 HU-09143-1 1.21 1        
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PIEZO1 ENSG00000103335 HU-13553-1 1.18 3        
PIK3C2A ENSG00000011405 HU-02094-1 1.08 1        
PIK3C2B ENSG00000133056 HU-02423-1 1.18 1        
PIK3C2G ENSG00000139144 HU-02369-1 1.01 1        
PIK3C3 ENSG00000078142 HU-04242-1 0.86 1        
PIK3CA ENSG00000121879 HU-03939-1 0.78 1        
PIK3CB ENSG00000051382 HU-03467-1 0.80 4 x HU-03467-2 0.66 0.68 0.98 2 x 
PIK3CD ENSG00000171608 HU-11346-1 1.04 1        
PIK3CG ENSG00000105851 HU-08163-1 0.99 1        
PIK3R4 ENSG00000196455 HU-00023-1 1.08 1        
PIK3R5 ENSG00000141506 HU-03215-1 1.11 1        
PIKFYVE ENSG00000115020 HU-06883-1 0.91 1        
PIM2 ENSG00000102096 HU-04893-1 0.78 4 x HU-04893-2 0.61 0.63 0.97 2 x 
PIN1 ENSG00000127445 HU-02771-1 0.92 1        
PINK1 ENSG00000158828 HU-05710-1 0.72 3 x HU-05710-2 1.10   3  
PIP4K2A ENSG00000150867 HU-02133-1 0.73 5 x HU-02133-2 0.89   2  
PIP4K2B ENSG00000141720 HU-08737-1 0.97 1        
PIP4K2C ENSG00000166908 HU-09386-1 1.21 2        
PIP5K1A ENSG00000143398 HU-11480-1 1.12 1        
PIP5K1B ENSG00000107242 HU-07607-1 1.23 1        
PKD2 ENSG00000118762 HU-02900-1 1.04 2        
PKD2L2 ENSG00000078795 HU-06048-1 1.08 1        
PKDCC ENSG00000162878 HU-00403-1 0.98 1        
PKLR ENSG00000143627 HU-06418-1 0.86 1        
PKM ENSG00000067225 HU-14756-1 0.73 1        
PKN2 ENSG00000065243 HU-08554-1 1.35 3 x HU-08554-2 0.92   2  
PKN3 ENSG00000160447 HU-00967-1 1.04 1        
PKNOX2 ENSG00000165495 HU-04908-1 0.93 1        
PLEKHA7 ENSG00000166689 HU-08523-1 0.52 4 x HU-08523-2 0.89 0.98 0.92 3  
PLK1 ENSG00000166851 HU-05101-1 0.95 3        
PLK1S1 ENSG00000088970 HU-06361-1 1.14 1        
PLK2 ENSG00000145632 HU-02181-1 0.97 1        
PLK4 ENSG00000142731 HU-00169-1 0.94 1        
PLXNA1 ENSG00000114554 HU-00874-1 1.14 2        
PMVK ENSG00000163344 HU-02043-1 1.01 1        
PNCK ENSG00000130822 HU-06230-1 0.89 4        
POLK ENSG00000122008 HU-08202-1 1.21 1        
POLR2K ENSG00000147669 HU-05653-1 1.25 1        
POLR3K ENSG00000161980 HU-15628-1 0.84 1        
PPAP2C ENSG00000141934 HU-08267-1 1.08 1        
PPP1CA ENSG00000172531 HU-06251-1 1.09 1        
PPP1CC ENSG00000186298 HU-08276-1 0.88 1        
PRC1 ENSG00000198901 HU-10097-1 0.95 2        
PRKAA1 ENSG00000132356 HU-07404-1 0.75 4        
PRKAA2 ENSG00000162409 HU-04208-1 0.99 1        
PRKAB2 ENSG00000131791 HU-00398-1 0.86 1        
PRKACB ENSG00000142875 HU-07562-1 1.01 1        
PRKAG1 ENSG00000181929 HU-05813-1 1.08 1        
PRKAG2 ENSG00000106617 HU-09032-1 1.06 1        
PRKAR1A ENSG00000108946 HU-07134-1 0.95 1        
PRKAR1B ENSG00000188191 HU-05726-1 0.80 1        
PRKAR2A ENSG00000114302 HU-07708-1 0.78 3 x HU-07708-2 0.94   2  
PRKAR2B ENSG00000005249 HU-02583-1 0.91 3 x HU-02583-2 1.23 1.28 1.01 3  
PRKCA ENSG00000154229 HU-05082-1 1.22 1        
PRKCB ENSG00000166501 HU-06917-1 1.02 1        
PRKCD ENSG00000163932 HU-06706-1 1.42 3 x HU-06706-2 0.94   2  
PRKCG ENSG00000126583 HU-03412-1 0.60 3 x HU-03412-2 0.87   2  
PRKCH ENSG00000027075 HU-04495-1 0.83 1        
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PRKCI ENSG00000163558 HU-11081-1 0.80 5        
PRKCQ ENSG00000065675 HU-09360-1 1.18 1        
PRKCZ ENSG00000067606 HU-02681-1 0.91 4        
PRKD1 ENSG00000184304 HU-05474-1 0.99 1        
PRKD2 ENSG00000105287 HU-04355-1 1.05 1        
PRKD3 ENSG00000115825 HU-02996-1 1.10 1        
PRKX ENSG00000183943 HU-10782-1 1.03 1        
PRMT5 ENSG00000100462 HU-06592-1 1.27 1        
PRPF4B ENSG00000112739 HU-11451-1 1.17 1        
PRPS1 ENSG00000147224 HU-10976-1 0.94 1        
PRPS2 ENSG00000101911 HU-01414-1 1.02 1        
PSKH1 ENSG00000159792 HU-00267-1 0.89 1        
PSKH2 ENSG00000147613 HU-03512-1 1.12 1        
PSMD10 ENSG00000101843 HU-13399-1 0.84 1        
PSTPIP1 ENSG00000140368 HU-16018-1 1.04 1        
PTK2 ENSG00000169398 HU-07732-1 0.86 5        
PTK2B ENSG00000120899 HU-06868-1 0.87 1        
PXK ENSG00000168297 HU-08479-1 0.97 1        
PXN ENSG00000089159 HU-09595-1 1.00 1        
QTRTD1 ENSG00000151576 HU-02827-1 1.17 1        
RAB11FIP1 ENSG00000156675 HU-06240-1 0.94 3        
RAB32 ENSG00000118508 HU-02303-1 0.91 3        
RAB38 ENSG00000123892 HU-03655-1 1.21 1        
RAC1 ENSG00000136238 HU-07559-1 0.71 3 x HU-07559-2 0.38 0.39 0.97 2 x 
RAC2 ENSG00000128340 HU-12069-1 0.77 3 x HU-12069-2 0.72 0.72 0.99 4  
RACGAP1 ENSG00000161800 HU-08130-1 0.97 3        
RAD18 ENSG00000070950 HU-01343-1 1.25 1        
RAF1 ENSG00000132155 HU-05013-1 1.12 1        
RALB ENSG00000144118 HU-04427-1 1.04 1        
RAPGEF4 ENSG00000091428 HU-08073-1 0.88 1        
RBBP9 ENSG00000089050 HU-06077-1 1.02 1        
RBKS ENSG00000171174 HU-05189-1 0.75 3 x HU-05189-2 0.75 0.86 0.95 2 x 
RDX ENSG00000137710 HU-10482-1 1.26 1        
RFK ENSG00000135002 HU-11155-1 1.37 3 x HU-11155-2 0.73 0.75 0.96 3  
RHBG ENSG00000132677 HU-01274-1 1.26 1        
RHOA ENSG00000067560 HU-07737-1 0.97 1        
RHOQ ENSG00000119729 HU-10965-1 0.99 1        
RIOK1 ENSG00000124784 HU-03433-1 1.06 1        
RIOK2 ENSG00000058729 HU-15535-1 0.89 1        
RIOK3 ENSG00000101782 HU-03184-1 0.98 1        
RIPK1 ENSG00000137275 HU-15579-1 0.87 1        
RIPK2 ENSG00000104312 HU-03326-1 0.97 1        
RIPK3 ENSG00000129465 HU-05886-1 0.81 1        
RIPK4 ENSG00000183421 HU-09313-1 0.86 1        
RNASEL ENSG00000135828 HU-03611-1 1.06 1        
ROCK1 ENSG00000067900 HU-03470-1 0.60 3 x HU-03470-2 0.70 0.75 0.98 2  
ROCK2 ENSG00000134318 HU-03013-1 0.61 4 x HU-03013-2 0.68 0.70 0.98 4 x 
ROR1 ENSG00000185483 HU-04774-1 1.10 1        
ROS1 ENSG00000047936 HU-02152-1 1.11 1        
RPA1 ENSG00000132383 HU-05411-1 1.09 1        
RPGRIP1L ENSG00000103494 HU-00792-1 0.81 1        
RPS6KA1 ENSG00000117676 HU-03010-1 0.91 1        
RPS6KA2 ENSG00000071242 HU-00743-1 0.84 1        
RPS6KA3 ENSG00000177189 HU-02552-1 0.95 1        
RPS6KA4 ENSG00000162302 HU-07961-1 1.11 1        
RPS6KA5 ENSG00000100784 HU-04349-1 1.18 6        
RPS6KA6 ENSG00000072133 HU-01126-1 0.63 1        
RPS6KB1 ENSG00000108443 HU-10746-1 0.86 1        
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RPS6KB2 ENSG00000175634 HU-00348-1 1.01 1        
RPS6KC1 ENSG00000136643 HU-04553-1 1.16 1        
RRAS ENSG00000126458 HU-02251-1 1.01 4        
RTTN ENSG00000176225 HU-04597-1 0.96 1        
RYK ENSG00000163785 HU-15368-1 1.14 1        
SCGN ENSG00000079689 HU-09803-1 0.93 1        
SCN2B ENSG00000149575 HU-12009-1 1.14 1        
SCNN1A ENSG00000111319 HU-15683-1 0.72 2        
SCYL1 ENSG00000142186 HU-09084-1 1.11 1        
SCYL2 ENSG00000136021 HU-11488-1 0.98 1        
SCYL3 ENSG00000000457 HU-08023-1 1.03 1        
SELE ENSG00000007908 HU-02542-1 0.95 1        
SEPT1 ENSG00000180096 HU-02464-1 0.60 3 x HU-02464-2 0.61 0.57 1.01 2 x 
SEPT10 ENSG00000186522 HU-08510-1 0.90 1        
SEPT11 ENSG00000138758 HU-00021-1 0.81 3        
SEPT12 ENSG00000140623 HU-15363-1 1.24 1        
SEPT14 ENSG00000154997 HU-15289-1 1.12 1        
SEPT2 ENSG00000168385 HU-11591-1 1.12 2        
SEPT3 ENSG00000100167 HU-09782-1 1.16 1        
SEPT5 ENSG00000184702 HU-07237-1 1.34 3 x N/A      
SEPT6 ENSG00000125354 HU-06818-1 1.00 1        
SEPT7 ENSG00000122545 HU-11093-1 0.73 4        
SEPT8 ENSG00000164402 HU-08885-1 0.72 3 x N/A      
SEPT9 ENSG00000184640 HU-06244-1 0.62 3 x HU-06244-2 0.61 0.62 0.96 2 x 
SGK1 ENSG00000118515 HU-03538-1 1.01 1        
SGK2 ENSG00000101049 HU-06928-1 1.02 1        
SGK3 ENSG00000104205 HU-11654-1 0.98 1        
SGK494 ENSG00000167524 HU-01557-1 0.69 5 x HU-01557-2 0.85 0.70 1.01 3  
SH3PXD2A ENSG00000107957 HU-13349-1 0.84 1        
SHOC2 ENSG00000108061 HU-08931-1 0.89 1        
SHPK ENSG00000197417 HU-01842-1 1.09 1        
SHROOM2 ENSG00000146950 HU-03283-1 0.97 1        
SHROOM4 ENSG00000158352 HU-05624-1 0.95 1        
SIK2 ENSG00000170145 HU-05080-1 0.87 1        
SKA1 ENSG00000154839 HU-11947-1 0.71 4 x HU-11947-2 0.52 0.63 0.93 2 x 
SKA2 ENSG00000182628 HU-02521-1 1.31 2        
SLC12A6 ENSG00000140199 HU-06184-1 1.26 3        
SLC12A7 ENSG00000113504 HU-13451-1 0.81 1        
SLC12A9 ENSG00000146828 HU-08664-1 0.75 1        
SLC16A12 ENSG00000152779 HU-00734-1 0.97 1        
SLC16A6 ENSG00000108932 HU-05993-1 0.89 1        
SLC1A7 ENSG00000162383 HU-14639-1 1.28 1        
SLC20A1 ENSG00000144136 HU-15555-1 0.72 3 x HU-15555-2 0.91   2  
SLC20A2 ENSG00000168575 HU-03810-1 1.11 1        
SLC22A3 ENSG00000146477 HU-00229-1 0.74 1        
SLC26A2 ENSG00000155850 HU-08717-1 0.93 1        
SLC28A3 ENSG00000197506 HU-14452-1 0.86 3        
SLC2A14 ENSG00000173262 HU-10518-1 0.77 1        
SLC2A2 ENSG00000163581 HU-14420-1 0.89 1        
SLC2A3 ENSG00000059804 HU-11112-1 0.91 1        
SLC30A5 ENSG00000145740 HU-06461-1 1.06 1        
SLC33A1 ENSG00000169359 HU-06758-1 0.77 3 x HU-06758-2 0.89   2  
SLC38A2 ENSG00000134294 HU-01824-1 0.91 1        
SLC38A7 ENSG00000103042 HU-00633-1 0.89 1        
SLC39A1 ENSG00000143570 HU-09153-1 0.67 3 x HU-09153-2 0.94   2  
SLC39A11 ENSG00000133195 HU-07872-1 1.20 1        
SLC39A13 ENSG00000165915 HU-08051-1 0.77 1        
SLC39A3 ENSG00000141873 HU-11871-1 1.04 1        
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SLC39A7 ENSG00000112473 HU-11289-1 1.13 1        
SLC40A1 ENSG00000138449 HU-01897-1 1.01 3        
SLC4A1 ENSG00000004939 HU-09264-1 1.00 1        
SLC4A1AP ENSG00000163798 HU-15669-1 0.96 1        
SLC6A2 ENSG00000103546 HU-09761-1 0.87 3        
SLC6A7 ENSG00000011083 HU-14468-1 0.87 3        
SLC7A5 ENSG00000103257 HU-04498-1 1.09 1        
SLC9A1 ENSG00000090020 HU-02555-1 0.95 1        
SLC9A3R1 ENSG00000109062 HU-02529-1 1.11 1        
SLCO2A1 ENSG00000174640 HU-15477-1 1.08 1        
SLCO4C1 ENSG00000173930 HU-03330-1 1.14 1        
SLK ENSG00000065613 HU-12328-1 0.77 4        
SMG1 ENSG00000157106 HU-07003-1 0.71 4        
SMU1 ENSG00000122692 HU-10796-1 1.03 1        
SNCA ENSG00000145335 HU-09561-1 1.14 1        
SNRK ENSG00000163788 HU-04448-1 1.10 2        
SOGA1 ENSG00000149639 HU-10027-1 0.65 3 x HU-10027-2 0.96   2  
SORBS1 ENSG00000095637 HU-09603-1 1.35 3 x N/A      
SORBS2 ENSG00000154556 HU-07039-1 0.94 1        
SOS1 ENSG00000115904 HU-01783-1 0.91 1        
SOS2 ENSG00000100485 HU-06081-1 0.65 3 x HU-06081-2 0.32 0.35 0.94 2 x 
SPHK1 ENSG00000176170 HU-06492-1 1.14 1        
SPHK2 ENSG00000063176 HU-06678-1 1.06 1        
SPRED2 ENSG00000198369 HU-02956-1 0.87 4        
SPTA1 ENSG00000163554 HU-05605-1 0.92 1        
SPTB ENSG00000070182 HU-13980-1 0.89 1        
SPTBN1 ENSG00000115306 HU-08145-1 1.02 1        
SPTBN2 ENSG00000173898 HU-06638-1 0.65 3 x HU-06638-2 0.84 0.73 0.96 3  
SPTBN5 ENSG00000137877 HU-04237-1 1.03 1        
SRPK1 ENSG00000096063 HU-06103-1 0.91 1        
SRPK2 ENSG00000135250 HU-09010-1 1.26 3 x HU-09010-2 1.09   2  
SRPK3 ENSG00000184343 HU-03609-1 0.93 1        
SSH1 ENSG00000084112 HU-12417-1 0.91 1        
SSH2 ENSG00000141298 HU-06263-1 0.96 1        
SSH3 ENSG00000172830 HU-08512-1 0.85 1        
STAG2 ENSG00000101972 HU-14551-1 0.90 1        
STC1 ENSG00000159167 HU-04236-1 0.88 1        
STIM1 ENSG00000167323 HU-02640-1 1.05 3        
STIM2 ENSG00000109689 HU-02844-1 1.15 1        
STK10 ENSG00000072786 HU-15377-1 1.05 1        
STK11 ENSG00000118046 HU-01904-1 1.33 4        
STK16 ENSG00000115661 HU-15814-1 0.83 5        
STK17A ENSG00000164543 HU-01881-1 0.97 1        
STK17B ENSG00000081320 HU-02129-1 0.77 5 x HU-02129-2 0.94   2  
STK24 ENSG00000102572 HU-11068-1 1.29 1        
STK25 ENSG00000115694 HU-01763-1 1.05 1        
STK3 ENSG00000104375 HU-08327-1 0.92 1        
STK32A ENSG00000169302 HU-02981-1 0.81 1        
STK32B ENSG00000152953 HU-05084-1 0.66 3 x HU-05084-2 0.89   2  
STK32C ENSG00000165752 HU-01965-1 0.95 1        
STK35 ENSG00000125834 HU-00722-1 0.97 1        
STK39 ENSG00000198648 HU-04555-1 1.05 1        
STK4 ENSG00000101109 HU-01221-1 1.15 1        
STK40 ENSG00000196182 HU-07873-1 0.85 1        
STRADA ENSG00000125695 HU-09954-1 0.95 1        
STRADB ENSG00000082146 HU-10872-1 1.15 1        
STX1A ENSG00000106089 HU-14335-1 0.92 1        
STYK1 ENSG00000060140 HU-00321-1 0.68 4 x HU-00321-2 1.29 1.31 1.12 3  
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SYK ENSG00000165025 HU-08164-1 1.27 1        
SYNPO ENSG00000171992 HU-13366-1 0.93 1        
TAF1 ENSG00000147133 HU-10599-1 0.97 1        
TAF5 ENSG00000148835 HU-13337-1 0.50 3 x HU-13337-2 0.42 0.53 0.95 3 x 
TAF9 ENSG00000085231 HU-11614-1 1.18 1        
TANK ENSG00000136560 HU-06453-1 0.93 1        
TAOK1 ENSG00000160551 HU-03492-1 0.90 1        
TAOK2 ENSG00000149930 HU-09444-1 0.98 1        
TAPT1 ENSG00000169762 HU-09161-1 0.71 1        
TBCK ENSG00000145348 HU-08198-1 0.95 1        
TBK1 ENSG00000183735 HU-03451-1 0.92 1        
TEC ENSG00000135605 HU-01352-1 0.82 4        
TEK ENSG00000120156 HU-08228-1 0.80 4        
TESK1 ENSG00000107140 HU-07697-1 1.02 1        
TESK2 ENSG00000070759 HU-06259-1 0.90 1        
TEX14 ENSG00000121101 HU-07800-1 0.94 1        
TGFBR1 ENSG00000106799 HU-05113-1 1.23 1        
TIAM2 ENSG00000146426 HU-08774-1 1.07 1        
TJP1 ENSG00000104067 HU-07824-1 0.97 5        
TJP2 ENSG00000119139 HU-07563-1 1.10 1        
TJP3 ENSG00000105289 HU-00942-1 1.03 1        
TK1 ENSG00000167900 HU-15327-1 1.06 1        
TK2 ENSG00000166548 HU-15458-1 0.78 1        
TLK1 ENSG00000198586 HU-11511-1 0.74 1        
TLK2 ENSG00000146872 HU-11394-1 1.04 1        
TLN2 ENSG00000171914 HU-13629-1 0.99 1        
TLR9 ENSG00000173366 HU-09598-1 0.92 3        
TMEM170A ENSG00000166822 HU-07146-1 1.79 3 x HU-07146-2 1.15   2  
TMEM63B ENSG00000137216 HU-06777-1 0.70 4 x HU-06777-2 0.51 0.60 1.02 2 x 
TMOD1 ENSG00000136842 HU-06663-1 1.04 2        
TMOD3 ENSG00000138594 HU-02759-1 0.95 2        
TMSB4X ENSG00000205542 HU-11790-1 1.13 4        
TMSB4Y ENSG00000154620 HU-03614-1 0.81 1        
TNIK ENSG00000154310 HU-08912-1 1.10 4        
TNK1 ENSG00000174292 HU-08275-1 1.07 1        
TNK2 ENSG00000061938 HU-06300-1 0.85 3        
TNNC1 ENSG00000114854 HU-00903-1 1.04 1        
TNNC2 ENSG00000101470 HU-03214-1 1.19 3 x N/A      
TNNI1 ENSG00000159173 HU-07427-1 0.88 1        
TNNI2 ENSG00000130598 HU-02960-1 0.93 1        
TNNI3 ENSG00000129991 HU-02213-1 1.11 1        
TNNI3K ENSG00000116783 HU-02518-1 1.02 1        
TNNT1 ENSG00000105048 HU-10177-1 0.97 1        
TNNT2 ENSG00000118194 HU-12340-1 1.12 1        
TNNT3 ENSG00000130595 HU-13371-1 0.90 1        
TP53RK ENSG00000172315 HU-00533-1 1.01 1        
TPK1 ENSG00000196511 HU-05778-1 0.94 1        
TPM1 ENSG00000140416 HU-08191-1 1.14 3        
TPM2 ENSG00000198467 HU-14620-1 0.91 1        
TPM3 ENSG00000143549 HU-09713-1 0.94 3        
TPM4 ENSG00000167460 HU-11617-1 0.87 4        
TRIB1 ENSG00000173334 HU-01614-1 0.95 1        
TRIB3 ENSG00000101255 HU-01388-1 0.90 1        
TRIM24 ENSG00000122779 HU-02918-1 0.93 1        
TRIM28 ENSG00000130726 HU-06733-1 1.09 4        
TRIM32 ENSG00000119401 HU-02916-1 1.31 1        
TRIM33 ENSG00000197323 HU-15712-1 0.85 4        
TRIO ENSG00000038382 HU-08312-1 1.40 4 x HU-08312-2 1.18   2  
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TRIOBP ENSG00000100106 HU-06408-1 0.90 1        
TRPC4 ENSG00000133107 HU-06101-1 1.14 1        
TRPC6 ENSG00000137672 HU-11636-1 0.82 1        
TRPM6 ENSG00000119121 HU-07862-1 0.85 1        
TRPM7 ENSG00000092439 HU-01529-1 0.96 1        
TRPV6 ENSG00000165125 HU-08097-1 0.92 1        
TSC1 ENSG00000165699 HU-00965-1 1.17 3        
TSSK4 ENSG00000139908 HU-07110-1 0.95 1        
TTBK2 ENSG00000128881 HU-06037-1 1.18 1        
TTK ENSG00000112742 HU-02658-1 0.75 1        
TTLL12 ENSG00000100304 HU-09917-1 1.06 1        
TWF1 ENSG00000151239 HU-06235-1 0.92 2        
TXK ENSG00000074966 HU-05217-1 0.81 1        
UACA ENSG00000137831 HU-05753-1 0.67 5 x HU-05753-2 0.62 0.73 0.96 2 x 
UBE2C ENSG00000175063 HU-07752-1 1.14 3        
UCK2 ENSG00000143179 HU-15324-1 1.05 1        
UCKL1 ENSG00000198276 HU-06486-1 0.88 1        
UHRF1 ENSG00000034063 HU-04050-1 0.94 1        
ULK1 ENSG00000177169 HU-02253-1 0.85 1        
ULK2 ENSG00000083290 HU-07410-1 1.16 1        
ULK3 ENSG00000140474 HU-04022-1 0.96 1        
USH1G ENSG00000182040 HU-15088-1 1.14 3        
VASP ENSG00000125753 HU-04842-1 0.87 1        
VAV1 ENSG00000141968 HU-04853-1 0.94 2        
VAV2 ENSG00000160293 HU-05875-1 0.60 2 x HU-05875-2 0.66 0.56 0.98 3 x 
VAV3 ENSG00000134215 HU-07761-1 0.57 2 x HU-07761-2 0.39 0.47 0.92 2 x 
VCL ENSG00000035403 HU-08810-1 0.33 3 x HU-08810-2 1.00 0.59 1.07 3  
VPS11 ENSG00000160695 HU-03791-1 1.07 1        
VPS18 ENSG00000104142 HU-01059-1 1.10 1        
VRK2 ENSG00000028116 HU-07073-1 0.90 1        
VRK3 ENSG00000105053 HU-01364-1 0.87 1        
WAS ENSG00000015285 HU-14511-1 0.28 3 x HU-14511-2 0.62 0.59 1.05 2 x 
WASF1 ENSG00000112290 HU-14566-1 0.99 1        
WASF2 ENSG00000158195 HU-10762-1 1.02 1        
WASL ENSG00000106299 HU-03872-1 0.86 3        
WDR61 ENSG00000140395 HU-04454-1 1.13 1        
WEE1 ENSG00000166483 HU-00362-1 0.53 3 x HU-00362-2 1.20   2  
WEE2 ENSG00000214102 HU-10321-1 1.12 1        
WIPF1 ENSG00000115935 HU-15958-1 0.80 4        
WNK1 ENSG00000060237 HU-09432-1 0.51 3 x HU-09432-2 0.74 0.70 0.85 3  
WNK2 ENSG00000165238 HU-09914-1 1.10 1        
WNK3 ENSG00000196632 HU-06938-1 1.15 1        
WNK4 ENSG00000126562 HU-07948-1 1.10 1        
XYLB ENSG00000093217 HU-04600-1 0.98 1        
YWHAZ ENSG00000164924 HU-07600-1 1.03 1        
ZAP70 ENSG00000115085 HU-09130-1 0.92 3        
ZNF174 ENSG00000103343 HU-07294-1 1.09 3        
ZNF74 ENSG00000185252 HU-07885-1 1.08 1        
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Appendix Table 2 - Alphabetical list of all primary hit genes. Shown are gene symbol, 
ENSEMBLE ID, ID’s of primary and secondary esiRNA oligonucleotide pools used and results from 
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Gene Primary screen Secondary screen 

Symbol ENSEMBLE ID esiRNA ID F RD PH esiRNA ID F P V RD VH 

ABRA ENSG00000174429 HU-02972-1 1.46 4 x HU-02972-2 0.52 0.60 0.94 2  
ACTN2 ENSG00000077522 HU-00109-1 0.76 5 x N/A      
ACTN4 ENSG00000130402 HU-02773-1 0.63 5 x HU-02773-2 0.69 0.67 1.00 2 x 
ADD1 ENSG00000087274 HU-12293-1 1.30 3 x HU-12293-2 0.63 0.67 0.96 2  
AK1 ENSG00000106992 HU-00880-1 0.75 4 x HU-00880-2 1.07   2  
AK7 ENSG00000140057 HU-04086-1 0.69 4 x HU-04086-2 0.84   2  
AMOT ENSG00000126016 HU-12977-1 0.28 3 x HU-12977-2 1.03   2  
ATR ENSG00000175054 HU-04034-1 0.74 3 x HU-04034-2 0.75 0.73 0.98 3 x 
BAIAP2 ENSG00000175866 HU-07677-1 0.61 3 x HU-07677-2 1.26   3  
BCAR1 ENSG00000050820 HU-14294-1 0.62 2 x HU-14294-2 0.73 0.83 0.94 3 x 
BUB1 ENSG00000169679 HU-01483-1 0.69 5 x HU-01483-2 0.81 0.81 0.97 3 x 
BUB1B ENSG00000156970 HU-05210-1 0.62 3 x HU-05210-2    3 let.  
C1orf74 ENSG00000162757 HU-03983-1 1.52 3 x HU-03983-2 0.79   2  
CAMK2A ENSG00000070808 HU-06810-1 0.69 3 x HU-06810-2 0.64 0.71 0.96 2 x 
CAMKK1 ENSG00000004660 HU-06229-1 0.53 3 x HU-06229-2 0.85   2  
CAPZA2 ENSG00000198898 HU-10089-1 0.70 4 x HU-10089-2 0.96 0.82 0.89 4  
CDC37 ENSG00000105401 HU-10455-1 0.46 3 x HU-10455-2 0.56 0.51 0.95 7 x 
CDC42BPA ENSG00000143776 HU-15875-1 0.73 4 x HU-15875-2 1.27   3  
CDK11A ENSG00000008128 HU-11472-1 0.65 4 x HU-11472-2 0.52 0.59 0.93 2 x 
CDK18 ENSG00000117266 HU-07455-1 0.71 3 x HU-07455-2 0.95   2  
CDK8 ENSG00000132964 HU-02398-1 1.63 3 x HU-02398-2 0.94   2  
CEP120 ENSG00000168944 HU-06701-1 0.74 3 x HU-06701-2 0.94   2  
CEP72 ENSG00000112877 HU-04108-1 0.83 3 x HU-04108-2 0.41 0.40 1.01 2 x 
CERK ENSG00000100422 HU-02072-1 0.78 4 x HU-02072-2 0.64 0.70 0.95 2 x 
CHRM3 ENSG00000133019 HU-02715-1 0.70 2 x HU-02715-2 0.50 0.59 0.94 2 x 
CKM ENSG00000104879 HU-00665-1 0.71 3 x HU-00665-2 0.83   3  
CLCN2 ENSG00000114859 HU-13291-1 0.69 3 x HU-13291-2 1.02   2  
CLEC16A ENSG00000038532 HU-04156-1 0.73 3 x HU-04156-2 0.67 0.62 0.96 3 x 
CLIC5 ENSG00000112782 HU-09514-1 0.79 4 x HU-09514-2 0.67 0.82 0.95 2 x 
CORO2B ENSG00000103647 HU-15602-1 0.67 3 x HU-15602-2 1.03   2  
CYFIP1 ENSG00000068793 HU-00947-1 0.67 2 x HU-00947-2 0.83 0.64 0.98 3 x 
DBN1 ENSG00000113758 HU-08713-1 0.59 3 x HU-08713-2 0.67 0.74 0.95 2 x 
DFNB31 ENSG00000095397 HU-07481-1 0.69 4 x HU-07481-2 0.52 0.57 0.90 2 x 
DIAPH1 ENSG00000131504 HU-10947-1 0.66 2 x HU-10947-2 0.33 0.35 0.98 2 x 
DLG4 ENSG00000132535 HU-07173-1 0.74 6 x HU-07173-2 0.72 0.76 0.97 2 x 
DLG5 ENSG00000151208 HU-05341-1 0.61 3 x HU-05341-2 0.67 0.87 0.89 2 x 
DNAJA3 ENSG00000103423 HU-09160-1 1.53 3 x N/A      
ECT2 ENSG00000114346 HU-03747-1 0.46 2 x HU-03747-2 0.67 0.66 0.98 3 x 
ESPN ENSG00000187017 HU-14912-1 0.44 3 x HU-14912-2 0.88   3  
EZR ENSG00000092820 HU-06684-1 0.63 4 x HU-06684-2 0.96   2  
F2R ENSG00000181104 HU-00027-1 0.67 2 x HU-00027-2 0.44 0.40 1.04 2 x 
FAM134A ENSG00000144567 HU-15382-1 0.65 3 x HU-15382-2 0.57 0.60 0.99 3 x 
FERMT3 ENSG00000149781 HU-07608-1 0.67 4 x HU-07608-2 0.86   2  
FGF2 ENSG00000138685 HU-00961-1 0.56 2 x HU-00961-2 0.68 0.52 0.98 3 x 
FSCN1 ENSG00000075618 HU-05054-1 0.28 3 x HU-05054-2 0.72 0.76 0.99 2 x 
GALK2 ENSG00000156958 HU-15386-1 1.34 3 x HU-15386-2 0.86   3  
GAS2 ENSG00000148935 HU-01278-1 0.60 3 x HU-01278-2 0.85   2  
GNA13 ENSG00000120063 HU-01808-1 0.48 2 x HU-01808-2 0.44 0.59 0.88 2 x 
ILK ENSG00000166333 HU-14327-1 0.73 5 x HU-14327-2 1.00   2  
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Symbol ENSEMBLE ID esiRNA ID F RD PH esiRNA ID F P V RD VH 

IP6K3 ENSG00000161896 HU-07905-1 0.75 3 x HU-07905-2 1.01   2  
JAK3 ENSG00000105639 HU-09710-1 0.55 3 x HU-09710-2 1.04   2  
KCNE3 ENSG00000175538 HU-00343-1 0.77 3 x HU-00343-2 0.98   2  
KCNJ15 ENSG00000157551 HU-07321-1 0.77 3 x HU-07321-2 0.72 0.67 1.04 2 x 
KRAS ENSG00000133703 HU-11443-1 1.44 2 x HU-11443-2 0.37 0.46 0.90 2  
LCP1 ENSG00000136167 HU-05769-1 1.30 3 x N/A      
LRRK2 ENSG00000188906 HU-09859-1 0.69 3 x HU-09859-2 0.77 0.78 1.03 2  
MAP3K2 ENSG00000169967 HU-08135-1 1.36 3 x HU-08135-2 0.70 0.47 1.02 3  
MAP3K8 ENSG00000107968 HU-05199-1 1.30 3 x HU-05199-2 0.99   2  
MAP4K2 ENSG00000168067 HU-00714-1 1.43 5 x HU-00714-2 0.60 0.72 0.93 2  
MAPK6 ENSG00000069956 HU-10612-1 1.35 3 x HU-10612-2 0.61 0.87 0.84 2  
MKNK2 ENSG00000099875 HU-08573-1 0.66 4 x HU-08573-2 0.76 0.86 0.95 2 x 
MPP1 ENSG00000130830 HU-05623-1 0.67 4 x HU-05623-2 0.71 0.79 0.96 2  
MTOR ENSG00000198793 HU-10164-1 0.55 3 x HU-10164-2 0.88 1.15 0.91 3  
MYBPC1 ENSG00000196091 HU-08906-1 0.58 3 x HU-08906-2 1.04 0.64 1.08 3  
MYH1 ENSG00000109061 HU-01064-1 0.61 3 x HU-01064-2 0.75 0.87 0.90 5 x 
MYH3 ENSG00000109063 HU-02260-1 0.64 3 x HU-02260-2 1.18   2  
MYH7 ENSG00000092054 HU-12389-1 1.62 3 x HU-12389-2 1.22   2  
MYH7B ENSG00000078814 HU-13978-1 0.38 3 x HU-13978-2 0.63 0.69 0.97 2 x 
MYH9 ENSG00000100345 HU-08161-1 0.35 7 x HU-08161-2 0.20 0.15 1.14 5 x 
MYL1 ENSG00000168530 HU-08091-1 1.16 3 x N/A      
MYL12B ENSG00000118680 HU-10542-1 0.27 8 x HU-10542-2 0.31 0.28 1.00 8 x 
MYL9 ENSG00000101335 HU-07374-1 0.56 3 x HU-07374-2    3 let.  
MYO1F ENSG00000142347 HU-07958-1 0.46 3 x HU-07958-2 0.73   3  
MYO1G ENSG00000136286 HU-15825-1 0.61 4 x HU-15825-2 0.84   3  
MYO3B ENSG00000071909 HU-06648-1 0.60 5 x HU-06648-2 0.73 0.86 0.91 3 let.  
MYRIP ENSG00000170011 HU-02135-1 0.74 3 x HU-02135-2 0.64 0.64 1.00 2 x 
NF2 ENSG00000186575 HU-09570-1 1.47 3 x N/A      
NTRK3 ENSG00000140538 HU-09218-1 1.43 3 x HU-09218-2 0.94   2  
NUAK1 ENSG00000074590 HU-10007-1 1.33 3 x HU-10007-2 0.78   3  
PALLD ENSG00000129116 HU-09517-1 0.72 3 x HU-09517-2 0.90   2  
PARK7 ENSG00000116288 HU-11396-1 0.55 6 x HU-11396-2 0.48 0.57 0.94 3 x 
PCK1 ENSG00000124253 HU-04929-1 0.64 4 x HU-04929-2 0.91   2  
PCK2 ENSG00000100889 HU-02851-1 0.77 4 x HU-02851-2 0.97   2  
PDGFRA ENSG00000134853 HU-00614-1 0.74 4 x HU-00614-2 1.14   2  
PDLIM5 ENSG00000163110 HU-06778-1 0.72 3 x N/A      
PDZD2 ENSG00000133401 HU-02807-1 0.70 3 x HU-02807-2 0.91   2  
PFKFB2 ENSG00000123836 HU-07977-1 1.28 3 x HU-07977-2 0.97   2  
PFN1 ENSG00000108518 HU-10691-1 0.65 3 x HU-10691-2 0.54 0.69 0.93 3 x 
PHKG2 ENSG00000156873 HU-08934-1 0.60 3 x HU-08934-2 0.67 0.61 1.04 2 x 
PIK3CB ENSG00000051382 HU-03467-1 0.80 4 x HU-03467-2 0.66 0.68 0.98 2 x 
PIM2 ENSG00000102096 HU-04893-1 0.78 4 x HU-04893-2 0.61 0.63 0.97 2 x 
PINK1 ENSG00000158828 HU-05710-1 0.72 3 x HU-05710-2 1.10   3  
PIP4K2A ENSG00000150867 HU-02133-1 0.73 5 x HU-02133-2 0.89   2  
PKN2 ENSG00000065243 HU-08554-1 1.35 3 x HU-08554-2 0.92   2  
PLEKHA7 ENSG00000166689 HU-08523-1 0.52 4 x HU-08523-2 0.89 0.98 0.92 3  
PRKAR2A ENSG00000114302 HU-07708-1 0.78 3 x HU-07708-2 0.94   2  
PRKAR2B ENSG00000005249 HU-02583-1 0.91 3 x HU-02583-2 1.23 1.28 1.01 3  
PRKCD ENSG00000163932 HU-06706-1 1.42 3 x HU-06706-2 0.94   2  
PRKCG ENSG00000126583 HU-03412-1 0.60 3 x HU-03412-2 0.87   2  
RAC1 ENSG00000136238 HU-07559-1 0.71 3 x HU-07559-2 0.38 0.39 0.97 2 x 
RAC2 ENSG00000128340 HU-12069-1 0.77 3 x HU-12069-2 0.72 0.72 0.99 4  
RBKS ENSG00000171174 HU-05189-1 0.75 3 x HU-05189-2 0.75 0.86 0.95 2 x 
RFK ENSG00000135002 HU-11155-1 1.37 3 x HU-11155-2 0.73 0.75 0.96 3  
ROCK1 ENSG00000067900 HU-03470-1 0.60 3 x HU-03470-2 0.70 0.75 0.98 2  
ROCK2 ENSG00000134318 HU-03013-1 0.61 4 x HU-03013-2 0.68 0.70 0.98 4 x 
SEPT1 ENSG00000180096 HU-02464-1 0.60 3 x HU-02464-2 0.61 0.57 1.01 2 x 
SEPT5 ENSG00000184702 HU-07237-1 1.34 3 x N/A      
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Symbol ENSEMBLE ID esiRNA ID F RD PH esiRNA ID F P V RD VH 

SEPT8 ENSG00000164402 HU-08885-1 0.72 3 x N/A      
SEPT9 ENSG00000184640 HU-06244-1 0.62 3 x HU-06244-2 0.61 0.62 0.96 2 x 
SGK494 ENSG00000167524 HU-01557-1 0.69 5 x HU-01557-2 0.85 0.70 1.01 3  
SKA1 ENSG00000154839 HU-11947-1 0.71 4 x HU-11947-2 0.52 0.63 0.93 2 x 
SLC20A1 ENSG00000144136 HU-15555-1 0.72 3 x HU-15555-2 0.91   2  
SLC33A1 ENSG00000169359 HU-06758-1 0.77 3 x HU-06758-2 0.89   2  
SLC39A1 ENSG00000143570 HU-09153-1 0.67 3 x HU-09153-2 0.94   2  
SOGA1 ENSG00000149639 HU-10027-1 0.65 3 x HU-10027-2 0.96   2  
SORBS1 ENSG00000095637 HU-09603-1 1.35 3 x N/A      
SOS2 ENSG00000100485 HU-06081-1 0.65 3 x HU-06081-2 0.32 0.35 0.94 2 x 
SPTBN2 ENSG00000173898 HU-06638-1 0.65 3 x HU-06638-2 0.84 0.73 0.96 3  
SRPK2 ENSG00000135250 HU-09010-1 1.26 3 x HU-09010-2 1.09   2  
STK17B ENSG00000081320 HU-02129-1 0.77 5 x HU-02129-2 0.94   2  
STK32B ENSG00000152953 HU-05084-1 0.66 3 x HU-05084-2 0.89   2  
STYK1 ENSG00000060140 HU-00321-1 0.68 4 x HU-00321-2 1.29 1.31 1.12 3  
TAF5 ENSG00000148835 HU-13337-1 0.50 3 x HU-13337-2 0.42 0.53 0.95 3 x 
TMEM170A ENSG00000166822 HU-07146-1 1.79 3 x HU-07146-2 1.15   2  
TMEM63B ENSG00000137216 HU-06777-1 0.70 4 x HU-06777-2 0.51 0.60 1.02 2 x 
TNNC2 ENSG00000101470 HU-03214-1 1.19 3 x N/A      
TRIO ENSG00000038382 HU-08312-1 1.40 4 x HU-08312-2 1.18   2  
UACA ENSG00000137831 HU-05753-1 0.67 5 x HU-05753-2 0.62 0.73 0.96 2 x 
VAV2 ENSG00000160293 HU-05875-1 0.60 2 x HU-05875-2 0.66 0.56 0.98 3 x 
VAV3 ENSG00000134215 HU-07761-1 0.57 2 x HU-07761-2 0.39 0.47 0.92 2 x 
VCL ENSG00000035403 HU-08810-1 0.33 3 x HU-08810-2 1.00 0.59 1.07 3  
WAS ENSG00000015285 HU-14511-1 0.28 3 x HU-14511-2 0.62 0.59 1.05 2 x 
WEE1 ENSG00000166483 HU-00362-1 0.53 3 x HU-00362-2 1.20   2  
WNK1 ENSG00000060237 HU-09432-1 0.51 3 x HU-09432-2 0.74 0.70 0.85 3  
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1.3. List of all high force primary hits 

Appendix Table 3 - List of all primary hit genes leading to elevated plateau force, ordered by 
average relative force in primary screen. Shown are gene symbol, ENSEMBLE ID, ID’s of primary 
and secondary esiRNA oligonucleotide pools used and results from primary and secondary 
screen. F, P and V, average relative force, pressure and volume, respectively; RD, number of 
rounds of measurements; PH and VH, primary and verified hits, respectively; N/A, secondary 
esiRNA oligonucleotide pool not available. 

Gene Primary screen Secondary screen 

Symbol ENSEMBLE ID esiRNA ID F RD PH esiRNA ID F P V RD VH 

TMEM170A ENSG00000166822 HU-07146-1 1.79 3 x HU-07146-2 1.15   2  
CDK8 ENSG00000132964 HU-02398-1 1.63 3 x HU-02398-2 0.94   2  
MYH7 ENSG00000092054 HU-12389-1 1.62 3 x HU-12389-2 1.22   2  
DNAJA3 ENSG00000103423 HU-09160-1 1.53 3 x N/A      
C1orf74 ENSG00000162757 HU-03983-1 1.52 3 x HU-03983-2 0.79   2  
NF2 ENSG00000186575 HU-09570-1 1.47 3 x N/A      
ABRA ENSG00000174429 HU-02972-1 1.46 4 x HU-02972-2 0.52 0.60 0.94 2  
KRAS ENSG00000133703 HU-11443-1 1.44 2 x HU-11443-2 0.37 0.46 0.90 2  
MAP4K2 ENSG00000168067 HU-00714-1 1.43 5 x HU-00714-2 0.60 0.72 0.93 2  
NTRK3 ENSG00000140538 HU-09218-1 1.43 3 x HU-09218-2 0.94   2  
PRKCD ENSG00000163932 HU-06706-1 1.42 3 x HU-06706-2 0.94   2  
TRIO ENSG00000038382 HU-08312-1 1.40 4 x HU-08312-2 1.18   2  
RFK ENSG00000135002 HU-11155-1 1.37 3 x HU-11155-2 0.73 0.75 0.96 3  
MAP3K2 ENSG00000169967 HU-08135-1 1.36 3 x HU-08135-2 0.70 0.47 1.02 3  
MAPK6 ENSG00000069956 HU-10612-1 1.35 3 x HU-10612-2 0.61 0.87 0.84 2  
PKN2 ENSG00000065243 HU-08554-1 1.35 3 x HU-08554-2 0.92   2  
SORBS1 ENSG00000095637 HU-09603-1 1.35 3 x N/A      
GALK2 ENSG00000156958 HU-15386-1 1.34 3 x HU-15386-2 0.86   3  
SEPT5 ENSG00000184702 HU-07237-1 1.34 3 x N/A      
NUAK1 ENSG00000074590 HU-10007-1 1.33 3 x HU-10007-2 0.78   3  
ADD1 ENSG00000087274 HU-12293-1 1.30 3 x HU-12293-2 0.63 0.67 0.96 2  
LCP1 ENSG00000136167 HU-05769-1 1.30 3 x N/A      
MAP3K8 ENSG00000107968 HU-05199-1 1.30 3 x HU-05199-2 0.99   2  
PFKFB2 ENSG00000123836 HU-07977-1 1.28 3 x HU-07977-2 0.97   2  
SRPK2 ENSG00000135250 HU-09010-1 1.26 3 x HU-09010-2 1.09   2  
TNNC2 ENSG00000101470 HU-03214-1 1.19 3 x N/A      
MYL1 ENSG00000168530 HU-08091-1 1.16 3 x N/A      
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1.4. List of all low force primary hits 

Appendix Table 4 - List of all primary hit genes leading to decreased plateau force, ordered by 
average relative force in primary screen. Shown are gene symbol, ENSEMBLE ID, ID’s of primary 
and secondary esiRNA oligonucleotide pools used and results from primary and secondary 
screen. F, P and V, average relative force, pressure and volume, respectively; RD, number of 
rounds of measurements; PH and VH, primary and verified hits, respectively; N/A, secondary 
esiRNA oligonucleotide pool not available; let., lethal phenotype in majority of rounds. 

Gene Primary screen Secondary screen 

Symbol ENSEMBLE ID esiRNA ID F RD PH esiRNA ID F P V RD VH 

MYL12B ENSG00000118680 HU-10542-1 0.27 8 x HU-10542-2 0.31 0.28 1.00 8 x 
AMOT ENSG00000126016 HU-12977-1 0.28 3 x HU-12977-2 1.03   2  
FSCN1 ENSG00000075618 HU-05054-1 0.28 3 x HU-05054-2 0.72 0.76 0.99 2 x 
WAS ENSG00000015285 HU-14511-1 0.28 3 x HU-14511-2 0.62 0.59 1.05 2 x 
VCL ENSG00000035403 HU-08810-1 0.33 3 x HU-08810-2 1.00 0.59 1.07 3  
MYH9 ENSG00000100345 HU-08161-1 0.35 7 x HU-08161-2 0.20 0.15 1.14 5 x 
MYH7B ENSG00000078814 HU-13978-1 0.38 3 x HU-13978-2 0.63 0.69 0.97 2 x 
ESPN ENSG00000187017 HU-14912-1 0.44 3 x HU-14912-2 0.88   3  
CDC37 ENSG00000105401 HU-10455-1 0.46 3 x HU-10455-2 0.56 0.51 0.95 7 x 
ECT2 ENSG00000114346 HU-03747-1 0.46 2 x HU-03747-2 0.67 0.66 0.98 3 x 
MYO1F ENSG00000142347 HU-07958-1 0.46 3 x HU-07958-2 0.73   3  
GNA13 ENSG00000120063 HU-01808-1 0.48 2 x HU-01808-2 0.44 0.59 0.88 2 x 
TAF5 ENSG00000148835 HU-13337-1 0.50 3 x HU-13337-2 0.42 0.53 0.95 3 x 
WNK1 ENSG00000060237 HU-09432-1 0.51 3 x HU-09432-2 0.74 0.70 0.85 3  
PLEKHA7 ENSG00000166689 HU-08523-1 0.52 4 x HU-08523-2 0.89 0.98 0.92 3  
CAMKK1 ENSG00000004660 HU-06229-1 0.53 3 x HU-06229-2 0.85   2  
WEE1 ENSG00000166483 HU-00362-1 0.53 3 x HU-00362-2 1.20   2  
JAK3 ENSG00000105639 HU-09710-1 0.55 3 x HU-09710-2 1.04   2  
MTOR ENSG00000198793 HU-10164-1 0.55 3 x HU-10164-2 0.88 1.15 0.91 3  
PARK7 ENSG00000116288 HU-11396-1 0.55 6 x HU-11396-2 0.48 0.57 0.94 3 x 
FGF2 ENSG00000138685 HU-00961-1 0.56 2 x HU-00961-2 0.68 0.52 0.98 3 x 
MYL9 ENSG00000101335 HU-07374-1 0.56 3 x HU-07374-2    3 let.  
VAV3 ENSG00000134215 HU-07761-1 0.57 2 x HU-07761-2 0.39 0.47 0.92 2 x 
MYBPC1 ENSG00000196091 HU-08906-1 0.58 3 x HU-08906-2 1.04 0.64 1.08 3  
DBN1 ENSG00000113758 HU-08713-1 0.59 3 x HU-08713-2 0.67 0.74 0.95 2 x 
GAS2 ENSG00000148935 HU-01278-1 0.60 3 x HU-01278-2 0.85   2  
MYO3B ENSG00000071909 HU-06648-1 0.60 5 x HU-06648-2 0.73 0.86 0.91 3 let.  
PHKG2 ENSG00000156873 HU-08934-1 0.60 3 x HU-08934-2 0.67 0.61 1.04 2 x 
PRKCG ENSG00000126583 HU-03412-1 0.60 3 x HU-03412-2 0.87   2  
ROCK1 ENSG00000067900 HU-03470-1 0.60 3 x HU-03470-2 0.70 0.75 0.98 2  
SEPT1 ENSG00000180096 HU-02464-1 0.60 3 x HU-02464-2 0.61 0.57 1.01 2 x 
VAV2 ENSG00000160293 HU-05875-1 0.60 2 x HU-05875-2 0.66 0.56 0.98 3 x 
BAIAP2 ENSG00000175866 HU-07677-1 0.61 3 x HU-07677-2 1.26   3  
DLG5 ENSG00000151208 HU-05341-1 0.61 3 x HU-05341-2 0.67 0.87 0.89 2 x 
MYH1 ENSG00000109061 HU-01064-1 0.61 3 x HU-01064-2 0.75 0.87 0.90 5 x 
MYO1G ENSG00000136286 HU-15825-1 0.61 4 x HU-15825-2 0.84   3  
ROCK2 ENSG00000134318 HU-03013-1 0.61 4 x HU-03013-2 0.68 0.70 0.98 4 x 
BCAR1 ENSG00000050820 HU-14294-1 0.62 2 x HU-14294-2 0.73 0.83 0.94 3 x 
BUB1B ENSG00000156970 HU-05210-1 0.62 3 x HU-05210-2    3 let.  
SEPT9 ENSG00000184640 HU-06244-1 0.62 3 x HU-06244-2 0.61 0.62 0.96 2 x 
ACTN4 ENSG00000130402 HU-02773-1 0.63 5 x HU-02773-2 0.69 0.67 1.00 2 x 
EZR ENSG00000092820 HU-06684-1 0.63 4 x HU-06684-2 0.96   2  
MYH3 ENSG00000109063 HU-02260-1 0.64 3 x HU-02260-2 1.18   2  
PCK1 ENSG00000124253 HU-04929-1 0.64 4 x HU-04929-2 0.91   2  
CDK11A ENSG00000008128 HU-11472-1 0.65 4 x HU-11472-2 0.52 0.59 0.93 2 x 
FAM134A ENSG00000144567 HU-15382-1 0.65 3 x HU-15382-2 0.57 0.60 0.99 3 x 
PFN1 ENSG00000108518 HU-10691-1 0.65 3 x HU-10691-2 0.54 0.69 0.93 3 x 
SOGA1 ENSG00000149639 HU-10027-1 0.65 3 x HU-10027-2 0.96   2  
SOS2 ENSG00000100485 HU-06081-1 0.65 3 x HU-06081-2 0.32 0.35 0.94 2 x 
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SPTBN2 ENSG00000173898 HU-06638-1 0.65 3 x HU-06638-2 0.84 0.73 0.96 3  
DIAPH1 ENSG00000131504 HU-10947-1 0.66 2 x HU-10947-2 0.33 0.35 0.98 2 x 
MKNK2 ENSG00000099875 HU-08573-1 0.66 4 x HU-08573-2 0.76 0.86 0.95 2 x 
STK32B ENSG00000152953 HU-05084-1 0.66 3 x HU-05084-2 0.89   2  
CORO2B ENSG00000103647 HU-15602-1 0.67 3 x HU-15602-2 1.03   2  
CYFIP1 ENSG00000068793 HU-00947-1 0.67 2 x HU-00947-2 0.83 0.64 0.98 3 x 
F2R ENSG00000181104 HU-00027-1 0.67 2 x HU-00027-2 0.44 0.40 1.04 2 x 
FERMT3 ENSG00000149781 HU-07608-1 0.67 4 x HU-07608-2 0.86   2  
MPP1 ENSG00000130830 HU-05623-1 0.67 4 x HU-05623-2 0.71 0.79 0.96 2  
SLC39A1 ENSG00000143570 HU-09153-1 0.67 3 x HU-09153-2 0.94   2  
UACA ENSG00000137831 HU-05753-1 0.67 5 x HU-05753-2 0.62 0.73 0.96 2 x 
STYK1 ENSG00000060140 HU-00321-1 0.68 4 x HU-00321-2 1.29 1.31 1.12 3  
AK7 ENSG00000140057 HU-04086-1 0.69 4 x HU-04086-2 0.84   2  
BUB1 ENSG00000169679 HU-01483-1 0.69 5 x HU-01483-2 0.81 0.81 0.97 3 x 
CAMK2A ENSG00000070808 HU-06810-1 0.69 3 x HU-06810-2 0.64 0.71 0.96 2 x 
CLCN2 ENSG00000114859 HU-13291-1 0.69 3 x HU-13291-2 1.02   2  
DFNB31 ENSG00000095397 HU-07481-1 0.69 4 x HU-07481-2 0.52 0.57 0.90 2 x 
LRRK2 ENSG00000188906 HU-09859-1 0.69 3 x HU-09859-2 0.77 0.78 1.03 2  
SGK494 ENSG00000167524 HU-01557-1 0.69 5 x HU-01557-2 0.85 0.70 1.01 3  
CAPZA2 ENSG00000198898 HU-10089-1 0.70 4 x HU-10089-2 0.96 0.82 0.89 4  
CHRM3 ENSG00000133019 HU-02715-1 0.70 2 x HU-02715-2 0.50 0.59 0.94 2 x 
PDZD2 ENSG00000133401 HU-02807-1 0.70 3 x HU-02807-2 0.91   2  
TMEM63B ENSG00000137216 HU-06777-1 0.70 4 x HU-06777-2 0.51 0.60 1.02 2 x 
CDK18 ENSG00000117266 HU-07455-1 0.71 3 x HU-07455-2 0.95   2  
CKM ENSG00000104879 HU-00665-1 0.71 3 x HU-00665-2 0.83   3  
RAC1 ENSG00000136238 HU-07559-1 0.71 3 x HU-07559-2 0.38 0.39 0.97 2 x 
SKA1 ENSG00000154839 HU-11947-1 0.71 4 x HU-11947-2 0.52 0.63 0.93 2 x 
PALLD ENSG00000129116 HU-09517-1 0.72 3 x HU-09517-2 0.90   2  
PDLIM5 ENSG00000163110 HU-06778-1 0.72 3 x N/A      
PINK1 ENSG00000158828 HU-05710-1 0.72 3 x HU-05710-2 1.10   3  
SEPT8 ENSG00000164402 HU-08885-1 0.72 3 x N/A      
SLC20A1 ENSG00000144136 HU-15555-1 0.72 3 x HU-15555-2 0.91   2  
CDC42BPA ENSG00000143776 HU-15875-1 0.73 4 x HU-15875-2 1.27   3  
CLEC16A ENSG00000038532 HU-04156-1 0.73 3 x HU-04156-2 0.67 0.62 0.96 3 x 
ILK ENSG00000166333 HU-14327-1 0.73 5 x HU-14327-2 1.00   2  
PIP4K2A ENSG00000150867 HU-02133-1 0.73 5 x HU-02133-2 0.89   2  
ATR ENSG00000175054 HU-04034-1 0.74 3 x HU-04034-2 0.75 0.73 0.98 3 x 
CEP120 ENSG00000168944 HU-06701-1 0.74 3 x HU-06701-2 0.94   2  
DLG4 ENSG00000132535 HU-07173-1 0.74 6 x HU-07173-2 0.72 0.76 0.97 2 x 
MYRIP ENSG00000170011 HU-02135-1 0.74 3 x HU-02135-2 0.64 0.64 1.00 2 x 
PDGFRA ENSG00000134853 HU-00614-1 0.74 4 x HU-00614-2 1.14   2  
AK1 ENSG00000106992 HU-00880-1 0.75 4 x HU-00880-2 1.07   2  
IP6K3 ENSG00000161896 HU-07905-1 0.75 3 x HU-07905-2 1.01   2  
RBKS ENSG00000171174 HU-05189-1 0.75 3 x HU-05189-2 0.75 0.86 0.95 2 x 
ACTN2 ENSG00000077522 HU-00109-1 0.76 5 x N/A      
KCNE3 ENSG00000175538 HU-00343-1 0.77 3 x HU-00343-2 0.98   2  
KCNJ15 ENSG00000157551 HU-07321-1 0.77 3 x HU-07321-2 0.72 0.67 1.04 2 x 
PCK2 ENSG00000100889 HU-02851-1 0.77 4 x HU-02851-2 0.97   2  
RAC2 ENSG00000128340 HU-12069-1 0.77 3 x HU-12069-2 0.72 0.72 0.99 4  
SLC33A1 ENSG00000169359 HU-06758-1 0.77 3 x HU-06758-2 0.89   2  
STK17B ENSG00000081320 HU-02129-1 0.77 5 x HU-02129-2 0.94   2  
CERK ENSG00000100422 HU-02072-1 0.78 4 x HU-02072-2 0.64 0.70 0.95 2 x 
PIM2 ENSG00000102096 HU-04893-1 0.78 4 x HU-04893-2 0.61 0.63 0.97 2 x 
PRKAR2A ENSG00000114302 HU-07708-1 0.78 3 x HU-07708-2 0.94   2  
CLIC5 ENSG00000112782 HU-09514-1 0.79 4 x HU-09514-2 0.67 0.82 0.95 2 x 
PIK3CB ENSG00000051382 HU-03467-1 0.80 4 x HU-03467-2 0.66 0.68 0.98 2 x 
CEP72 ENSG00000112877 HU-04108-1 0.83 3 x HU-04108-2 0.41 0.40 1.01 2 x 
PRKAR2B ENSG00000005249 HU-02583-1 0.91 3 x HU-02583-2 1.23 1.28 1.01 3  
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1.5. List of all verified hits 

Appendix Table 5 - Alphabetical list of all verified hit genes. Shown are gene symbol, 
ENSEMBLE ID, ID’s of primary and secondary esiRNA oligonucleotide pools used and results from 
primary and secondary screen. F, P and V, average relative force, pressure and volume, 
respectively; RD, number of rounds of measurements; PH and VH, primary and verified hits, 
respectively. 

Gene Primary screen Secondary screen 

Symbol ENSEMBLE ID esiRNA ID F RD PH esiRNA ID F P V RD VH 

ACTN4 ENSG00000130402 HU-02773-1 0.63 5 x HU-02773-2 0.69 0.67 1.00 2 x 
ATR ENSG00000175054 HU-04034-1 0.74 3 x HU-04034-2 0.75 0.73 0.98 3 x 
BCAR1 ENSG00000050820 HU-14294-1 0.62 2 x HU-14294-2 0.73 0.83 0.94 3 x 
BUB1 ENSG00000169679 HU-01483-1 0.69 5 x HU-01483-2 0.81 0.81 0.97 3 x 
CAMK2A ENSG00000070808 HU-06810-1 0.69 3 x HU-06810-2 0.64 0.71 0.96 2 x 
CDC37 ENSG00000105401 HU-10455-1 0.46 3 x HU-10455-2 0.56 0.51 0.95 7 x 
CDK11A ENSG00000008128 HU-11472-1 0.65 4 x HU-11472-2 0.52 0.59 0.93 2 x 
CEP72 ENSG00000112877 HU-04108-1 0.83 3 x HU-04108-2 0.41 0.40 1.01 2 x 
CERK ENSG00000100422 HU-02072-1 0.78 4 x HU-02072-2 0.64 0.70 0.95 2 x 
CHRM3 ENSG00000133019 HU-02715-1 0.70 2 x HU-02715-2 0.50 0.59 0.94 2 x 
CLEC16A ENSG00000038532 HU-04156-1 0.73 3 x HU-04156-2 0.67 0.62 0.96 3 x 
CLIC5 ENSG00000112782 HU-09514-1 0.79 4 x HU-09514-2 0.67 0.82 0.95 2 x 
CYFIP1 ENSG00000068793 HU-00947-1 0.67 2 x HU-00947-2 0.83 0.64 0.98 3 x 
DBN1 ENSG00000113758 HU-08713-1 0.59 3 x HU-08713-2 0.67 0.74 0.95 2 x 
DFNB31 ENSG00000095397 HU-07481-1 0.69 4 x HU-07481-2 0.52 0.57 0.90 2 x 
DIAPH1 ENSG00000131504 HU-10947-1 0.66 2 x HU-10947-2 0.33 0.35 0.98 2 x 
DLG4 ENSG00000132535 HU-07173-1 0.74 6 x HU-07173-2 0.72 0.76 0.97 2 x 
DLG5 ENSG00000151208 HU-05341-1 0.61 3 x HU-05341-2 0.67 0.87 0.89 2 x 
ECT2 ENSG00000114346 HU-03747-1 0.46 2 x HU-03747-2 0.67 0.66 0.98 3 x 
F2R ENSG00000181104 HU-00027-1 0.67 2 x HU-00027-2 0.44 0.40 1.04 2 x 
FAM134A ENSG00000144567 HU-15382-1 0.65 3 x HU-15382-2 0.57 0.60 0.99 3 x 
FGF2 ENSG00000138685 HU-00961-1 0.56 2 x HU-00961-2 0.68 0.52 0.98 3 x 
FSCN1 ENSG00000075618 HU-05054-1 0.28 3 x HU-05054-2 0.72 0.76 0.99 2 x 
GNA13 ENSG00000120063 HU-01808-1 0.48 2 x HU-01808-2 0.44 0.59 0.88 2 x 
KCNJ15 ENSG00000157551 HU-07321-1 0.77 3 x HU-07321-2 0.72 0.67 1.04 2 x 
MKNK2 ENSG00000099875 HU-08573-1 0.66 4 x HU-08573-2 0.76 0.86 0.95 2 x 
MYH1 ENSG00000109061 HU-01064-1 0.61 3 x HU-01064-2 0.75 0.87 0.90 5 x 
MYH7B ENSG00000078814 HU-13978-1 0.38 3 x HU-13978-2 0.63 0.69 0.97 2 x 
MYH9 ENSG00000100345 HU-08161-1 0.35 7 x HU-08161-2 0.20 0.15 1.14 5 x 
MYL12B ENSG00000118680 HU-10542-1 0.27 8 x HU-10542-2 0.31 0.28 1.00 8 x 
MYRIP ENSG00000170011 HU-02135-1 0.74 3 x HU-02135-2 0.64 0.64 1.00 2 x 
PARK7 ENSG00000116288 HU-11396-1 0.55 6 x HU-11396-2 0.48 0.57 0.94 3 x 
PFN1 ENSG00000108518 HU-10691-1 0.65 3 x HU-10691-2 0.54 0.69 0.93 3 x 
PHKG2 ENSG00000156873 HU-08934-1 0.60 3 x HU-08934-2 0.67 0.61 1.04 2 x 
PIK3CB ENSG00000051382 HU-03467-1 0.80 4 x HU-03467-2 0.66 0.68 0.98 2 x 
PIM2 ENSG00000102096 HU-04893-1 0.78 4 x HU-04893-2 0.61 0.63 0.97 2 x 
RAC1 ENSG00000136238 HU-07559-1 0.71 3 x HU-07559-2 0.38 0.39 0.97 2 x 
RBKS ENSG00000171174 HU-05189-1 0.75 3 x HU-05189-2 0.75 0.86 0.95 2 x 
ROCK2 ENSG00000134318 HU-03013-1 0.61 4 x HU-03013-2 0.68 0.70 0.98 4 x 
SEPT1 ENSG00000180096 HU-02464-1 0.60 3 x HU-02464-2 0.61 0.57 1.01 2 x 
SEPT9 ENSG00000184640 HU-06244-1 0.62 3 x HU-06244-2 0.61 0.62 0.96 2 x 
SKA1 ENSG00000154839 HU-11947-1 0.71 4 x HU-11947-2 0.52 0.63 0.93 2 x 
SOS2 ENSG00000100485 HU-06081-1 0.65 3 x HU-06081-2 0.32 0.35 0.94 2 x 
TAF5 ENSG00000148835 HU-13337-1 0.50 3 x HU-13337-2 0.42 0.53 0.95 3 x 
TMEM63B ENSG00000137216 HU-06777-1 0.70 4 x HU-06777-2 0.51 0.60 1.02 2 x 
UACA ENSG00000137831 HU-05753-1 0.67 5 x HU-05753-2 0.62 0.73 0.96 2 x 
VAV2 ENSG00000160293 HU-05875-1 0.60 2 x HU-05875-2 0.66 0.56 0.98 3 x 
VAV3 ENSG00000134215 HU-07761-1 0.57 2 x HU-07761-2 0.39 0.47 0.92 2 x 
WAS ENSG00000015285 HU-14511-1 0.28 3 x HU-14511-2 0.62 0.59 1.05 2 x 
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1.6. List of main (e)siRNAs used 

Appendix Table 6 - List of siRNA and pivotal esiRNA oligonucleotides used in this study. Given 
are target gene name, target DNA sequence, supplier and product ID, references where 
appropriate and concentrations used. For transfection strategies, see Materials and Methods. 
Average molecular weight for esiRNA oligonucleotides was approximated to 15’000 g·mol-1. 
For a full list of all esiRNAs used, see Appendix Table 1. 

Target Type Target sequence 
Supplier / 
Reference 

Product name / 
ID 

Conc. Comment 

None siRNA - Qiagen 
AllStars 
SI03650318 

25-50 nM 
Negative control in every 
siRNA experiment. 

MYH9 siRNA 
5’-aag gag cgt tac 
tac tca ggg-3’ 

Qiagen / 
Li et al.1 

Custom siRNA 25-50 nM 
Positive control for 
transfection efficiency in 
every siRNA experiment. 

ACTN4 siRNA 
5’-acg cag cat cgt 
gga cta caa-3’ 

Qiagen SI02779973 25-50 nM 
Default ACTN4 siRNA 
oligonucleotide pool. 

ACTN4 siRNA 
5’-ctg aca cat agt 
cgc agg gaa-3’ 

Qiagen SI00070084 50 nM - 

ACTN4 siRNA 
5’-aag gtg ctg gct 
gtc aac caa-3’ 

Qiagen SI00070098 50 nM - 

FAM134A siRNA 
5’-cta cat tgt ctt gtt 
gag tat-3’ 

Qiagen SI04170292 25-50 nM 
Default FAM134A siRNA 
oligonucleotide pool. 

FAM134A siRNA 
5’-agg cca gta gtt 
aca ctc tta-3’ 

Qiagen SI00328370 50 nM - 

FAM134A siRNA 
5’-ctg gct cac ctt 
cca gat tca-3’ 

Qiagen SI00328363 50 nM - 

FAM134A siRNA 
5’-cag gga tta tga ttt 
cct aca-3’ 

Qiagen SI04163824 50 nM - 

ROCK2 siRNA 
5’-atg-cac-ttg-tat-
aaa-gcc-ata-3’ 

Qiagen SI02223753 50 nM - 

DIAPH1 siRNA 
5’-aag ata tga gag 
tgc aac taa-3’ 

Qiagen SI00073920 50 nM - 

F-Luc esiRNA - 
Buchholz 
lab2,3 

F-Luc ~60 nM 
Negative control in every 
esiRNA experiment. 

MRLC2 
(MYL12B) 

esiRNA - 
Buchholz 
lab2,3 

HU-10542-1 ~60 nM 

Positive control for 
transfection efficiency in 
every esiRNA experiment. 
Primary oligonucleotide 
pool. 

MRLC2 
(MYL12B) 

esiRNA - 
Buchholz 
lab2,3 

HU-10542-2 ~60 nM 

Positive control for 
transfection efficiency in 
every esiRNA experiment. 
Secondary 
oligonucleotide pool. 

ACTN4 esiRNA - 
Buchholz 
lab2,3 

HU-02773-1 ~60 nM 
Primary ACTN4 esiRNA 
oligonucleotide pool. 

ACTN4 esiRNA - 
Buchholz 
lab2,3 

HU-02773-2 ~60 nM 
Secondary ACTN4 esiRNA 
oligonucleotide pool. 

FAM134A esiRNA - 
Buchholz 
lab2,3 

HU-15382-1 ~60 nM 
Primary FAM134A esiRNA 
oligonucleotide pool. 

FAM134A esiRNA - 
Buchholz 
lab2,3 

HU-15382-2 ~60 nM 
Secondary FAM134A 
esiRNA oligonucleotide 
pool. 

 

References to Appendix Table 6: 

1 Li, Y., Friedmann, D. R., Mhatre, A. N. & Lalwani, A. K. MYH9-siRNA and MYH9 mutant alleles: 
expression in cultured cell lines and their effects upon cell structure and function. Cell 
motility and the cytoskeleton 65, 393-405, (2008). 

2 Kittler, R., Heninger, A. K., Franke, K., Habermann, B. & Buchholz, F. Production of 
endoribonuclease-prepared short interfering RNAs for gene silencing in mammalian cells. 
Nat Methods 2, 779-784, (2005). 

3 Kittler, R. et al. Genome-wide resources of endoribonuclease-prepared short interfering 
RNAs for specific loss-of-function studies. Nat Methods 4, 337-344, (2007). 
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2. APPENDIX II: RESULTS OF FOLLOW-UP EXPERIMENTS ON SELECTED HITS 

Appendix II lays out a set of follow-up experiments on selected screen hits. 
First, results from measurements on mitotic and non-mitotic cells are given 
(Appendix Figure 1) followed by results from actin and myosin II localization 
measurements on mitotic cells (Appendix Figure 2). Last, a comparison of 
results form protein depletion versus chemical protein inhibition is given for a 
selected set of kinase hits (Appendix Figure 3 and Appendix Table 7). 
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2.1. Specificity of pressure decrease for mitotic cells  

Appendix Figure 1 - Effect of protein depletion on plateau pressure in mitotic and non-mitotic 
cells for selected hits. (A-L) Plateau pressure of chemically arrested (STC) HeLa Kyoto mitotic 
(left) and trypsin-treated non-mitotic (right) cells depleted of MYH9 (A), ROCK1 (B), ROCK2 (C), 
ECT2 (D), CLIC5 (E), CDC37 (F), ACTN4 (G, see also Figure 3-3), WAS (H), FSCN1 (I), FAM134A 
(J, see also Figure 3-9), TMEM63B (K) and SLC33A1 (L), respectively. For a depiction of the assay 
used, see Figure 3-3.              Continued on next page 
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Continued from previous page            
All depleted proteins are verified screening hits except ROCK1 and SLC33A1, which are primary 
hits only. Control (ctrl.), cells RNAi treated with (e)siRNA targeting no human gene (AllStars 
siRNA or F-Luc esiRNA). All values relative to the respective control data average. Each 
diamond corresponds to one cell. Red bars, mean. Statistical significance was determined 
using the Mann-Whitney t test comparing with the control data. ns, not significant (p > 0.05); 
*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 

  



Doctoral Thesis Cédric J. Cattin              Mechanics of mitotic cell rounding - Appendix 
 

 A31 

2.2. Impact of protein depletion on cortical actin and myosin in mitotic cells 

Appendix Figure 2 - Effect of protein depletion on cortical localization of myosin II and actin for 
selected verified hits. (A-G) Relative plateau pressure (left), relative actin cortex to cytoplasm 
ratio (middle) and relative myosin II cortex to cytoplasm ratio (right) for confined chemically 
arrested (STC) mitotic HeLa Kyoto cells depleted of MYH9 (A), ACTN4 (B, see also Figure 3-6), 
ROCK2 (C, see also Figure 3-12), ECT2 (D), CLIC5 (E), FAM134A (F, see also Figure 3-11) and 
TMEM63B (G), respectively. Control (ctrl.), cells RNAi treated with (e)siRNA targeting no human 
gene (AllStars siRNA or F-Luc esiRNA). All values relative to the respective control data average.
                Continued on next page 
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Continued from previous page                    
Actin R, actin cortex to cytoplasm ratio; Myosin R, myosin II cortex to cytoplasm ratio. Each 
diamond corresponds to one cell. Red or black bars, mean. Statistical significance was 
determined using the Mann-Whitney t test comparing with the control data. ns, not significant 
(p > 0.05); *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 
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2.3. Protein depletion versus chemical inhibition 

 
Appendix Figure 3 - Effect of protein depletion and protein inhibition on plateau force in mitotic 
cells for selected kinase hits. (A-L) Plateau force of mitotic HeLa Kyoto cells in which kinases 
were depleted (left) or their activity inhibited (right).          Continued on next page 
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Continued from previous page              
Targeted kinases are ATR (A), CAMKK1 (B), CERK (C), MTOR (D), JAK3 (E), MKNK2 (F), 
PIK3CB (G), PIM2 (H), PRKAR2A (I), PRKCD (J), TRIO (K) and WEE1 (L), respectively. For a 
depiction of the assay used, see Figure 2-2. All targeted kinases are primary screening hits; ATR, 
CERK, MKNK2, PIK3CB and PIM2 are verified screening hits. For a list of the inhibitors used and 
experimental conditions, see Appendix Table 7. Control (ctrl.), cells RNAi treated with esiRNA 
targeting no human gene (F-Luc esiRNA). UT, control cells not treated with inhibitor. All values 
relative to the respective control data average. Each diamond corresponds to one cell. Red 
bars, mean. Statistical significance was determined using the Mann-Whitney t test comparing 
with the control data. ns, not significant (p > 0.05); *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. 

 
Appendix Table 7 - Alphabetical list of kinase hits for which inhibitors were tested (see 
Appendix Figure 3 for results). Given are gene symbol and outcome in screen (prim., primary 
hit; verif., verified hit), inhibitor name and supplier, experimental conditions used 
(concentration, final concentration of inhibitor; DMSO, final concentration of dimethyl sulfoxide 
solvent; time, incubation time; STC, final concentration of S-trityl-L-cysteine) and summarized 
result (yes and no, phenotype of RNAi mediated protein depletion confirmed or not confirmed, 
respectively). O/N, overnight incubation (>12 h); h, hours. 

Gene Inhibitor Experiment conditions Result 

Symbol Hit Name Supplier Concentration DMSO Time STC Hit confirmed? 

ATR verif. CGK 733 Tocris 1 µM 0.01% O/N No STC Yes 

CAMKK1 prim. STO-609 Tocris 100 µM 1% 5 h 2 µM Yes 

CERK verif. NVP-231 Tocris 10 µM 0.1% O/N No STC No 

MTOR prim. Rapamycin Tocris 10 µM 0.1% 2 h No STC Yes 

JAK3 prim. ZM 449829 Tocris 10 µM 0.1% 2 h 2 µM Yes 

MKNK2 verif. CGP 57380 Tocris 1 µM 0.01% O/N No STC Yes 

PIK3CB verif. PI 828 Tocris 10 µM 0.1% O/N No STC Yes 

PIM2 verif. 
PIM1/2 
Kinase 
Inhibitor VI 

Merck 100 µM 1% O/N No STC Yes 

PRKAR2A prim. KT 5720 Tocris 10 µM 0.1% O/N No STC Yes 

PRKCD prim. 
PKCθ/δ 
Inhibitor 

Merck 10 µM 0.1% O/N No STC No 

TRIO prim. ITX 3 Merck 10 µM 0.1% O/N 2 µM No 

WEE1 prim. PD 407824 Tocris 10 µM 0.1% <1 h No STC Yes 
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3. APPENDIX III: LIST OF PUBLICATIONS 

 
PUBLICATIONS 
 
----------------------------------------------------------------------------------------------------------------- 
Authors: Stewart MP, Hodel AW, Spielhofer A, Cattin CJ, Müller DJ, 

Helenius J.  
Title: Wedged AFM-cantilevers for parallel plate cell mechanics 
Details: Methods (2013); 60(2): 186-94 
 DOI: 10.1016/J.Ymeth.2013.02.015 
Content: Tipless AFM cantilevers were modified to carry a polymer 

wedge to compensate for the AFM set-up-intrinsic ~10° tilt. 
The modified cantilevers are shown to prevent lateral 
displacement of confined round cells. 

Contributions: Testing and applying modified cantilevers in experiments on 
RNAi treated cells; contributing to manuscript preparation 
and proofreading. 

 
----------------------------------------------------------------------------------------------------------------- 
Authors: Ramanathan SP, Helenius J, Stewart MP, Cattin CJ, Hyman 

AA, Muller DJ.  
Title: Cdk1-dependent mitotic enrichment of cortical myosin II 

promotes cell rounding against confinement 
Details: Nature Cell Biology (2015); 17(2): 148-59 
 DOI: 10.1038/ncb3098 
Content: Detailed analysis and quantification of accumulation of 

F-actin and myosin II at the mitotic cortex, the regulation of 
this process and its implications on mitotic cell mechanics. 

Contributions: Contributing to experiments requiring protein depletion by 
RNAi; contributing to manuscript preparation and 
proofreading. 

 
----------------------------------------------------------------------------------------------------------------- 
Authors: Cattin CJ, Düggelin M, Martinez-Martin D, Gerber C, Müller DJ, 

Stewart MP.  
Title: Mechanical control of mitotic progression in single animal 

cells 
 
Details: PNAS (2015); 112(36): 11258-63 
 DOI: 10.1073/pnas.1502029112 
Content: Production and characterization of focused ion-beam-

sculpted AFM cantilevers allowing to compensate for the 
AFM set-up-intrinsic ~10° tilt. Application of these in cell 
confinement experiments with varying confinement force, 
analysis of cell behavior in such experiments and explanation 
on how cell confinement influences mitotic progression. 

Contributions: Co-designing and planning research; performing the majority 
of experiments and analyzing data; preparing figures and co-
preparing manuscript. 

----------------------------------------------------------------------------------------------------------------- 
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----------------------------------------------------------------------------------------------------------------- 
Authors: Sorce B, Escobedo C, Toyoda Y, Stewart MP, Cattin CJ, 

Newton R, Banerjee I, Stettler A, Roska B, Eaton S, Hyman AA, 
Hierlemann, A, Muller DJ.  

Title: Mitotic cells contract actomyosin cortex and generate 
pressure to round against or escape epithelial confinement 

Details: Nature Communications (2015); 6: 8872 
 DOI: 10.1038/ncomms9872 
Content: Polymer-based arrays of micropillars were used to mimic 

epithelial confinement of cells. When cells round up for 
division, they deflect adjacent micropillars. If interpillar 
spacing is too narrow, rounding mitotic cells push themselves 
out of the confinement, divide and then resettle between the 
pillars. Cells that are incapable of doing so, due to impaired 
cortex composition, are more likely to undergo apoptosis. 

Contributions: Planning and performing AFM-based experiments for trans-
mitotic measurements on MDCK cells; contributing to 
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showing that the cortex is the dominant mechanical element 
in mitotic cells. Quantification of the influence of actin 
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