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Abstract 

Intracellular actin-based architectures play critical roles in various cellular functions and 

events, such as cell migration, cell division, mechanical response and tissue organization. 

Cell cortex is composed of a random meshwork of actin filaments and other actin-related 

proteins, and lies beneath the plasma membrane. Due to technical limitations, the 

molecular mechanism maintaining and regulating the cortical actin dynamics has been 

less understood than other actin-based architectures such as stress fibers. In this study, I 

tried to establish a microscope technique to visualize and analyze the dynamics of 

individual actin filaments in a living cell cortex by utilizing high-speed atomic force 

microscope (HS-AFM), and applied it for functional analyses of actin-regulating proteins. 

I used a tip-scan type HS-AFM to visualize actin filaments in the cell cortex by 

applying slightly deeper indentation of the probe into the cell to obtain higher contrast of 

actin filaments, which is stiffer than the plasma membrane. This allowed visualization of 

individual actin filaments in various cell types. The detailed analyses of obtained images 

elucidated several kinetic parameters in a living COS-7 cell such as elongation rate and 

the frequency of new filament assembly. By using inhibitors and overexpression of actin-

binding proteins, a dynamic equilibrium between G-actin and F-actin in the cortex has 

been elucidated, which is different from that of other actin-based architectures. 

Combining this system with the other microscopic techniques, I tried to examine how 

transcription co-factor YAP, a well-known mechano-responsive regulator, controls 

cortical actin structures. HS-AFM analyses and other mechanical characterizations of 

YAP-knock out cells revealed that, the depletion of YAP increased the density of actin 

filaments, the stiffness of the cell cortex, and resistance against external damages. 

Additional biochemical and microscopic analyses suggested the involvement of E-

cadherin, one of the genes regulated by YAP, in recruiting one of the Rho GTPase-

activating enzymes, ARHGAP18, to the cell cortex, which inactivates RhoA. All of these 

results demonstrated a linkage between transcriptional control by YAP and structural 

changes of cortical actin via Rho GTPases, and demonstrated that HS-AFM-based 

visualization approach is a powerful tool to analyze the dynamics of cortical actin 

network and the function of regulatory proteins.  
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Abbreviation 

AFH1 Arabidopsis formin 1 

Aip1 Actin-interacting protein 1 

ARHGAP18 Rho GTPase-activating protein 18 

ARHGAP28 Rho GTPase-activating protein 28 

ARHGAP29 Rho GTPase-activating protein 29 

Arp2/3 Actin-related protein 2/3 complex 

DMEM Dulbecco's Modified Eagle's Medium 

ECFCs Endothelial colony forming cells 

ECM Extracellular matrix 

EGFP Enhanced green fluorescent protein 

ERM Ezrin, radixin and moesin 

F-actin Fibrous actin 

FBS Fetal bovine serum 

FHOD1 Formin homology 2 domain containing protein 1 

FLAP Fluorescence localization after photobleaching 

FMNL2 and 3 Formin-like family membrane 2 and 3 

Formins Formin homology proteins 

FRAP Fluorescence recovery after photobleaching 

FRSK Fetal rat skin keratinocyte cell 

G-actin Globular actin 

GST Glutathione S-transferase 

HS-AFM High-speed atomic force microscope 

LIMK LIM domain kinase 

MDCK Madin-Darby canine kidney cell 

MLCP Myosin light chain phosphatase 

NRK Normal rat kidney fibroblast cell 

NUAK2 NUAK family SNF1-like kinase 2 

PI Propidium iodide 

ROCK Rho-associated protein kinase  

RPE Retinal pigment epithelial cell 

SiMS Single-molecule speckle microscopy 

TAZ Transcriptional coactivator with PDZ-binding motif 

TIRFM Total internal reflection fluorescence microscopy 

YAP Yes-associated protein 1 
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1.1 Actin dynamics and architectures 

1.1.1 Actin is a dynamic cytoskeletal structure  

Actin is a protein widely distributed in animal cells, and forms a variety of skeletal 

architectures within the cell. It exists in a monomeric form (G-actin) and a polymeric 

form (F-actin) and a transition between these two forms is equilibrated and regulated by 

a number of cellular proteins (Blanchoin et al., 2014). 

The assembly of a single F-actin includes the steps of nucleation, elongation, and a 

steady state (Fig. 1). Nucleation is a step in which three G-actin monomers form a 

complex. Since this step is thermodynamically unpreferable, several nucleators facilitate 

this process with different mechanisms. Arp2/3 complex binds to F-actin and nucleates a 

branched new filament (Mullins et al., 1998). Members of formin family proteins promote 

an efficient nucleation by stabilizing actin dimer and trimer (Pruyne et al., 2002). Spire 

and cordon-bleu assemble free G-actin molecules to promote the nucleation (Quinlan et 

al., 2005, Ahuja et al., 2007). During the elongation step, actin monomer binds to the end 

of the pre-formed actin filament. Since F-actin is a directional polymer which carries 

structurally different ends (plus end and minus end), the affinity of G-actin to the plus 

and minus ends is different, which results in different polymerization kinetics at each end. 

Formins associate with the F-actin plus ends and modify its elongation rate together with 

profilin (Vavylonis et al., 2006). Profilin binds to G-actin and controls formin-dependent 
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elongation of F-actin (Pernier et al., 2016). Ena/VASP increases the elongation rate by 

preventing capping proteins from binding to the plus end (Barzik et al., 2005; 

Breitsprecher et al., 2011). When the reaction reaches a steady state, the assembly and 

disassembly are balanced. The members of actin-depolymerizing factor (ADF)/cofilin 

family proteins bind to F-actin (preferably to ADP-bound actin), destabilize it, and 

accelerate the severing of the filament (Carlier et al., 1997). Actin interacting protein 1 

(Aip1) is known to promote this cofilin-dependent severing process (Nadkarni and 

Brieher, 2014; Chen et al., 2015). 

 

1.1.2 Actin forms various architectures in the cell 

In addition to polymerization/depolymerization dynamics of a single actin filament, 

multiple filaments are assembled to build up higher-order architectures in the cell. Arp2/3 

makes a branching point on the pre-formed filament and nucleates a new filament 

(Mullins et al., 1998). Filamin crosslinks actin filaments to form angled actin network 

(Nakamura et al., 2002), and AFH1, one of the formin family members in Arabidopsis, 

facilitates the formation of parallel and antiparallel actin bundles (Michelot et al., 2006), 

whereas fascin makes parallel actin bundles (Jansen et al., 2011). 
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The assembly of such higher-order network of actin filaments finally constructs various 

functional architectures in the cells, such as lamellipodia, filopodia, stress fibers, and 

cortex (Fig. 2). Lamellipodia are thin and broad protrusions of the cell edge made by a 

number of branched actin filaments. They are often found at the leading edge of a 

migrating cell, and contains a number of branched actin filaments made by Arp2/3 

complex (Krause and Gautreau, 2014). Filament elongation at a number of plus ends 

pushes the plasma membrane outwards, and generates force to extend the lamellipodia 

(Suraneni et al., 2012). Formins (FMNL2 and 3) (Kage et al., 2017) and Ena/VASP (Bear 

et al., 2002) facilitate the filament elongation at the plus end.  

In contrast to lamellipodia, filopodia are finger-like protrusions which are made up of 

parallel actin bundles (Gupton and Gertler, 2007). Ena/VASP plays a role in making a 

long and unbranched actin filaments and bundles (Lebrand et al., 2004; Schirenbeck et 

al., 2006). mDia2, a member of formin family, also facilitates the elongation of F-actin at 

the tip of the filopodia (Yang et al., 2007), and fascin bundles and stabilizes those 

filaments (Pfisterer et al., 2020). Stress fibers contain actin bundles of around 10-30 

filaments (Cramer et al., 1997), associate with focal adhesions, and generate cellular 

tension (Parsons et al., 2010). Non-muscle myosin II assembles individual actin filaments 

into a thicker bundle (Goeckeler et al., 2008), and actinin bridges those bundles to 
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stabilize them (Tojkander et al., 2012). Cortex is a layer of actin filament meshwork 

associated with numerous actin binding proteins such as mDia1, mDia3 and Arp2/3 under 

the plasma membrane (Chugh and Paluch, 2018). 

  These actin architectures play diverse roles to maintain proper cellular functions. 

Lamellipodia direct the cell migration, and filopodia sense the guidance cues during 

growth cone pathfinding. The focal adhesions connect stress fibers to the extracellular 

matrix (ECM). The cell cortex controls the cell surface tension both in interphase and 

mitosis, and participates in the plasma membrane deformation such as cell wound repair 

and endocytosis (Katoh et al., 1995; Qualmann et al., 2000; Geraldo and Gordon-Weeks, 

2009; Stewart et al., 2011; Aihara et al., 2018; Svitkina, 2018). 

 

1.2 Cortical actin 

1.2.1 Function of cortical actin 

The function and importance of the cell cortex have been studied in various research fields 

for decades. It maintains cellular morphology and mechanics. For example, the cellular 

rounding force during mitosis is controlled by cortical actomyosin system and osmotic 

pressure (Stewart et al., 2011). During cytokinesis, the cortical actin filaments form a 

contractile ring to constrict the cell into two daughter cells (Cao and Wang, 1990). The 

cortical actin rearrangement is also required for the cell wound repair (Abreu-Blanco et 
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al., 2011), and endocytosis (Smythe and Ayscough, 2006), both of which are tightly 

coupled with morphological changes of the plasma membrane. 

 

1.2.2 Regulators of cortical actin 

Several actin-regulating proteins mentioned above are known to regulate cortical actin 

dynamics. Some members of formin family (mDia1 and mDia3) promote the nucleation 

and elongation of actin filaments to maintain a dense actin meshwork (Fritzsche et al., 

2016; Sakamoto et al., 2018). Arp2/3 also nucleates new actin filaments in the cortex 

(Fritzsche et al., 2016). Cofilin and capping protein are known to regulate the length of 

cortical actin filaments, the thickness of the cortical layer and the surface tension in 

mitosis (Chugh et al., 2017). Myosin II stabilizes the cell cortex by crosslinking actin 

filaments (Laevsky and Knecht, 2003). Moesin, one of the Ezrin/Radixin/Moesin (ERM) 

proteins, anchors actin filaments to the plasma membrane and increased the cortical 

rigidity during mitosis (Kunda et al., 2008). In the upstream, small GTPases control the 

activity and localization of actin-related proteins. RhoA maintains the cortical rigidity 

during mitosis (Maddox and Burridge, 2003), and Cdc42 promotes cortical actin 

assembly in budding yeast (Li et al., 1995). Moreover, a transcriptional co-regulator YAP 

was reported to regulate the cortical actin through the small GTPases (Porazinski et al., 

2015). Although some of these regulatory mechanisms are shared by those in other actin-
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based structures (lamellipodia and stress fibers), the molecular mechanism of how the 

activities of such a large number of regulatory proteins are integrated to maintain various 

architectures in different intracellular locations is not fully understood. 

 

1.2.3 Structure and dynamics of cortical actin 

The structure of the cortical actin has been elucidated mainly by microscopic observations. 

In contrast to other actin-based architectures, actin filaments in the cortex are arranged 

into a random mesh-like network. The electron tomography revealed a variety of mesh 

sizes ranging from 50 (for fetal rat skin keratinocyte (FRSK) cells) to 200 nm (for normal 

rat kidney fibroblast (NRK) cells) (Morone et al., 2006). Observation by atomic force 

microscope (AFM) revealed a mesh size around 100 nm in NIH-3T3 cells (Eghiaian et 

al., 2015). The thickness of the cortex in mitotic HeLa cell was estimated as ~190 nm 

(Clark et al., 2013). The tension and the stiffness are the center of attention in the study 

of the cell cortex. Force measurement by AFM (Chugh et al., 2017) and micropipette 

aspiration (Thoumine et al., 1999) were common experimental methods to estimate the 

cell surface tension, which ranges from 35 to 1600 pN/μm depending on the cell lines, 

cell cycle (interphase or metaphase) and the method of measurement (Evans and Yeung, 

1989; Thoumine et al., 1999; Fischer-Friedrich et al., 2014; Cartagena-Rivera et al., 2016). 

Fluorescence microscope-based techniques contributed to the characterization of actin in 
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the cell cortex. Fluorescence after photobleaching (FRAP) and fluorescence loss in 

photobleaching (FLIP) revealed two populations of actin filaments existing in the cortex 

(Fritzsche et al., 2013). Single molecule fluorescence imaging technique combined with 

stochastic simulation showed a formin-mediated elongation rate at the barbed end of 136 

± 14 sub/s, and an Arp2/3-mediated elongation rate of 28 ± 2 sub/s in HeLa cells 

(Fritzsche et al., 2016).  

 

1.3 Goal of this study 

In spite of a number of important roles of cortical actin in the cellular structures, functions 

and activities, the mechanism of how it is regulated by other cellular proteins at the 

molecular level is poorly understood due to a lack of techniques to characterize the 

dynamics of individual actin filaments. Most of the optical microscope-based techniques 

mentioned above are able to reveal bulk behavior but not the dynamics of the individual 

filaments in the cell cortex. On the other hand, electron microscopy can resolve individual 

filaments, but cannot reveal their dynamics. Therefore, I thought that functional roles of 

various cellular proteins in the maintenance and regulation of cortical actin network will 

be further elucidated if the dynamics of individual actin filaments is visualized. New 

information on the actin dynamics obtained from such technical advancement will be able 
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to bridge the results from bulk and single-molecule measurements, and contribute to 

understand the regulatory mechanism of the cell cortex at the molecular level. 

In this study, I firstly established a method for visualizing and analyzing the dynamics 

of cortical actin filaments in a living cell by using high-speed atomic force microscope 

(HS-AFM). Then, I combine this HS-AFM approach with other microscopic techniques 

to elucidate the molecular mechanisms of how cortical actin is regulated by regulatory 

proteins such as small GTPases and the upstream transcription factor YAP. 
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2.1 Introduction 

2.1.1 Microscopic observations of actin structure and dynamics 

Various microscopic techniques have been utilized to observe actin structures and 

dynamics. Fluorescence-based techniques, such as confocal microscopy and total internal 

reflection fluorescence microscopy (TIRFM), visualized the dynamics of actin, and 

revealed the regulatory mechanisms of dorsal stress fibers (mDia1/DRF1 formin-

mediated) and transverse arcs (Arp2/3-mediated polymerization combined with myosin-

mediated bundling) (Hotulainen and Lappalainen, 2006). Fluorescence recovery after 

photo-bleaching (FRAP) and fluorescence loss in photo-bleaching (FLIP) analyses 

identified two subpopulations of actin filaments with different exchanging rates in the 

cell cortex (Fritzsche et al., 2013). Further studies using single-molecule fluorescence 

imaging technique clarified that one is mediated by formin (mDia1) and the other is 

Arp2/3-mediated (Fritzsche et al., 2016). Single-molecular speckle microscopy (SiMS) 

has been used to reveal a rapid actin turnover in lamellipodia of living XTC cells 

(Watanabe and Mitchison, 2002; Yamashiro et al., 2014). Correlative imaging of 

fluorescence and electron microscope revealed the molecular mechanism of the initiation 

step of filopodia elongation (Svitkina et al., 2003). Recent advancement in various super-

resolution microscopies enabled the visualization of individual actin filaments and 

revealed the function of actin regulatory proteins such as formins (Sakamoto et al., 2018). 
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In most of the fluorescence-based microscopies, actin filaments have to be labeled by 

a fluorescent probe. A wide variety of fluorescent probes for actin have been developed 

and utilized so far. Phalloidin is a bicyclic heptapeptide which specifically binds to F-

actin. Rhodamine-labeled phalloidin has been widely used to fluorescently label F-actin 

in a fixed cell and in vitro, but cannot be used for live-cell imaging. Lifeact-GFP is 

currently used for live-cell imaging of F-actin. It is a small peptide (17 amino acids) fused 

with GFP and binds to F-actin when it is expressed in a living cell (Wulf et al., 1979; 

Riedl et al., 2008). GFP-fused -actin was also used for live-cell imaging. In contrast to 

Lifeact-GFP, it is incorporated into F-actin. However, due to its large unincorporated 

fraction in the cytoplasm, it has high background signal under the fluorescence 

observation. Fluorescently-labeled actin can also be used in live cell imaging, but has to 

be injected into the cell by microinjection. 

In any cases of fluorescence observation described above, actin or actin-binding 

molecule has to be fluorescently labeled and expressed or introduced in the cell of interest. 

In the case of plasmid-based transfection, the expression level of such exogenous protein 

is difficult to be tightly controlled, and the over-expression of exogenous fraction often 

disturbs intracellular actin pool (G and F-actin) and the equilibrium state. These technical 
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problems are now being improved in recent development of new probes and techniques, 

but the effect of over-expression has to be carefully examined in individual cases.  

 

2.1.2 Topographical imaging by HS-AFM 

Atomic force microscope (AFM) is a scanning probe microscope, which visualizes the 

surface topography of the specimen by using a sharp probe. It has been used for 

visualization of DNA, protein and various cellular architectures. The biggest advantage 

of AFM is that it does not require fixation, staining or labeling of the specimen, but 

nevertheless has a molecular resolution in liquid. Recent advancement in the scanning 

speed greatly increased the temporal resolution and contributed in the imaging of 

molecular dynamics of a single protein, such as myosin V walking on an actin filament 

(Kodera et al., 2010), the rotation of α3β3 stator ring of F1-ATPase (Takayuki et al., 2011). 

Although the HS-AFM has a great advantage in the imaging of single protein 

molecules, it could not be used for live-cell imaging because the sample stage, but not the 

probe, is scanning to x-y direction (“stage-scan” configuration). To solve this problem, a 

“tip-scan” type of HS-AFM unit had been developed in the lab I belong to (Suzuki et al., 

2013). The AFM unit, which contains x-y-z scanner is mounted on the stage of an inverted 

microscope, so that a specimen (a living cell in a culture dish) can be observed by the 

optical system of the inverted microscope. In addition to such “tip-scan” configuration, a 
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phase-feedback mechanism lowered the force applied by the probe to the surface of the 

specimen, so that soft specimen such as a living cell membrane could be visualized in 

high contrast (Yoshida et al., 2015). 

 

2.1.3 Aim of this chapter 

In this chapter, I utilized this house-made HS-AFM system to visualize cortical actin 

filaments in a living cell. I expected that small indentation of the probe into the cell will 

give a high contrast image of actin filaments near the plasma membrane, since the actin 

filament is stiffer than the plasma membrane. As described in the following section, I 

successfully established a method of HS-AFM imaging and analyzing the dynamics of 

cortical actin at the single-filament level. Furthermore, the roles of various actin-

regulating proteins such as profilin, thymosin 4, Arp2/3 complex and formins in the 

regulation of cortical actin were elucidated. 

 

2.2 Materials and methods 

2.2.1 Cell culture and transfection 

COS-7, NIH-3T3, C2C12 cells were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM), and ST2 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 

Medium. All mediums were supplemented with 10% fetal bovine serum (FBS) and cells 
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were maintained in plastic culture dishes at 37 ℃ and 5% CO2. XTC cells (a gift from 

Professor Watanabe, Kyoto University) were cultured in 70% Leibovitz’s L-15 Medium 

with 10% fetal calf serum (FCS) at room temperature. The cDNA of human profilin-1 

(Kazusa DNA clone #FXC06337) was cloned into pEGFP-C3 to create a fusion of 

profilin-1 with enhanced green fluorescent protein (EGFP). The mCherry-thymosin β4 

was a gift from Dr Harata, Tohoku University. These plasmids were transfected with 

Effectene Transfection Reagent (Qiagen) and incubated for 24–48 hours. Cells used for 

AFM imaging were confirmed with fluorescence signals by confocal microscope 

installed in the inverted microscope of the HS-AFM unit. 

 

2.2.2 HS-AFM 

The tip-scan HS-AFM unit combined with an inverted fluorescent/optical microscope 

(IX83, Olympus) system (Suzuki et al., 2013) was used. The imaging technique of actin 

dynamics was developed based on the previous studies (Suzuki et al., 2013; Yoshida et 

al., 2015). A sharp cantilever tip with a spring constant of 0.1 N/m (USC-F0.8-k0.1, 

Nanoworld) was used. Cells were seeded on a slide glass coated with Poly-L-lysine (PLL) 

(Sigma) and cells attached to the glass bottom was chosen for imaging. A flat area far 

from the cell edge was chosen as a target based on the phase-contrast image of the cell. 
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AFM images were taken every 10 seconds per frame with a loading force of <85 pN. 

AFM images were exported to 640×480 pixels2, and the scan area was 6×4.5 μm2. 

 

2.2.3 Image analysis and statistics 

For image analysis, AFM images were processed with ImageJ (NIH) software. For 

elongation rate, the filament ends were chased in two or three consecutive images. The 

newly appeared actin filaments were measured by counting the new actin filaments 

number in an area of 1×1 μm2 of two consecutive images and the density of actin 

filaments was measured as the filament number in an area of 1×1 μm2 in AFM images. 

The relative vertical position of an actin filament was traced in a series of images till the 

filament completely become invisible. A horizontal line with respect to x-axis was drawn 

and the same place was tracked over time in several frames. The relative vertical position 

when filament appeared was set as 0. The mesh area was measured as the area that 

segmented by the actin filaments. And the angle of the filaments was measured as the 

angle with respect to the x-axis of the image that less than 90 degree. Statistical analysis 

was performed by Microsoft Excel software. Student’s t-test was performed to compare 

if the difference of 2 data sets is significant or not. *, p<0.05 
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2.2.4 Drug treatment 

Cytochalasin B (Sigma) was used at a concentration of 2 μM. For blebbistatin (Abcam), 

the concentration was 50 μM, and for jasplakinolide (Abcam), the concentration was 1 

μM. For CK-666 (Sigma) the concentration was 50 μM and for SMIFH2 (Sigma) the 

concentration was 10.6 μM. 

 

2.3 Results 

2.3.1 Actin turnover in the cortical layer 

Previous study in my laboratory demonstrated that the morphology of the cell surface 

significantly varies in different cell lines. For visualization of cortical actin filaments, I 

chose COS-7 cell, which was derived from the kidney of the African green monkey, since 

it is thin, flat and has smooth surface, which enables clear imaging of individual actin 

filaments in a living cell in high contrast. 

When a COS-7 cell was visualized by HS-AFM at a frame rate of 0.1 frame/sec, a 

random network of actin filaments was observed, and newly assembled filaments were 

frequently appeared (Fig. 3). To quantify and characterize the newly assembled filaments, 

two consecutive images (10 sec interval) were subtracted (Fig. 4). The number of newly 

appeared actin filaments in a unit area was measured to be 1.91 ± 0.80 μm-2･10 s-1 (0.19 

± 0.08 μm-2･s-1). This corresponds to approximately 15,000 filaments in a cell in a minute. 
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A careful analysis of AFM images revealed the elongation of a single actin filament. 

The rate of the elongation was measured to be 0.19 ± 0.07 μm･s-1 (Fig. 5). To confirm 

this elongation was polymerization at the end of the filament but not a sliding of a filament, 

the cells were treated with an actin polymerization inhibitor, cytochalasin B or a non-

muscle Myosin II inhibitor, blebbistatin (Fig. 6A). The elongation rate as well as the 

density was reduced significantly by cytochalasin B, but not by blebbistatin (Fig. 6B). 

These results demonstrated that the appearance of new actin filaments in the HS-AFM 

images is polymerization at the filament end. 
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2.3.2 Variations in cortical actin dynamics in different cell types 

The cortical actin dynamics and structures were also visualized and compared in different 

cell types: NIH-3T3 cells (a fibroblast cell line derived from a NIH Swiss mouse embryo), 

C2C12 cells (a myoblast cell line derived from mouse muscle), ST2 cells (a fibroblast-

like cell line derived from the mouse bone marrow stroma), and XTC cells (a fibroblast 

cell line derived from Xenopus laevis). HS-AFM imaging of these cell lines revealed the 

cortical actin with diverse structures (Fig. 7A). The analysis of the filament angle 

revealed that the orientation of actin filaments was random in COS-7, XTC, C2C12 and 

ST2 cells, while those in NIH-3T3 cells were oriented to the long axis of the cell (Fig. 

7C). The mesh area in C2C12, ST2 and XTC cells was also largely different: C2C12 cells 

showed the densest network with the smallest mesh area and XTC showed the largest 

with a broader range (Fig. 7D). For the dynamics, there was a large difference in the 

frequency of newly assembled actin filaments; the number of newly assembled F-actin 

was higher in C2C12 (0.24 μm-2·sec-1) cells and ST2 (0.19 μm-2·sec-1), and was lowest 

(0.10 μm-2·sec-1) in XTC cells (Fig. 7B). In contrast, the elongation rate was not 

significantly different among all the cell tested (Fig. 7B). These results suggested that the 

initiation step may be regulated by different mechanisms in different cell lines, but the 

elongation step promoted by a similar mechanism in these cell lines, which may be 

significant in the regulation of cortical actin structures. 



 31 

 



 32 

2.3.3 Maintenance of free G-actin pool in the cell cortex  

To get further insight into the molecular mechanism of cortical actin regulation, the effect 

of various inhibitors on the actin dynamics described above (e.g., elongation rate, 

frequency of new filament assembly) were investigated. Jasplakinolide is a small cyclic 

peptide that inhibits actin depolymerization (Bubb et al., 2000). The addition of 1 μM 

jasplakinolide showed an immediate reduction both in the depolymerization and 

polymerization processes without changing the filament density (Fig. 8A). After 

treatment, the assembly of new actin filament was rarely observed (Fig. 8B). The analysis 

of a few cases of polymerization revealed that the polymerization rate was reduced to 

0.13 ± 0.04 μm·sec-1 (Fig. 8B). This observation indicated that a small amount of free G-

actin was present in the cell cortex, and it is quickly depleted by jasplakinolide, which 

blocks the replenishment of new G-actin into the pool. 

The effect of other inhibitors on the cell cortex was investigated. Formins and Arp2/3 

were previously demonstrated to be involved in actin nucleation in HeLa and M2 

melanoma cells (Fritzsche et al., 2016). I tested the effects of the inhibitors of formins 

(SMIFH2) and Arp2/3 (CK-666). However, the treatment with SMIFH2 and CK-666 did 

not affect the actin filament density, the frequency of newly assembled F-actin, or the 

elongation rate at the cortex (Fig. 9). These results indicated that formins and Arp2/3 are 

not involved in the maintenance of cortical actin in COS-7 cells. 
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The effects of actin-binding proteins that control actin G-actin pool were also 

investigated. Profilin binds to G-actin and regulates the elongation at the barbed end, 

whereas thymosin β4 competes with profilin to sequester G-actin from being polymerized 

into filaments (Pantaloni and Carlier, 1993). EGFP-profilin or mCherry-thymosin β4 was 

overexpressed in COS-7 cells, and the actin filament turnover was visualized by HS-AFM 

and then analyzed. The fluorescence signal of EGFP and mCherry was observed by 

fluorescence microscope installed in the inverted microscope of the HS-AFM unit to 

confirm the expression of fluorescent-tagged proteins in the target cell. The analysis of 

cortical actin filaments revealed that these proteins had little effects on the elongation rate 

and the density of actin filaments (Fig. 10). This is probably because the cytoplasmic G-

actin pool is already saturated by the endogenous amounts of the G-actin bound proteins. 

 

2.3.4 Descension of newly assembled filaments 

The fate of a newly assembled actin filament was followed in the time-lapse observation 

of HS-AFM. The filaments gradually faded out and finally became invisible in 10-90 

seconds after the assembly (Fig. 11A). The analysis of the vertical position of the filament 

revealed that the assembly mainly occurred near the plasma membrane, and that the newly 

assembled filament gradually descended into the interior of the cell (Fig. 11B). 
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Interestingly, treatment with jasplakinolide almost completely stopped the descension 

(Fig. 11B). This suggested that the descension of actin filaments is driven by new 

assembly of filaments near the plasma membrane. 

The spatiotemporal resolutions of the HS-AFM did not allow to determine whether the 

disappearance of the filaments was due to descension outside the imaging depth or 

depolymerization. The depolymerizing end was rarely captured by HS-AFM. 

Considering the dissociation rate constants of F-actin in vitro (0.89 s-1 and 0.19 s-1 for the 

barbed and pointed ends, respectively) (Kuhn and Pollard, 2005) and the half time of 

cortical actin turnover (~20-45 s) reported previously (Murthy and Wadsworth, 2005; 

Fritzsche et al., 2013), it was possible that the actin depolymerization or severing occurred 

during the descension.  

 

2.4 Discussion and conclusion 

In this study, I established a method to visualize and analyze dynamics of cortical actin 

filaments in a living cell by using HS-AFM. This is the first observation of the dynamics 

of individual cortical actin filaments in a living cell with a second-order temporal 

resolution. The kinetic parameters obtained here (elongation rate, frequency of initiation, 

etc.) are different among different cell lines and also from the results obtained from other 
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biochemical approaches. There are several important issues to be discussed on such 

results. 

 

2.4.1 Actin elongation rate in a living cell 

Actin elongation was traced in living COS-7 cells with a rate of 0.19 ± 0.07 μm･s-1 (~70 

subunits per second) at room temperature by HS-AFM. Although it was reported that two 

subpopulations with different polymerization rates existing in the cell cortex (Fritzsche 

et al., 2013), it was difficult to capture faster actin elongation by HS-AFM in an area of 

6×4.5 μm2 with the scanning speed of 0.1 frame per second. Referring to the estimation 

of the recent paper with two subpopulation rates of 1.3 μm･s-1and 0.4 μm･s-1 respectively 

at cell cortex (Sakamoto et al., 2018), most of the actin filament elongation traced by HS-

AFM may be the slower elongation of actin filaments. This may be due to the imaging at 

room temperature in my HS-AFM system. 

 

2.4.2 Descension of the newly assembled filament from the surface into 

the cytoplasm 

As shown in Fig. 11, the actin filaments were newly assembled near the plasma 

membrane and gradually descended into the interior of the cell, and never ascend towards 

the plasma membrane. These results suggest that polymerization mostly occurs near the 

plasma membrane, and imply the existence of a membrane-bound actin nucleator and/or 
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other regulatory factors. Addition of jasplakinolide inhibited the turnover of cortical actin, 

and also the descending movement of the filaments. At the same time, the duration that 

actin filament can be observed extended (90 s~) (Fig. 11B), demonstrating that the 

descension of the filaments is driven by new filament assembly near the plasma 

membrane. The quantitative analysis showed actin filaments become invisible 10-90 

seconds after assembly. Considering the half time of cortical actin turnover (~20-45 s) 

(Murthy and Wadsworth, 2005; Fritzsche et al., 2013), the possibility can’t be denied that 

the actin depolymerization or severing occurred during the descension despite the fact 

that the depolymerization process was rarely captured by HS-AFM. Although the 

biological function of the actin filaments descension at cell cortex is still not understood, 

it may possibly involve in the process during endocytic vesicles entering into cells. 

 

2.4.3 How the actin monomer pool is maintained in the cortex  

Considering the importance of G-actin monomer to replenish the stock for actin 

polymerization and maintain the turnover of cellular actin, it is necessary to estimate the 

amount of the free G-actin in living cells. The observation that the addition of 

jasplakinolide immediately reduced not only the depolymerization but also 

polymerization rates (Fig. 8) suggests that a small amount of free G-actin pool is present 

in the cortex. The density of the filament was not significantly increased by the addition 
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of the inhibitor also demonstrating that free G-actin pool in the cytoplasm, or at least in 

the cortical layer of COS-7 cells is very low. For the reason that free G-actin concentration 

is proportional to the actin polymerization rate, the free G-actin pool was estimated from 

the elongation rate. The rate constant at barbed end was reported as 11.6 μM-1s-1 (Pollard, 

1986) and a similar level of ~10 μM-1s-1 estimated by time-lapse observation of 

fluorescently labeled actin (Fujiwara et al., 2002). The free G-actin pool at cell cortex 

could be estimated as 6-7 μM. Considering the effect of in vivo factors which enhances 

actin polymerization such as profilin, the actual free G-actin pool may be far less than the 

estimated value at cell cortex, which is much lower than the total G-actin concentration 

in the cell (~100 μM). There could be several reasons for this discrepancy. First, a large 

free G-actin pool may exist in the cytoplasm, whereas the cell cortex has a small pool. 

Second, a large amount of G-actin exists in cells, but most of them are tightly regulated 

by various actin-binding proteins such as profilin, thymosin 4 or ADF/cofilin in living 

cells. This aligns well with the previous report that the free G-actin is far less than the 

profilin-bound or thymosin β4-bound G-actin (Kiuchi et al., 2011), and also explains the 

reason for my results why overexpression of profilin or thymosin β4 did not affect the 

turnover dynamics of cortical actin filaments (Fig. 10). 
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  A number of proteins are already known to regulate actin turnover such as those that 

bind to actin monomers (profilin, thymosin β4) and the others that bind to the filament 

(capping protein, Arp2/3 complex). The amount of these proteins, together with the 

activity of individual molecules, contributes to the maintenance of the G-actin pool. 

Profilin binds to actin monomers and competes with capping protein to facilitate actin 

elongation. Thymosin β4 also binds to actin monomers and blocks the actin assembly 

reactions. Although the dissociation constant of thymosin 4 to actin (KD = 1-2 M) is 

larger than that of profilin (KD = 0.3-0.5 M), a large amount thymosin 4 in the 

cytoplasm (100-500 M) compared to that of profilin (10-80 M) can sequester most of 

the free actin pool from polymerization (Yu et al., 1993; Carlier et al., 1993; Kang et al., 

1999). It seems to be the case in COS-7 cells that a large amount of endogenous thymosin 

4 and profilin maintain a low level of free G-actin pool in the cell cortex. Precise control 

of the expression level of these proteins in the target cell will clarify more detailed 

information about the free G-actin pool and cortical actin dynamics. 

 

2.4.4 Different regulatory mechanisms in the cortex from lamellipodia 

It is unexpected that proteins involved in the regulation and maintenance of actin 

dynamics in lamellipodia (formins and Arp2/3 complex) didn't show any effects on cell 

cortex (Fig. 9). Formins promote the nucleation and elongation of actin filaments (Pruyne 
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et al., 2002). A formin inhibitor SMIFH2, which was previously demonstrated to affect 

the turnover rate of cortical actin (Fritzsche et al., 2013), did not change the 

polymerization rate, frequency of new assembled F-actin, or density of the filaments in 

the cortical layer of COS-7 cells observed by HS-AFM (Fig. 9). 

  Similarly, an inhibitor of the Arp2/3 complex, CK-666, also did not change the 

dynamics of the cortical actin. The Arp2/3 complex binds to F-actin, and promotes actin 

nucleation at a 70° branch angle to the parent filament (Amann and Pollard, 2001). It 

plays critical roles in the formation of actin network at the leading edge of migrating cells 

(Lai et al., 2008). Due to the branching activity of Arp2/3 complex, lamellipodium has a 

number of barbed ends. They elongate towards the plasma membrane and generate a 

mechanical force to push the cell edge outward. In contrast to such orientation of actin 

ends at the lamellipodium, the cortical actin filaments run in parallel to the plasma 

membrane. The HS-AFM observation that the cortical actin dynamics was independent 

of Arp2/3 complex may be due to the reason that the branching activity of Arp2/3 

complex is very low.  

  Previous studies using HeLa cells, M2 melanoma cells and primary cultured Sertoli 

cells demonstrated the involvement of Arp2/3 complex and formin in the formation of 

cortical action (Fritzsche et al., 2013, 2016; Sakamoto et al., 2018). This may partly due 
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to different regulatory mechanisms in different cell lines. As shown in Figure 7, the 

frequency of new assembled actin filaments varied in different cell types. Other 

membrane-bound protein such as ERM complex may play a role in the nucleation in 

COS-7 cells. The other possibility is that the concentration and specificities of the 

inhibitors. In this study, relatively low concentration of the inhibitor was used (10.6 μM 

for SMIFH2 and 50 μM for CK-666, respectively) compared to the previous studies (30-

40 μM (SMIFH2) and 50-100 μM (CK-666)). Since SMIFH2 has different affinities to 

different formins, other types of formin might be working in the cortex of COS-7 cells. 

Further investigation is needed to clarify this issue. 

 

2.4.5 Conclusion 

In this chapter, I established a new microscopic approach to visualize and analyze cortical 

actin dynamics in a living cell by utilizing HS-AFM. This technique has several 

advantages over conventional microscopic techniques. First, it does not require any 

labeling, staining or overexpression of tagged protein, and still can dissolve individual 

actin filaments in a living cell. Second, it has high spatial and temporal resolutions to 

resolve the dynamics of actin filaments. Second-order temporal resolution and 

nanometer-order spatial resolution were proved to be enough to follow and analyze the 

dynamics of actin filaments in COS-7 cell. Third, AFM head mounted on the stage of an 
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inverted microscope enables a correlative imaging with fluorescence microscope. This 

provides a great potential for the integration with various fluorescence-based structural 

and functional imaging. Combining such HS-AFM technique with other various technical 

approaches will contribute for elucidating the molecular mechanism of how cortical actin 

is regulated. 
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Chapter 3 

Molecular mechanism of how transcription co-regulator YAP 

controls cortical actin 
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3.1 Introduction 

YAP (Yes-associated protein 1) is a transcription co-regulator that works with TEA 

domain family member (TEAD) transcription factors (Yagi et al., 1999; Kanai et al., 

2000), and regulate many cellular events, such as cell proliferation, migration, and 

differentiation (For review Panciera et al., 2017). The activity of YAP is known to be 

controlled by several upstream factors which modulate its subcellular localization 

between nucleus and cytoplasm (Zhao et al., 2007; Dupont et al., 2011; Aragona et al., 

2013). Mechanical stimulus is one of the most unique and well-studied mechanisms 

which regulate intracellular localization of YAP. So far, cell density (Zhao et al., 2007), 

the stiffness of ECM (Dupont et al., 2011) and lateral stretching (Aragona et al., 2013) 

have been demonstrated to control YAP localization. Actin and its related proteins are 

involved in mechano-sensing of YAP. The depletion of capping protein or cofilin 

increased stress fibers and facilitated the nuclear localization of YAP, while decreasing 

stress fibers by cytochalasin D inhibited the nuclear localization (Aragona et al., 2013; 

Wada et al., 2011; Dupont et al., 2011). When cell-cell contact increased, YAP localized 

in the cytoplasm, whereas actomyosin increased the nuclear localization of YAP (Das et 

al., 2016; Furukawa et al., 2017). 
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In addition to mechano-sensing pathway which changes the localization of YAP, a 

downstream pathway also controls intracellular actin structures, making a feedback 

signaling pathway. For example, in a gastric cancer cell line MKN28, YAP activates the 

expression of ARHGAP29, one of the Rho GTPase activating enzymes (RhoGAP), and 

the following signaling pathway (RhoA-ROCK-LIMK-cofilin pathway), which results in 

the depolymerization of F-actin and promotion of cell metastasis (Qiao et al., 2017). The 

linkage between YAP and ARHGAP29 has also been identified in endothelial colony-

forming cells (ECFCs). YAP and its homologue TAZ inhibited RhoA-ROCK-MLCP 

pathway by regulating the expression of ARHGAP28, ARHGAP29 and NUAK2, which 

consequently control the cytoskeletal tension in ECFCs (Mason et al., 2019). YAP mutant 

fish (hirame (hir)) had a reduced level of ARHGAP18, reduced actomyosin tension, and 

a flattened body shape (Porazinski et al., 2015). 

A number of studies mentioned above demonstrated a tight linkage between YAP and 

actin cytoskeleton and actin-regulatory proteins. The morphology of YAP-knockdown 

cells suggested that not only stress fibers, but also cortical actin, are under the control of 

YAP-regulating genes (Porazinski et al., 2015). However, the molecular mechanism of 

such downstream pathway has not been well understood. Considering such situation, here 

I decided to investigate the linkage between YAP activity and the structure of cortical 
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actin by utilizing the method of HS-AFM that I established in the previous chapter. HS-

AFM imaging of the cell cortex, combined with other microscopic techniques and 

mechanical characterizations, will elucidate how cortical actin filaments are controlled 

by YAP-regulated genes. 

 

3.2 Materials and methods 

3.2.1 Cell culture 

MDCK control, YAP-KO cells and RPE control, YAP-KO cells (a gift from Professor 

Seiki, Yamaguchi University) were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM)-high glucose (Nacalai Tesque) supplemented with 10% fetal bovine serum 

(FBS). The cells were maintained in plastic culture dishes at 37 ℃ and 5% CO2. 

 

3.2.2 Plasmid and transfection 

The plasmid of pmCherry-YAP1 was extracted from RPE cells by RNeasy kit (Qiagen) 

and reverse transcripted into cDNA by SuperScriptTM First-Strand Synthesis System 

(Invitrogen). Then the cDNA of YAP1 was amplified by 2-step PCR using the following 

primers: 

1st-step Forward: TAGCCCTCGCTCGCCTGGGTCAGGGGGTGC;  

Reverse: GGTGCATGTGTCTCCTTAGATCCTTCACAG;  
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2nd-step Forward: AAAGTCGACATGGATCCCGGGCAGCAGC;  

Reverse: CGCGGTACCCTATAACCATGTAAGAAAGCT; 

and inserted into KpnI and SalI sites of pmCherry-C1. The insertion was verified by DNA 

sequencing. The plasmid of pcDNA-3×FLAG ArhGAP18 was a gift from Professor Seiki 

of Yamaguchi University. Plasmids encoding constitutive active RhoA (RhoA(Q63L)) 

and E-cadherin were purchased from Cell Biolabs, Inc. and Addgene respectively. The 

plasmids were introduced into cells using Effectene Transfection Reagent (Qiagen) or 

PEI-MAX (Polysciences). 

 

3.2.3 Fluorescence microscope 

For phalloidin staining, cells were washed 3 times with cold phosphate-buffered saline 

(PBS) and then fixed with 4% paraformaldehyde (PFA) for 15 minutes. After washing 3 

times with PBS, cells were permeabilized with 0.1% Triton X-100 in PBS for 15 minutes, 

and then incubated with 1:500 Rhodamine-Phalloidin (Cytoskeleton, Inc.) in PBS for 1 

hour, followed by 3 times washes with PBS. At last, cells were counterstained with 

Hoechst33342 (Nacalai Tesque) for nuclei. 

  For ARHGAP18, RPE cells were washed 3 times with cold PBS and then fixed with 

4% PFA for 15 minutes. After washing 3 times with PBS, cells were permeabilized and 

blocked with 0.1% Triton X-100 and 5% normal goat serum (NGS) in PBS for 15 minutes 
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followed by 3 times PBS washes, and then incubated with 1:500 anti-ARHGAP18 

antibody (Rabbit, Abcam) in 5% NGS in PBS overnight at 4℃, followed by 3 times 

washes with PBS. Cell were then incubated with 1:500 Fluorescein (FITC)-conjugated 

goat anti-rabbit IgG antibody (Cappel) in 5% NGS in PBS or 1:500 FITC-conjugated goat 

anti-rabbit IgG antibody with 1:500 Rhodamine-Phalloidin (Cytoskeleton, Inc.) in 5% 

NGS in PBS for 1 hours. After washing 3 times with PBS, cells were counterstained with 

Hoechst33342 (Nacalai Tesque) for nuclei. 

  For E-cadherin overexpression experiment, RPE cells were transfected with the 

plasmid encoding EGFP-fused E-cadherin. After 24 hours, the cells were washed 3 times 

with cold PBS and then fixed with 4% PFA for 15 minutes. After washing 3 times with 

PBS, cells were permeabilized and blocked with 0.1% saponin and 5% NGS in PBS for 

15 minutes followed by 3 times PBS washes, and then incubated with 1:500 anti-

ARHGAP18 antibody (Rabbit, Abcam) in 0.1% saponin and 5% NGS in PBS overnight 

at 4℃, followed by 3 times washes with PBS. Cell were then incubated with 1:500 Texas 

Red-conjugated goat anti-rabbit IgG antibody (Molecular probes) in 0.1% saponin and 5% 

NGS in PBS for 1 hours. After washing 3 times with PBS, cells were counterstained with 

Hoechst33342 (Nacalai Tesque) for nuclei. 
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  Z-stack Images were taken by a confocal microscope FV3000 (Olympus) with a 

PlanApo 60× (1.42 NA) oil immersion objective. 

 

3.2.4 Western blot 

Cell lysate was prepared from RPE cells at 40% confluency. After washing with PBS for 

3 times, the cells were dissolved in 5% SDS in Milli-Q with pipetting using syringe and 

incubated for 20 minutes at room temperature. The proteins were separated in 

polyacrylamide gels by SDS-PAGE and then transferred into PVDF blotting membrane 

(GE healthcare Life Science) by semi-dry or wet tank transfer system. And then 

membranes were blocked in 5% skim milk blocking solution in TBST buffer for 1 hour 

at room temperature. Membranes were incubated with 1:1000 anti-ARHGAP18 primary 

antibody (Rabbit, Abcam) or anti-α-tubulin primary antibody (Mouse, Sigma) in TBST 

buffer overnight at 4 ℃. After washing with TBST buffer for 3 times, membranes were 

incubated with 1:5000 HRP-conjugated anti-rabbit, or anti-mouse IgG (H+L) secondary 

antibody (Invitrogen) in TBST buffer for 1 hour at room temperature. Signals were 

detected with Chemi-Lumi One Super (Nacalai Tesque) or Chemi-Lumi One L (Nacalai 

Tesque) and images were taken by LAS-3000 mini (Fujifilm). 
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3.2.5 AFM force measurement 

MDCK cells (control and YAP-KO) were seeded on a 50 mm diameter glass bottom dish 

with the glass diameter of 40 mm (FluoroDishTM) at a sparse density one day before 

measurement and kept at 37 ℃ and 5% CO2. New DMEM-high glucose culture medium 

was changed and 1:100 HEPES solution (Sigma) was added into the medium 30 minutes 

before measurement.  

  After setup of a silicon cantilever with a 5 μm ± 10% colloidal particle (CP-CONT-

BSG, sQube), the AFM scanning head (MFP-3D, Asylum Research) was placed on an 

inverted microscope (IX71, Olympus) stage. The stage was maintained at 37 ℃. Spring 

constants ranged from 0.02 to 0.77 N/m and the values of each cantilever were determined 

by a thermal method. Cortex of each cell was chosen as a target. 

Data was processed by SPIPTM (Image Metrology). Force curves were fitted by Hertz-fit 

ranged from 0 to 10 nN. 20 pushes were continued to calculate the average force and at 

least 52 cells were measured. 

 

3.2.6 Protein purification 

rGBD-pGEX-6P-1, pGBD-pGEX-6P-1, wGBD-pGEX-6P-1 were expressed in RIL cells 

as GST (Glutathione S-transferase) fusion proteins and then grown overnight in LB 

medium for pre-culture. Pre-culture was transferred to culture medium and continued 
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incubation. 1 mM IPTG was added to induce expression. And cells were incubated at 

20 ℃, 120 rpm for overnight. Cells were harvested by centrifuge at 3000 g, 10 minutes, 

4 ℃ and re-suspended with binding buffer (400 mM NaCl, 0.2 mM DTT in PBS), then 

quick froze by liquid nitrogen and thaw with warm water and repeated for 3 times. After 

adding 0.2 mg/mL lysozyme, 20 μg/mL DNase, 1 mM MgCl2, 1 mM PMSF, cell lysates 

were incubated at room temperature for 30 minutes and centrifuged at 12,000 g, 15 

minutes, 4 ℃. Supernatants were incubated with Glutathione-sepharoseTM beads (GE 

Healthcare Bio-Science) at 4 ℃ for 2 hours. After incubation, the supernatants were 

thrown and the beads were washed with binding buffer for 3 times and eluted by 50 mM 

Glutathione binding buffer (pH 8.0), followed by dialysis overnight with 50 mM HEPES, 

100 mM NaCl, 1 mM 2-mercaptoethanol. For rGBD-GST, the purified proteins were 

concentrated by Amicon® Ultra Centrifugal Filters (Ultracel®-3 K, 0.5 mL) at last. The 

concentrations of purified proteins were detected and calculated by CBB staining. 

 

3.2.7 Pull down assay 

RPE cells were seeded at a sparse density and transfected with pcDNA-3×FLAG 

ArhGAP18 if needed before 24 hours. 

  The cells were washed with cold PBS once and pull-down buffer (50 mM HEPES pH 

7.4, 100 mM NaCl, 0.2 mM DTT) once and then collected with pull-down buffer with 
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1:100 protease inhibitor cocktail (Nacalai Tesque). After centrifugation at 500 g, 5 

minutes, 4 ℃, cells were re-suspended with pull-down buffer with 1:100 protease 

inhibitor cocktail (Nacalai Tesque), 0.1% Triton-100 X and incubated on ice for 15 

minutes. And then cell lysates were centrifuged at 10,000 g, 1 minutes, 4 ℃. 10 μg of 

these cell lysates were saved as loading controls. The left cell lysates were mixed with 

Glutathione-sepharoseTM beads (GE Healthcare Bio-Science) and rGBD-GST, or pGBD-

GST, or wGBD-GST, and incubated at a rotator at 4 ℃ for 2 hours. After the incubation, 

beads were washed by pull-down buffer once and eluted by 100 mM Glutathione pull-

down buffer (pH 8.0) and detected by Western blot. The proteins were separated in 12% 

polyacrylamide gels by SDS-PAGE and then transferred into PVDF blotting membrane 

(GE healthcare Life Science) by wet tank transfer system. 

  For RhoA, membranes were incubated with 1:1000 anti-RhoA primary antibody 

(Mouse, Cytoskeleton, Inc.) in TBST buffer overnight at 4 ℃, and 1:5000 HRP-

conjugated anti-mouse IgG (H+L) secondary antibody (Invitrogen) in TBST buffer for 1 

hour at room temperature.  

  For Rac, membranes were incubated with 1:1000 anti-Rac primary antibody (Mouse, 

GeneTex) in TBST buffer overnight at 4 ℃, and 1:5000 HRP-conjugated anti-mouse IgG 

(H+L) secondary antibody (Invitrogen) in TBST buffer for 1 hour at room temperature.  
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  For Cdc42, membranes were incubated with 1:1000 anti-Cdc42 primary antibody 

(Mouse, Cytoskeleton, Inc.) in TBST buffer overnight at 4 ℃, and 1:5000 HRP-

conjugated anti-mouse IgG (H+L) secondary antibody (Invitrogen) in TBST buffer for 1 

hour at room temperature.  

  For GAPDH, membranes were incubated with 1:5000 anti-GAPDH primary antibody 

(Rabbit, GeneTex) in TBST buffer overnight at 4 ℃, and 1:5000 HRP-conjugated anti-

rabbit IgG (H+L) secondary antibody (Invitrogen) in TBST buffer for 1 hour at room 

temperature. For flag-tagged ARHGAP18, membranes were incubated with 1:1000 anti-

FLAG primary antibody (Mouse, Sigma) in TBST buffer overnight at 4 ℃, and 1:5000 

HRP-conjugated anti-mouse IgG (H+L) secondary antibody (Invitrogen) in TBST buffer 

for 1 hour at room temperature. 

  Signals were detected with Chemi-Lumi One Super (Nacalai Tesque) or Chemi-Lumi 

One L (Nacalai Tesque) and images were taken by LAS-3000 mini (Fujifilm). 

 

3.2.8 Wound healing assay 

MDCK cells (control, YAP-KO) were seeded on glass bottom dishes and incubated in 

DMEM-high glucose (Nacalai Tesque) supplemented with 10% FBS at 37 ℃ and 5% 

CO2. The cells were scratched when they reached confluence and the medium was 

changed to DMEM-low glucose (Sigma) with 10% FBS, without phenol red. Images were 
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taken by FV3000 (Olympus) confocal laser scanning microscope with a UPLSAPO 10× 

(0.4 NA) objective. Scratch after 0 hour, 6 hours, 18 hours were recorded. At least 5 

different wound sites were imaged and data was analyzed by ImageJ software (NIH). 

 

3.2.9 Cell migration assay 

MDCK cells were seeded on a glass bottom dish in a sparse density 24 hours before 

observation. Time-lapse images were taken by FV3000 (Olympus) confocal laser 

scanning microscope with a UPLSAPO 10× (0.4 NA) objective. DIC Images were taken 

5 minutes per frame for total 3 hours. 20 areas were tracked for both control and YAP-

KO cells. 

 

3.2.10 Cell membrane photo-damage and live-cell imaging 

Cells were seeded on glass bottom dishes at a sparse density and transfected with eGFP-

N1 or pcDNA3-GFP-RhoA-Q63L. After transfection, cells were incubated for 24 hours 

in DMEM-high glucose (Nacalai Tesque) supplemented with 10% FBS at 37 ℃ and 5% 

CO2. 

  Cell medium was changed to DMEM-low glucose (Sigma) with 10% FBS, without 

phenol red and 160 μg/mL Propidium Iodide (Sigma) was added into the medium 10 

minutes before observation. Photo-damage and time-lapse imaging was performed by 
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FV3000 (Olympus) confocal laser scanning microscope with a UPLSAPO 100× (1.4 NA) 

oil immersion objective. Protocol was modified based on a previous study Jimenez et al., 

2014. In brief, incubation chamber for live-cell imaging was stabilized at 37 ℃ and 5% 

CO2. Time-lapse images were acquired every 30 seconds per frame. 3 frames were taken 

before laser damage for data analysis. UV-laser induced photo-damage was performed 

by a 405 nm ultraviolet laser with 10% of laser power in a 3 μm-diameter circle for 5 

seconds. Cell morphology was confirmed by eGFP fluorescent signals and cell cortex 

was chosen as the target. Intensity curves were fitted with the following equation 

(Jimenez et al., 2014), 𝐹(𝑡) =
𝑅𝑒𝑓𝑓

𝑣
∙ (1 − 𝑒−𝑣𝑡), where Reff is the effective radius of the 

UV-laser induced hole, v is the closure rate of it. 

  All curve fittings were performed by ImageJ software (NIH). And the distributions of 

2 data sets were compared by two-sample Kolmogorov-Smirnov test. 

 

3.2.11 HS-AFM 

A tip-scan high-speed atomic force microscope (HS-AFM) unit combined with an 

inverted fluorescent/optical microscope (IX83, Olympus) system (Suzuki et al., 2013) 

was used. The imaging technique of actin dynamics was developed based on the previous 

studies (Suzuki et al., 2013; Yoshida et al., 2015). A sharp cantilever tip with a spring 

constant of 0.1 N/m (USC-F0.8-k0.1-T12-10, Nanoworld) was used. Cells were seeded 
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on a slide glass coating with Poly-L-lysine (PLL) (Sigma). A specific area was chosen as 

a target based on the phase-contrast image of the cell. AFM images were taken every 10 

seconds per frame. AFM images were exported to 320×240 pixels2, and the scan area was 

6×4.5 μm2. 

  For RhoA Q63L overexpression experiments, MDCK cells were transfected with 

eGFP-N1 or pcDNA3-GFP-RhoA-Q63L more than 36 hours before observation. After 

transfection, cells were incubated in DMEM-high glucose (Nacalai Tesque) 

supplemented with 10% FBS at 37 ℃ and 5% CO2. Fluorescent signals were confirmed 

by FV1200 (Olympus) confocal laser scanning microscope. 

  For image analysis, images were analyzed by ImageJ (NIH) software. For actin 

filament density and new assembled filaments analysis, 15 areas were randomly chosen 

in each movie per cell, and the area size was of 1×1 μm2. 

 

3.2.12 Image analysis and statistics 

Image analysis was processed by ImageJ software or Fiji. 

  For stress fiber organization, an ImageJ software (NIH) plugin Fibriltool was used 

(Boudaoud et al., 2014). Z-projection images of Rhodamine-phalloidin staining were 

analyzed. A whole single cell was chosen as a ROI region. For cell migration, a Fiji plugin 
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Trackmate (Tinevez et al., 2016) was used to track the moving of a single cell 

automatically. 

  Statistical analysis was performed by Microsoft Excel software. F-test was performed 

to test if the variances of 2 populations were equal. And then based on the results of F-

test, a 2-tailed, unpaired, t-test was performed to compare if the difference of 2 data sets 

is significant or not. *, p<0.05, **, p<0.01, ***, p<0.001. 

 

3.3 Results 

3.3.1 Characterization of actin distribution in YAP-knockout cells 

3.3.1.1  YAP-KO cells have denser cortical actin filaments 

The intracellular distribution of actin was first compared in normal cells and YAP-

knockout cells. Madin-Darby canine kidney (MDCK) cell which was an epithelial cell 

line derived from the kidney of a normal adult dog in 1958 (Gaush et al., 1966), and 

retinal pigment epithelial (RPE) cell which is an epithelial cell line derived from the 

hTERT-transfected RPE-340 cell line (Rambhatla et al., 2002) were used in this study. 

The YAP-knockout cell lines of these cells were kindly provided by Professor Seiki at 

Yamaguchi University. 

The structure of the cortical actin was firstly examined. The cortical actin filaments 

were visualized and analyzed in MDCK cells by HS-AFM established in the previous 
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part. The cortical actin dynamics of both control and YAP-KO MDCK cells was then 

analyzed. The density of actin filaments in YAP-KO cells (10.54 ± 1.80 μm-2) was higher 

than the control cells (9.50 ± 1.29 μm-2) (Fig. 12A, 12B). The frequency of newly 

appeared filaments was also higher in YAP-KO cells (2.87 ± 1.22 μm-2･10 s-1) than 

control cells (2.45 ± 1.15 μm-2･10 s-1) (Fig. 12B). 

The stiffness of the cell cortex was characterized by Young’s modulus by force 

measurement of AFM to confirm the results visualized by HS-AFM. YAP-KO cells 

showed significantly larger Young’s modulus, meaning that it is stiffer than the control 

cells (Fig. 13). These results indicated that the cortical actin in YAP-KO cells is denser 

than that in the control cells. 

 

3.3.1.2  Depletion of YAP increased the resistance of the cell cortex 

The cortical actin layer in YAP-KO cells was further characterized by introducing a small 

membrane damage by strong focused laser irradiation (Jimenez et al., 2014), and the 

recovery of the membrane lesion was monitored by time-lapse microscopy. The 

membrane lesion was monitored by membrane-impermeable nucleic acid dye Propidium 

Iodide (PI). 
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Before performing the photo-damage on control and YAP-KO cells, the condition of 

laser irradiation was optimized. First, to determine the best duration for laser irradiation, 

3 s, 5 s, 7 s, and 10 s in a 3 μm-diameter circle were examined. The results showed that 

with the increase of laser duration, more PI entered into the cells (Fig. 14). But when 

duration was increased to 10 s, the photo-damage was too strong and the cell died (data 

not shown). Then the photo-damage with different irradiation areas (1, 2, and 3 μm-

diameter circle for 5 s) was examined. PI intensity was similar to each other under 3 μm 

diameter but decreased when the circular diameter increased to 6 μm (Fig. 15). From 

these results, the laser irradiation was decided to be 3 μm-diameter circle for a duration 

of 5 seconds. 

  Photo-damage and recovery was performed on control and YAP-KO MDCK cells. 

YAP-KO cells showed smaller amount of PI entry than control cells and reached to a 

lower plateau value in 1260 seconds after the damage (Fig. 16). To examine whether the 

different kinetics of the PI entry is due to the difference in the initial size of the lesion or 

the recovery rate, the curves of PI intensity was fitted to a formula reported in the previous 

research (Jimenez et al., 2014), 𝐹(𝑡) =
𝑅𝑒𝑓𝑓

𝑣
∙ (1 − 𝑒−𝑣𝑡), where Reff is the effective 

radius of the laser induced lesion, and v is the closure rate.  
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The relationship between the effective radius and the closure rate was plotted (Fig. 

17A). The distribution of closure rate had no significant difference between control and 

KO cells, whereas the effective radius was smaller in YAP-KO cells than control cells 

(Fig. 17B, 17C). The same analysis was performed in RPE cells (Fig. 18). Although PI 

entry showed a similar curve to MDCK cells (Fig. 18B), the detailed analysis of the 

effective radius and closure rate showed no significant differences between control and 

YAP-KO RPE cells (Fig. 19). These results indicated that the YAP-KO MDCK cells has 

stiffer cortical actin layer which is more resistant to an external damage, although RPE 

cells do not have significant differences.  

 

3.3.1.3  Depletion of YAP did not affect stress fibers 

  MDCK cells were then stained with Rhodamine-phalloidin to visualize the stress fibers 

in the cells (Fig. 20). Phalloidin is a short peptide isolated from mushroom Amanita 

phalloides and has a high affinity to F-actin (Wulf et al., 1979). Control and YAP-KO 

MDCK cells showed similar distribution of stress fibers (Fig. 20A). The anisotropy of 

the stress fibers was also analyzed by an ImageJ plugin FibrilTool. Anisotropy was 

identified as the circular variance of the filamentous directions to describe if actin 

filaments were well ordered or not (Boudaoud et al., 2014). Quantification result showed 

YAP-KO cells had no significant difference with control cells (Fig. 20B). 
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3.3.1.4  YAP-KO cells migrate slower than control cells 

Control and YAP-KO MDCK cells were seeded at a sparse density on a glass bottom dish 

and the cell movement was tracked by differential interference contrast (DIC) microscopy. 

In a total observation time of 3 hours, YAP-KO cells showed a decrease in moving speed 

comparing with the control cells, although both of them showed a similar directionality 

(Fig. 21A, 21B). The cell motility was also analyzed by wound-healing assay, in which 

a confluent layer of cells was scratched and the recovery of the cell gap was followed by 

DIC imaging. Images were taken at 0, 6 and 18 hours after the scratching, and the area of 

the gap was quantified. YAP-KO MDCK cells showed a slower recovery than control 

MDCK cells (Fig. 21C, 21D), demonstrating a slower migration of KO cells.  

  The reduced motility of YAP-KO cells suggested that the dynamics of lamellipodia 

has been affected by YAP-KO. To investigate this possibility, the lamellipodia of YAP-

KO cells were observed by HS-AFM, and the dynamics of the cell-edge 

(extension/retraction cycle) was analyzed (Fig. 22A). The position of the cell edge and 

the height were quantified and plotted against time (Fig. 22B). The height increased when 

the cell membrane moved forward, meaning that more actin polymerize. This is in good 

agreement to the previous research showing a correlation between the leading edge 

velocity and the intensity of LifeAct in lamellipodia (Ryan et al., 2012). When these 

dynamics was compared with control and YAP-KO cells, no significant difference could  
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be detected (Fig. 22B). These results indicated that slow migration of YAP-KO cells is 

not due to the reduced actin dynamics in lamellipodia. 

 

3.3.2 RhoA activity in YAP-KO cells 

3.3.2.1  RhoA is more active in YAP-KO cells 

From previous researches, Rho GTPase family proteins are potential candidates in the 

downstream pathway of YAP to regulate the actin filaments (Qiao et al., 2017; Mason et 

al., 2019). Pull-down assay was performed to quantify active Rac1, Cdc42 and RhoA in 

RPE cells. Rac1-binding domain of protein kinase A (GST-pGBD) which binds to active 

Rac1, Cdc42-binding domain of N-WASP (GST-wGBD) which binds to active Cdc42, 

and RhoA-binding domain of rhotekin (GST-rGBD) which binds to active RhoA were 

prepared as fusion proteins with GST. By using these baits, the active Rac1, Cdc42 and 

RhoA in the control and the KO cells were quantified. The amounts of active Rac1 and 

Cdc42 were similar in the control and YAP-KO cells, whereas active RhoA level was 

higher in KO cells (Fig. 23), indicating that RhoA is highly activated in YAP-KO cells.  

 

3.3.2.2  Activation of RhoA increases the cortex resistance 

A relationship between RhoA and cortical actin was then examined. Constitutive active 

form of RhoA (Q63L) fused with EGFP was expressed in MDCK cells (control and KO 

cells), and the analysis of photo-damage/recovery as described in the previous section  
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was performed. Cells were given a laser-damage with a 3 μm-diameter circle for 5 

seconds as previously described. The expression of EGFP-RhoA (Q63L) in control cells 

drastically reduced the entry of PI (Fig. 24). The detailed kinetic analysis revealed that 

both the effective radius and the closure rate decreased by expression of RhoA (Q63L) 

(Fig. 25). When RhoA (Q63L) was expressed in YAP-KO cells, the PI entry was also 

decreased, but the effect was very small compared to the control cells (Fig. 26). The 

effective radius was also slightly reduced. These results suggest that YAP-KO MDCK 

cells contain high level of active RhoA than the control cells. 

  The cortical actin dynamics of RhoA (Q63L)-expressing cells was also visualized and 

analyzed by HS-AFM. A striking difference was observed as actin bundles (Fig. 27); 

actin filaments were forming thicker bundles in RhoA (Q63L)-expressing cells, which is 

different from a random mesh observed in the control cells (Fig. 27). This observation 

well explains the result of the photo-damage assay described above (Fig. 24-26), but 

slightly different from the phenotype of YAP-KO cells, in which the density of random 

actin filaments was increased (Fig. 12).  

 

3.3.2.3  Intracellular distribution of RhoGAP is affected by YAP 

The activity of RhoA is generally regulated by a large number of RhoGEF and RhoGAP 

(Ridley, 2006). Previous research found that one of the RhoGAP ARHGAP18 is in the 
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downstream of YAP (Porazinski et al., 2015). Another line of evidence demonstrated that 

RhoA is one of the substrate of ARHGAP18 (Maeda et al., 2011). Therefore, the effect 

of YAP depletion on the intracellular amount and distribution of ARHGAP18 was 

examined in MDCK cells. 

  The amount of ARHGAP18 was compared between the control and the KO cells by 

western blotting. As shown in Fig. 28, YAP-KO cells are expressing comparable amount 

of ARHGAP18 to the control cells. The intracellular distribution of ARHGAP18 in RPE 

cells was then examined by immunostaining. As reported previously, ARHGAP18 was 

mainly localized in the cytoplasm of the control cells (Fig. 29). A migrating cell showed 

a weak accumulation of ARHGAP18 at the leading edge (Fig. 29A), which is consistent 

with the previous research (Maeda et al., 2011). In contrast, YAP-KO cells showed a 

stronger accumulation of ARHGAP18 at the cell edge (Fig. 29A). The intensity profile 

of ARHGAP18 across the cell axis revealed clear peaks at the cell edges in KO cells but 

not in the control cells (Fig. 29B). In contrast, actin signal did not show significant 

differences at the cell edges in both cell types (Fig. 29B). When YAP was reintroduced 

into YAP-KO cells by transfection of pmCherry-YAP, the accumulation of ARHGAP18 

at the cell edges decreased to a similar level to that of the control cells (Fig. 30), 
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demonstrating that the reduction of YAP level affected the intracellular distribution of 

ARHGAP18. 

  To make sure the over-accumulation of ARHGAP18 in YAP-KO cells was not due to 

the shrinkage of the cells, the cell areas were analyzed. A statistical analysis showed no 

difference in the area nor the shape (aspect ratio) between the control and the KO cells 

(Fig. 31A, 31B). Also, the change of the cell area over time was tracked. Both control 

and KO cell areas were decreasing as the cell density increased. However, there were no 

significant differences between the control and YAP-KO cells (Fig. 31C), confirming 

that the accumulation of ARHGAP18 at the cell edge is not due to a different morphology 

of the cells. 

 

3.3.2.4  ARHGAP18 regulates RhoA activity 

The effect of ARHGAP18 on RhoA activity was examined by pull-down assay. Flag-

tagged ARHGAP18 was over-expressed in RPE cells, and the cell lysate was subjected 

to the pull-down assay using GST-fusion proteins (GST-rGBD or GST-wGBD or GST-

pGBD) as described in the previous section. The amounts of active Rac1 and Cdc42 were 

not affected by over-expression of ARHGAP18 (Fig. 32), whereas active RhoA 

decreased in both control and YAP-KO cells (Fig. 32), demonstrating that ARHGAP18 

works as a RhoGAP of RhoA but not Rac1 or Cdc42 in RPE cells. 
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3.3.2.5  Proteins affecting the intracellular localization of ARHGAP18 

The observation that ARHGAP18 accumulated in lamellipodia of YAP-KO cells imply 

that an unidentified membrane-bound protein that is regulated by YAP associates with 

ARHGAP18 and anchors it to the cell surface. A transmembrane protein, E-Cadherin, 

may be one of the potential candidates (Nagafuchi and Takeichi, 1989). The protein level 

of E-cadherin increased in YAP-KD MDCK cells compared to the control cells, 

suggesting that E-cadherin is a target of YAP (Park et al., 2019). In addition, BioID 

analysis identified ARHGAP18 (out of 612 proteins) near E-cadherin’s cytoplasmic tail 

(Guo et al., 2016). Therefore, the relationship between the intracellular E-cadherin level 

and the intracellular distribution of ARHGAP18 was examined in RPE cells. 

  The immunostaining of ARHGAP18 in YAP-KO RPE cells demonstrated that the 

accumulation of ARHGAP18 at lamellipodia was reduced by the overexpression of E-

cadherin (Fig. 33). In contrast, the localization of ARHGAP18 was not affected by E-

cadherin in control cells. These data suggested that E-cadherin might play a role in 

controlling the localization of ARHGAP18 under the YAP-dependent pathway. 
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3.4 Discussion 

In this chapter, the mechanism of how cortical actin is maintained and regulated by a 

transcriptional co-regulator YAP was investigated. YAP negatively regulated the 

stiffness of the cell cortex; HS-AFM experiments showed an increased density of cortical 

actin filaments in YAP-KO cells, and the mechanical characterization also demonstrated 

higher Young’s modulus in YAP-KO cells. Plasma membrane damage induced by laser 

implied that YAP-KO cells might have a stronger resistance to membrane damage. This 

negative regulation by YAP is controlled by the activity of RhoA at the cell cortex. The 

localization of a RhoGAP, ARHGAP18 was regulated by YAP and controlled the local 

activity of RhoA at cell cortex probably through binding to a membrane binding protein 

E-cadherin. 

 

3.4.1 A negative regulation in cortical actin by YAP 

It is very intriguing that although the cortical stiffness of YAP-KO cells was stiffer than 

the control cells both in MDCK cell and the gastric cancer cell line MKN28, the 

phenotype of stress fibers that stained with phalloidin were very different between these 

two cell lines (Qiao et al., 2017). This may suggest a different mechanism to regulate 

actin dynamics in normal cells from cancer cells. The data by HS-AFM showed that the 

cortical actin filaments in YAP-KO cells were denser than control cells. In addition, actin 
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filaments were polymerized more frequently in YAP-KO cells than control cells. YAP-

KO cells was proved to phosphorylate cofilin (Ser3), which may reduce the 

depolymerization of actin filament in YAP-KO cells (Qiao et al., 2017). Although the 

depolymerization of actin filament cannot be observed by HS-AFM, the data by HS-AFM 

suggested that besides the regulation of disassembly, YAP could also regulate the 

assembly of actin filaments. 

  Photo-damage experiments showed that YAP-KO MDCK cells were difficult to open 

a bigger wound than control MDCK cells. Several mechanisms were proposed to explain 

the process of membrane wound repair. For small wounds (<100 nm), caveolar 

endocytosis (Corrotte et al., 2013) or ESCRT-mediated budding (Jimenez et al., 2014) 

are thought to repair the wounds. For big wounds, a ‘vertex fusion’ model was proposed 

(Fomby and Cherlin, 2011). The detailed analysis of the recovery curve demonstrated the 

change in the effective radius but not in the lesion closure rate (Fig. 17). This indicates 

that the cortex is more resistant to the external damage, due to the denser filament network, 

and the recovery rate is not affected in KO cells. The recovery of the wound involves a 

number of proteins and signaling cascades including Ca2+ signaling. My result shown 

here suggest that YAP controls the stiffness of the cortex itself, but not the recovery 

machinery and signaling.  
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3.4.2 RhoA in the downstream of YAP to regulate cortical actin 

When constitutively active RhoA mutant Q63L was overexpressed in control MDCK 

cells, not only the effective radius of photo-damage lesion decreased, the closure rate of 

the lesion also decreased, which was different from the phenomenon observed in YAP-

KO cells. The cortical actin dynamics visualized by HS-AFM showed an increase in actin 

bundles instead of the meshwork observed in the control cells overexpressed with EGFP-

RhoA Q63L. This may increase the contractility of actomyosin to strengthen its resistance 

to plasma membrane damage. While in YAP-KO cells, the denser cortical actin 

meshwork is the reason for stronger resistance to the damage. The cell stiffness was 

proved to be related to the cellular resistance to plasma membrane injury (Stroetz et al., 

2001). Besides cortical actin, the cortical actin-plasma membrane integrity should also be 

considered. RhoA was found to increase cortical rigidity during mitosis (Maddox and 

Burridge, 2003) and activate the ERM proteins, which connect the plasma membrane and 

actin filaments (Matsui et al., 1999). The overexpression of RhoA may increase the 

stiffness of the cortex by strengthening the connection between cortical actin and the 

plasma membrane. 
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3.4.3 ARHGAP18 in the downstream of YAP 

So far, several RhoGAPs and RhoGEFs were found as in the downstream of YAP. For 

example, ARHGAP18 (Porazinski et al., 2015), ARHGAP28 (Mason et al., 2019), 

ARHGAP29 (Qiao et al., 2017), and TRIO (a RhoGEF of Rac1) were under the control 

of YAP (Shah et al., 2019). However, the intracellular protein level of ARHGAP18 was 

not changed in YAP-KO RPE cells. Previous study showed that the protein expression of 

ARHGAP18 was decreased in the spheroid of YAP-KD RPE cells compared to WT cells 

(Porazinski et al., 2015). Since YAP localization and function are closely related to the 

cell density, this difference may suggest that in sparse and dense condition YAP has the 

different regulation on ARHGAP18. 

  In contrast to the protein expression of ARHGAP18 in control and YAP-KO cells in 

sparse density, more ARHGAP18 proteins were accumulated in lamellipodia in YAP-KO 

cells than control cells. I demonstrated that YAP regulates the expression of a membrane-

bound protein (such as E-cadherin) which anchors ARHGAP18 to the plasma membrane 

throughout the cell cortex. When YAP is depleted, the expression of E-cadherin is 

decreased, and ARHGAP18 no longer localizes to the cortex and accumulates at the 

lamellipodia.  
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3.4.4 Perspectives 

There are still several questions to be answered to elucidate the whole mechanism of 

cortical actin regulation. i) what is the downstream factor of RhoA. Although the evidence 

was showed that YAP regulates the cortical actin dynamics via active RhoA, there are 

many effectors for RhoA and most of them can regulate the turnover of actin filaments, 

such as formins (Kühn and Geyer, 2014), cofilin (Lin et al., 2003). It is necessary to 

identify the down regulator of RhoA that are working specifically at cell cortex. ii), How 

the localizations of E-cadherin and ARHGAP18 are changed depending on the cell 

density. Since YAP is involved in the 3D construction of tissues, it is highly intriguing to 

investigate how YAP activity and downstream factors that I identified in this study (E-

cadherin, ARHGAP18 and active RhoA) are affected when the cell density increases and 

when cells are cultured in 3D. This will elucidate how YAP controls 3D tissue 

organization through cortical actin structures.  
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Chapter 4 

Summary 
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In this study, I established a method to analyze the dynamics of individual actin filaments 

in a living cell cortex by utilizing HS-AFM, and elucidated the molecular mechanism of 

how the cortical actin is regulated by YAP-regulated genes. The achievements that I made 

in the study can be summarized as follows. 

 

ⅰ) The dynamics of a single actin filament in the cell cortex was visualized in a living cell 

without labeling, fixing and staining. This has a great advantage over fluorescence-

based observation techniques previously utilized, which require expression or 

introduction of exogenous labeled or tagged proteins in the target cell. 

ⅱ) Not only the structure but also kinetic parameters (the frequency of newly assembled 

filaments and the elongation rate) of individual actin filaments could be obtained by 

image analysis.  

ⅲ) YAP downregulates the density and the stiffness of cortical actin by controlling the 

expression of E-cadherin, intracellular localization of ARHGAP18 and RhoA activity. 

This finding links the transcriptional control by YAP and structural alteration of 

cortical actin. 
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The HS-AFM-based approach that I established here is useful for analyzing the function 

of various actin-regulating proteins. It is unique and can be applied for other cellular 

events related to cortical actin, such as mechanosensing, cell migration, mitosis. By 

combining with other functional imaging techniques, it will further contribute to 

functional analysis of various protein functions in future studies.  
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