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Abstract 1 

Amyotrophic lateral sclerosis (ALS) is an irreversible neurodegenerative disease caused by the 2 

degeneration of motor neurons, and cytoskeletal instability is considered to be involved in 3 

neurodegeneration. A hexanucleotide repeat expansion of the C9orf72, one of the most common 4 

causes of familial ALS, produces toxic proline:arginine (PR) poly-dipeptides. PR poly-dipeptides 5 

binds polymeric forms of low complexity sequences and intracellular puncta, thereby altering 6 

intermediate filaments (IFs). However, how PR poly-dipeptides affect the cytoskeleton, including 7 

IFs, microtubules and actin filaments, remains unknown. Here we performed a synthetic PR 8 

poly-dipeptide treatment on mammalian cells and investigated how it affects morphology of 9 

cytoskeleton and cell behaviors. We observed that PR poly-dipeptide treatment induce the 10 

degradation of vimentin bundles at perinucleus and dissociation of β-tubulin network. PR 11 

poly-dipeptides also lead to alteration of actin filaments toward to cell contours and strength cortical 12 

actin filaments via activation of ERM (ezrin/radixin/moesin) proteins. In addition, we found that PR 13 

poly-dipeptides promote phosphorylation of paxillin and recruitment of vinculin on focal adhesions, 14 

which lead to maturation of focal adhesions. Finally, we evaluated the effects of PR poly-dipeptides 15 

on mechanical property and stress response. Interestingly, treatment of PR poly-dipeptides increased 16 

the elasticity of the cell surface, leading to maladaptive response to cyclic stretch. These results 17 

suggest that PR poly-dipeptides cause mechanically sensitive structural reorganization and disrupt 18 

the cytoskeleton architecture.  19 

 20 
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Introduction 1 

Amyotrophic lateral sclerosis (ALS), a common neurodegenerative disease, causes muscle 2 

atrophy and weakness by progressive and selective loss of motor neurons [Rowland and Shneider, 3 

2001]. A hexanucleotide repeat expansion in C9orf72 is common in familial ALS with 4 

frontotemporal dementia [DeJesus-Hernandez et al., 2011], which induces autophagy [Webster et al., 5 

2016] and defects nucleocytoplasmic transport [Zhang et al., 2018; Zhang et al., 2015] in ALS 6 

pathology. The C9orf72 mutation produces toxic proline:arginine (PR) poly-dipeptides [Kwon et al., 7 

2014]. PR poly-dipeptides penetrate cell membrane and localize to membrane-free organelles. PR 8 

poly-dipeptides also inhibit mRNA splicing and ribosomal RNA biogenesis, eventually causing cell 9 

death [Kwon et al., 2014], which target proteins with low-complexity (LC) domains, including 10 

cytoskeletal proteins [Lin et al., 2016].  11 

The cytoskeleton is composed of three distinct species: actin filaments, microtubules, and 12 

intermediate filaments (IFs). Many neurodegenerative diseases show genetic abnormalities 13 

associated with cytoskeletal proteins. Neurofilament light-chain (NFL) encoded by the NEFL gene is 14 

the causative gene for Charcot-Marie-Tooth disease type 2E (CMT2E) and ALS [De Jonghe et al., 15 

2001]. The accumulation of phosphorylated neurofilaments (NF) is a characteristic pathological 16 

finding of ALS  [Leigh et al., 1989]. Cytoskeleton-related genes, such as PFN1 and TUBA4A which 17 

respectively encode actin filaments and microtubules, are also identified as causative genes for ALS 18 

[Smith et al., 2014; Wu et al., 2012]. In addition, the morphology of actin filaments and microtubules 19 

is abnormal in these familial ALS mutations [Heo et al., 2018; Smith et al., 2014]. These data 20 

suggest that abnormalities of cytoskeleton are involved in ALS pathology. PR poly-dipeptides bind 21 

to vimentin and disassemble vimentin in vitro [Lin et al., 2016], and may induce morphological 22 

changes to the cytoskeleton. 23 

The cytoskeleton, especially actin filaments, binds to focal adhesion proteins to maintain 24 

cell morphology and polarity and to modulate extracellular mechanics [Fletcher and Mullins, 2010; 25 

Hurtley, 1998]. Focal adhesion is the linkage between actin filaments and plasma membranes. It is a 26 

complex structure consisting of multiple proteins such as integrin, vinculin, paxillin, focal adhesion 27 

kinase (FAK), talin, zyxin, alpha-actinin, vasodilator-stimulated phosphoprotein (VASP), and other 28 

proteins [Abercrombie and Dunn, 1975]. Abnormal focal adhesions are also associated to 29 

neurodegenerative diseases such as Parkinson’s disease [Edwards et al., 2011] and Alzheimer's 30 

disease [Leshchyns'ka and Sytnyk, 2016]. Vinculin is found in the Hirano body, a hallmark 31 

pathology of ALS [Galloway et al., 1987], which suggests that focal adhesion contributes to ALS. 32 

Although these pathological findings in ALS suggest the involvement of the cytoskeleton 33 

and focal adhesion in the pathogenesis of ALS, the manner in which C9orf72-derived PR 34 

poly-dipeptides affect these structures remains elusive. In this study, we investigated that PR 35 

poly-dipeptides disrupted the architecture of the cytoskeleton and enhanced focal adhesion. We 36 
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observed the morphological changes in the cytoskeleton and focal adhesion proteins by using 1 

fluorescens imaging. As these structures are involved in mechanical stress [Burridge and Guilluy, 2 

2016], we evaluated the mechanical stress response by using atomic force microscopy (AFM) and 3 

cyclic stretch experiment.  4 

 5 

Methods  6 

Peptide synthesis 7 

A synthetic peptide consisting of twenty repeats of the PR poly-dipeptide (PR20) with an HA tag at 8 

the carboxyl terminus was synthesized (SCRUM, Tokyo).  9 

 10 

Cell culture 11 

Human osteosarcoma cells U2OS were cultured in Dulbecco’s modified Eagle medium (DMEM) 12 

high glucose with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin at 37� in 5% CO2. 13 

The U2OS cells were used for experiments after a one-hour treatment at 37� with a synthetic 14 

peptide consisting of PR20 (final concentration 10µM). Rat vascular SMCs (Lonza, R-ASM-580) 15 

were grown in DMEM with 20% FBS and 1x Antibiotic-Antimyotic (Thermo Fisher Scientific).  16 

 17 

Fluorescence imaging of cytoskeleton  18 

The U2OS cells or rat vascular SMCs were fixed in 4% paraformaldehyde in Phosphate-Buffered 19 

Saline (PBS) at room temperature 15 min and permeabilized with 0.1% Triton X-100 in PBS for 10 20 

min. The fixed cells were incubated with a blocking solution (5% bovine serum albumin in PBS with 21 

0.1% Tween20) at room temperature for one hour. The cells were incubated with primary antibodies, 22 

vimentin (Santa Cruz Biotechnology, sc6260), vinculin (Abcam, ab129002), phospho-paxillin (Cell 23 

Signaling, 2541S), or phospho-ERM (Cell Signaling, 3726S) in the blocking solution at 4� 24 

overnight. Secondary antibodies (Thermo Fisher Scientific, A-21422, A-21429) were incubated at 25 

room temperature for one hour in the blocking solution. Alexa Fluor488-phalloidin (Thermo Fisher 26 

Scientific, A12379) and Alexa Fluor555-β-tubulin (Abcam, ab206627) were also incubated at room 27 

temperature for an hour in the blocking solution. Images were captured using the confocal 28 

microscope FV3000 (Olympus, Tokyo) or LSM 710 (ZEISS). Captured images were analyzed by 29 

ImageJ (NIH) and FIJI with QuimP plugin, which provided by University of Warwick [Baniukiewicz 30 

et al., 2018] and Tubeness plugin (htpps://imagej.net/Tubeness).  31 

 32 

Atomic force microscopy 33 

Atomic force microscopy (AFM) measurements were performed using a NanoWizard IV AFM (JPK 34 

Instruments-AG, Germany) mounted on top of an inverted optical microscope (IX73, Olympus, 35 

Japan) equipped with a digital CMOS camera (Zyla, Andor) as described in a previous study by 36 
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[Nagayama et al., 2019]. Prior to an AFM imaging of the surface topography and mechanical 1 

properties of U2OS cells in PR20-treated cells, the cells were adapted to a CO2-independent medium 2 

(Invitrogen) for 30 min at room temperature (25 °C). AFM quantitative imaging (QI) mode was used 3 

to obtain a force–displacement curve at each pixel of 128×128 pixels (100 µm ×100 µm of measured 4 

area) by a precisely controlled high-speed indentation test using rectangular-shaped silicon nitride 5 

cantilevers with a cone probe (BioLever-mini, BL-AC40TS-C2, Olympus, Japan). The test was 6 

performed at a spring constant of 0.08–0.10 N/m and a nominal tip radius of 10 nm. The QI mode 7 

measurements were performed within an h after the transfer of the specimen to the AFM. These 8 

high-speed indentations were performed until a preset force of 1 nN was reached. This typically 9 

corresponded to cell indentation depths of 300–400 nm. Cell elasticity was calculated from the 10 

obtained force–displacement curves by applying the Hertzian model (Hertz, 1881), which 11 

approximates the sample to be isotropic and linearly elastic. Young’s (elastic) modulus is extracted 12 

by fitting all force–displacement curves with the following Hertzian model approximation: 13 

� �
2�・ tan�

	
1 � ��
�� 

 14 

where F is the applied force, E is the elastic modulus, ν is the Poisson’s ratio (0.5 for a 15 

non-compressible biological sample), α is the opening angle of the cone of the cantilever tip, and δ is 16 

the indentation depth of the sample recorded in the force–displacement curves. Using the results of 17 

the Hertzian model approximation, we identified the Z contact points (specimen surface) and the 18 

elastic modulus of the specimens at each pixel and produced a surface topography map and elastic 19 

modulus map of the specimens. 20 

 21 

Cyclic stretch experiment 22 

Cyclic stretch was performed using a uniaxial cell stretch system (Central Workshop Tsukuba 23 

University) as described in an existing study [Yamashiro et al., 2020]. The rat vascular SMCs were 24 

plated on silicon elastomer bottomed culture plates (SC4Ha, Menicon Life Science) coated with cell 25 

attachment factor containing gelatin (Thermo Fisher Scientific, S006100) and subjected to cyclic 26 

stretch with a frequency of 1.0 Hz (60 cycles/min) and 20% strain for six hours. 27 

 28 

Statistical Analysis 29 

All experiments are presented as means ± SD. Statistical analysis was performed using Prism 8 30 

(Graph Pad). The Mann-Whitney U test, a nonparametric test, was conducted. P < 0.05 denotes 31 

statistical significance. 32 

 33 

Data availability 34 
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All data supporting the findings of this study are available from the corresponding authors on 1 

reasonable request. 2 

 3 

Results 4 

PR20-treatment modulates the cytoskeleton architecture on U2OS cells 5 

To investigate how PR poly-dipeptides affect the cytoskeleton, we first examined the 6 

morphological changes of vimentin in U2OS cells after exposure to 1μM of PR20 for an hour. 7 

Vimentin was predominantly localized at the perinuclear space, and bundles of vimentin were clearly 8 

detected in the control cells (CTRL; vehicle treatment) (Fig. 1A). Whereas in PR20-treated cells, the 9 

intensity of vimentin at the perinuclear space decreased, and the bundles of vimentin altered a mostly 10 

diffused background (Fig. 1A). The fluorescence intensity of vimentin at the perinuclear region was 11 

significantly reduced in PR20-treated cells (10.895 ± 5.192 a.u., n=57) compared to CTRL (14.616 ± 12 

6.89 a.u., n=52) (Fig. 1B). Since vimentin affects microtubule polymerization [Shabbir et al., 2014], 13 

we next investigated the effect of PR poly-dipeptides on the morphology of β-tubulin. β-tubulin 14 

showed a filamentous network in cytoplasm and the cell peripheral region (Fig. 1C). On the other 15 

hand, it appeared as dots with most of the network structure diffused in PR20-treated cells (Fig. 1C). 16 

We evaluated the tube-like structures and quantified polymerized-microtubules using ImageJ with 17 

Tubeness plugin and measured the ratio of polymerized-microtubules on each condition. Compared 18 

to CTRL (0.15 ± 0.03, n=51), PR20-treatment significantly reduced polymerized-microtubules (0.11 19 

± 0.08, n=57; Fig. 1D). These results imply that PR poly-dipeptides induce the degradation of 20 

vimentin bundles at the perinucleus and dissociation of microtubule network. 21 

As vimentin and tubulin form a structural network with actin filaments [Jiu et al., 2015] 22 

[Morris and Hollenbeck, 1995], we further investigated the effect of PR poly-dipeptides on the 23 

organization of actin filaments. In the CTRL, actin filaments were extended straight across the whole 24 

cell-body (Fig. 1E) whereas after PR20-treatment, actin filaments disappeared from central and 25 

accumulated at the peripheral of cell-body (Fig. 1E). Strength of the actin filaments was evaluated 26 

by FIJI with QuimP plugin and measured its fluorescence intensity. PR20-treated cells showed high 27 

intensity (1.06 ± 0.28, n=56), compared to that of the CTRL (0.86 ± 0.23, n=55; Fig. 1F). These 28 

results suggest that PR poly-dipeptides lead to alteration of actin filaments toward to cell contours 29 

and strength cortical actin filaments. 30 

 31 

PR poly-dipeptides change in organization of actin filament and focal adhesion 32 

To examine the formation of cortical actin filaments, we evaluated Ezrin/Radixin/Moesin 33 

(ERM) proteins, which cross-link the actin filaments with the cell membrane. Activated ERM 34 

proteins by phosphorylation are necessary for forming cortical actin and filopodia by polymerized 35 

actin filaments [Furutani et al., 2007]. In PR20-treated cells, ERM proteins were dramatically 36 
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phosphorylated and upregulated compared to CTRL (Fig. 2A). Phospho-ERM proteins in 1 

PR20-treated cells were abundantly expressed and mainly localized to protrusive structures, such as 2 

filopodia, and not observed in the cytoplasm, while phospho-ERM localized only at the tip of the 3 

protrusion in CTRL cells (Fig. 2A). These data strongly support our findings (as presented in 4 

Fig.1E-F) that PR poly-dipeptides lead to the reorganization of actin filaments through an activation 5 

of ERM proteins. 6 

Alteration of actin filaments changes cell mechanics, thereby regulating cellular behavior 7 

such as proliferation, migration and maturation of focal adhesions [Oakes et al., 2012; Parsons et al., 8 

2010]. Phosphorylation of paxillin recruits to vinculin on the tip of the actin stress fiber, thereby 9 

making a hub between integrins and actin filaments and resulting in the maturation of focal 10 

adhesions. Mature focal adhesions form molecular complexes and grow in size [Gardel et al., 2008]. 11 

To investigate the effects of PR poly-dipeptides on maturation of focal adhesions, we evaluated the 12 

localization of vinculin, phosphorylation levels of paxillin and measured size of focal adhesions. 13 

Vinculin was predominantly expressed in nascent adhesions under nucleus in CTRL cells. However, 14 

it was localized at the cell periphery, which forms mature focal adhesions (Fig. S2A). In addition, 15 

phosphorylation levels of paxillin (pPAXILLIN) were detected at the periphery of PR20-treated cells, 16 

compared to CTRL cells (Fig. 2B). Size of pPAXILLIN was significantly larger than that of CTRL 17 

(Fig. 2C), even if the size of vinculin was comparable between the CTRL and PR20-treated cells (Fig. 18 

S2B). These observations imply that PR poly-dipeptides promote the phosphorylation of paxillin and 19 

recruitment of vinculin on focal adhesions, which lead to a maturation of focal adhesions. 20 

 21 

PR poly-dipeptides increase the elasticity of the cell surface 22 

To further evaluate the changes of actin filaments and focal adhesions, we measured the 23 

elasticity of the cell surface by AFM. There were no significant differences in cell height between 24 

the two groups (3.87 ± 1.01μm, n=69 in CTRL, 3.993 ± 0.873μm, n=45 in PR20-treatment; Fig. 3A, 25 

B). Interestingly, the elasticity at cell center was clearly increased in PR20-treated cells (12.857 ± 26 

8.196 kPa, n=45), compared to that of CTRL (8.562 ± 5.051 kPa, n=69; Fig. 3C, D). These results 27 

indicate that PR poly-dipeptides abnormally increase in cell stiffness. 28 

 29 

PR poly-dipeptides attenuated the cyclic-stretch-induced reorientation of actin stress fibers  30 

So far, we observed that PR-treatment induced the assemble of cortical actin and enhanced 31 

maturation of focal adhesions marked with increasing the size of pPaxillin and phosphorylation of 32 

ERM proteins. Mechanical force is transmitted via integrin and propagates into focal adhesion 33 

molecules to nucleus through actin filaments. Mechanical stress response is fundamental for 34 

maintaining cellular homeostasis, integrity and adaptation for pathological conditions. Therefore, we 35 

hypothesized that the PR poly-dipeptides-induced reconstitution of actin stress fibers alters 36 
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mechanical stress response. To test this hypothesis, we examined the effect of PR20 on cyclic 1 

stretch-induced reorientation of actin stress fibers. Instead of U2OS cells, we employed rat vascular 2 

smooth muscle cells (SMCs) which are frequently used for cyclic stretch experiments. Rat vascular 3 

SMCs with or without PR20 treatment were subjected to cyclic stretch (20% strain, 1 Hz) for six 4 

hours. We then evaluated the orientation of actin stress fibers to the direction of cyclic stretch. As we 5 

expected, CTRL cells responded normally with a reorientation of actin stress fibers aligned to the 6 

perpendicular position, whereas PR20-treated cells failed to align correctly and decreased cell density 7 

after stretch (Fig. 4A). The histograms of the percentage of the orientation angle (θ) for each cell 8 

show that PR20 significantly suppressed the cyclic stretch-induced reorientation of stress fibers (17.0 9 

± 10.1°, n=96 in CTRL, 34.286 ± 23.104°, n=70 in PR20-treatment; Fig 4B). These results provide 10 

strong evidence that PR poly-dipeptides cause abnormal remodeling of mechanical stress response 11 

and disorganization of cellular homeostasis. 12 

 13 

Discussion  14 

The proper regulation of cytoskeleton architecture is important for many developmental 15 

and physiological processes in multicellular organisms [Hurtley, 1998]. Cytoskeletal proteins form a 16 

complicated network and reorganize in response to mechanical forces [Fletcher and Mullins, 2010]. 17 

In this study, we demonstrated how PR poly-dipeptides alter cytoskeletal morphology and induce 18 

maturation of focal adhesions and maladaptive response to mechanical stress.  19 

In ALS, an inhibition of vimentin expression during neuronal development can cause motor 20 

neuron degeneration [Gomes et al., 2019]. Vimentin is essential for the early stage of neuronal 21 

development [Yabe et al., 2003] and initially forms the neuronal network [Giasson and Mushynski, 22 

1997]. The degradation of vimentin by PR poly-dipeptides may prevent the acquisition of normal 23 

neuronal network, leading to neurodegeneration. PR poly-dipeptides also depolymerize microtubules 24 

(Fig. 1C). This result is consistent with microtubules depolymerization in the other familial ALS, 25 

RAPGEF2 and TUBA4A [Smith et al., 2014; Heo et al., 2018]. Axonal transport, an important role of 26 

microtubules in neurons, is disrupted in TUBA4A mutation which contributes to dying back axonal 27 

damage and energy deficits in distal axons in ALS [Ferraiuolo et al., 2011], suggesting that PR 28 

poly-dipeptides treatment may also disturb axonal transport.  29 

Actin filaments decrease in PFN1 mutation [Sivadasan et al., 2016; Wu et al., 2012] , and 30 

filopodia is increased in motor neurons of SOD1 ALS mouse models [Osking et al., 2019]. As 31 

cortical actin induces neuronal differentiation [Flynn et al., 2012], the remodeling of cortical actin 32 

suggests that PR poly-dipeptides may inhibit axonal outgrowth and the normal differentiation of 33 

neurons. Filopodia is also required for synaptic connections after denervation [Osking et al., 2019]. 34 

PR poly-dipeptides might affect new synaptic connections via ERM activation.  35 

We also showed that PR poly-dipeptides lead to abnormal maturation of focal adhesions 36 
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(Fig. 2A). In a SOD1 mutant mouse model, focal adhesions are strengthened and activated the 1 

astrocyte-associated pathway, leading to neurodegeneration [Lagos-Cabré et al., 2017]. PR 2 

poly-dipeptides also might induce neurodegeneration via signaling pathway mediated focal 3 

adhesion. 4 

Further, our results show that PR poly-dipeptides change the mechanical stress response. 5 

When cytoskeletal rearrangement and redistribution of focal adhesions occur correctly, cell 6 

reorientation is observed along stretching direction [Ikawa and Sugimura, 2018]. The abnormal 7 

rearrangements of actin filaments and focal adhesions contribute to the suppression of cell 8 

reorientation. Increasing in cell stiffness which is regulated by actin organization and focal adhesions 9 

[Gauthier et al., 2012] is supported by maturation of focal adhesions in PR poly-dipeptides treatment. 10 

The distribution of actin filaments is also important for cell stiffness [Fletcher and Mullins, 2010; 11 

Smith et al., 2014]. Actin cortex forms a thin network with actin filaments and myosin motors within 12 

cell membranes. It regulates mechanical stress in the absence of stress fibers, and produces tension 13 

isotropically [Efremov et al., 2019], suggesting that PR poly-dipeptides increase cellular tension by 14 

cortical actin. Cell contraction by cytoskeleton causes neurite retraction in neurodegeneration 15 

diseases [Luo, 2002]. The stiffness of brain tissues also occurs with aging [Sack et al., 2011]. Cell 16 

stiffness may be an important key to loss of neuronal function. 17 

In summary, this study observed that PR poly-dipeptides cause mechanically sensitive 18 

structural reorganization and disrupt cell homeostasis. PR-induced cytotoxicity is characterized by 19 

mechanical changes. The alternations of mechanical properties might be associated with in 20 

neurodegenerative diseases.  21 
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 9 

 10 

Figure legend 11 

Figure 1. PR20 changes the architecture of cytoskeleton. 12 

Immunostaining of vimentin (A), β-tubulin (C) and Phalloidin (E) after treatment of 10 µM PR20 or 13 

untreated control. Scale bars are 50 µm. (B) Quantification of the fluorescence intensity of vimentin 14 

at perinuclear region. (D) The ratio of microtubule polymers to each cell area. (F) Average 15 

fluorescence intensity of actin filament in CTRL (n=55) and PR20-treated cells (n=56). *P<0.05, 16 

Mann–Whitney U test.  17 

 18 

 19 

Figure 2. PR20 affects cytoskeletal actin binding proteins and focal adhesion (FA). 20 

A. Immunostaining of U2OS cells treated by 10 µM PR20 with phospho- ERM (red in A). B. 21 

Immunostaining of U2OS cells treated by 10 µM PR20 with p PAXILLIN (red in B), Phalloidin 22 

(green) and DAPI (blue) are shown. Scale bars are 50 µm. Focal adhesion size was evaluated by 23 

pPAXILLIN (in B) and quantified using ImageJ in CTRL (n=44) and PR20-treated cells (n=52) (C). 24 

*P<0.05, Mann–Whitney U test.  25 

 26 

Figure 3. AFM images of the surface of U2OS cells. 27 

Representative surface topographic images (A) and elastic modulus maps (C) of U2OS cells 28 

measured by AFM. Scale bars are 20 µm. Quantification of cell height (B) and elastic modulus at 29 

cell center (D) in CTRL (n=69) and PR20-treated (n=45) are shown. *P<0.05, Mann–Whitney U test.  30 

 31 

Figure 4. PR20 prohibits the cyclic-stretch-induced reorientation of actin stress fiber in rat 32 

vascular SMCs. 33 

Rat vascular SMCs with or without 10 µM of PR20 were subjected to cyclic stretch (20% strain, 1.0 34 

Hz (60 cycles/min) for six hours. A. Two-way arrows indicate stretch direction. Phalloidin (red) and 35 

DAPI (blue) also shown. Scale bars are 100 µm. B. The orientation of each cell (bottom) was 36 
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analyzed by measuring the orientation angle (θ) of the long axis of the ellipse relative to the stretch 1 

axis in CTRL (n=96) and PR20-treated cells (n=70). 2 

 3 

Supplemental figure 1. Quantification of F-actin fluorescence intensity.  4 

Schema of QuimP analysis procedure. Measurement of the fluorescence intensity of phalloidin using 5 

ImageJ. Automatically fit contours along the ROI drawn around the edge of the cell and measure the 6 

fluorescence intensity in the strip-shaped region of the width 0.7 µm inside the drawn contour. 7 

 8 

Supplemental figure 2. PR20 affects vinculin 9 

(A) Immunostaining of U2OS cells treated by 10 µM PR20. Phalloidin (green), Vinculin (red) and 10 

DAPI (blue) are shown. Scale bar is 50 µm. (B) Focal adhesion size was evaluated by size of 11 

vinculin (in A) and quantified using ImageJ in CTRL (n=53) and PR20-treated cells (n=60). *P<0.05, 12 

Mann–Whitney U test. 13 

 14 
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 16 
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