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Abstract 

Hepatocellular carcinoma (HCC) cells, especially those with metastatic competence, 

show reduced stiffness compared to the non-malignant counterparts. However, it is still 

unclear whether and how the mechanics of HCC cells influence their migration and 

invasion. This study reports that HCC cells with enhanced motility show reduced 

mechanical stiffness and cytoskeleton, suggesting the inverse correlation between 

cellular stiffness and motility. Through pharmacologic and genetic approaches, 

inhibiting actomyosin activity reduces HCC cellular stiffness but promotes their 

migration and invasion, while activating it increases cell stiffness but impairs cell 

motility. Actomyosin regulates cell motility through the influence on cellular stiffness. 

Mechanistically, weakening/strengthening cells inhibits/promotes c-Jun N terminal 

kinase (JNK) phosphorylation, activation/inhibition of which rescues the effects of cell 

mechanics on their migration and invasion. Further, HCC cancer stem cells (CSCs) 

exhibit higher motility but lower stiffness than control cells. Increasing CSC stiffness 

weakens migration and invasion through the activation of JNK signaling. In conclusion, 

our findings unveil a new regulatory role of actomyosin-mediated cellular mechanics 

in tumor cell motility and present new evidence to support that tumor cell softening 

may be one driving force for HCC metastasis. 

 

 

Introduction 

Metastasis is the leading threat to cancer patients, as it is responsible for over 90% of 

cancer-related deaths [1, 2]. Hepatocellular carcinoma (HCC) ranks as one of the 

deadliest cancer types because of high chemoresistance, recurrence rate and frequent 

metastasis [3]. Many biochemical factors have been reported to play critical roles in 

metastasis [4, 5], which has advanced the development of various therapeutic strategies 

by targeting different pro-metastatic signaling [6, 7]. However, there is increasing 
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unmet demand in improving the outcomes of clinical HCC patients with metastasis, 

which necessitates the comprehensive understanding of the mechanisms underlying 

tumor metastasis from a broad perspective. 

Despite the classical view that genetic mutation drives cancer initiation and progression, 

the roles of mechanical cues in tumor metastasis have been increasingly appreciated [8, 

9]. In particular, oncogenic mutation-induced transformation is accompanied with the 

alterations of cellular stiffness during tumor initiation [10, 11]. Accumulating evidence 

shows that cancer cells are much softer than their healthy counterparts in various types 

of cancer, including breast, colon, ovarian, bladder, and liver cancer [12-16]. For 

example, the mechanical stiffness of breast cancer cells is strongly correlated with their 

malignancy [17]. Recent evidence shows that the soft cells isolated from a whole tumor 

cell population exhibit high stemness and tumorigenic potential [16]. Low cellular 

stiffness is associated with high invasiveness and stemness [18-21]. Metastatic tumor 

cells display higher deformability and compliance than their counterparts with low 

metastatic capacity both in cancer cell lines and patient-derived primary tumor cells [22, 

23]. Cancer stem cells (CSCs) are believed to be the seeds of cancer metastases and 

show lower stiffness than non-CSCs [24]. During the metastatic process, tumor cells 

encounter different microenvironmental cues [8] so that disseminated tumor cells may 

need to alter their cellular mechanical properties to adapt to distinct mechanical 

microenvironments at every metastatic stage [25]. For example, low stiffness facilitates 

the trans-endothelial migration of tumorigenic cells and thus promotes the extravasation 

of circulating tumor cells [17]. Disseminated tumor cells that survive under blood shear 

stress show reduced cellular stiffness, and low stiffness enhances the survival of these 

cells under fluid shear stress [26]. However, it is still unclear whether tumor cell 

softening is the cause or consequence of tumor metastasis. 

In this study, the relationship between the stiffness of HCC cells and their migration 
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and invasion was explored. To examine the roles of tumor cell mechanics, cellular 

stiffness was modulated by pharmacologically and genetically targeting cytoskeleton, 

RhoA, Rho-associated protein kinase (ROCK), myosin light chain kinase (MLCK), and 

myosin II. The influence of the mechanical alteration on the motility of HCC cells was 

evaluated. A mechanistic study was further conducted to explore the underlying 

mechanism by which cellular stiffness regulates HCC migration and invasion, 

especially c-Jun N-terminal kinase (JNK) signaling.  

 

Materials and Methods 

Cell culture 

Human HCC cell lines HepG2, MHCC97-L, and Huh-7 were kindly provided by Prof. 

Terence Lee from Hong Kong Polytechnic University. Cells were maintained with 

Dulbecco’s Modified Eagle Medium (DMEM; HyClone Laboratories, Logan, UT) 

supplemented with 10% fetal bovine serum (HyClone Laboratories) and 1% 

penicillin/streptomycin (HyClone Laboratories) in cell culture flask or petri dishes at 

37°C and 5% CO2. Cells were passaged every 3-4 days using 0.25% trypsin (HyClone 

Laboratories). 

Cell culture in 3D fibrin  

Salmon fibrinogen and thrombin were purchased from Searun Holdings (San Diego, 

CA, USA). Fibrinogen was diluted into 2 mg/mL with T7 buffer (pH 7.4, 50 mM Tris, 

150 mM NaCl). HCC cells were detached and suspended in DMEM with 10% FBS and 

1% penicillin/streptomycin. Cell suspension and fibrinogen solution were mixed 

equally to prepare 1 mg/mL fibrinogen. 6 µL thrombin (0.1 U/µL) was pre-added to 

each well of 24 well-plate at the bottom, and 300 µL cell-fibrinogen solution was then 

seeded into each well. After the gentle mixing of fibrinogen and thrombin solution, the 

plate was moved into 37°C cell culture incubator for 15 min. Finally, 1 mL full culture 
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medium was gently added into each well. The 24 well-plate was transferred to 37°C 

incubator supplemented with 5% CO2. 

Pharmacologic treatment 

All inhibitors and activators were dissolved in DMSO to prepare the stock solution 

according to the manufacturer’s instructions. The stock solution was diluted into the 

working concentration by full culture medium. DMSO was used as the control group. 

For pre-treatment, HCC cells were seeded in 6-well plates with around 70%-80% 

confluency. Cells were then treated with 10 μM Y-27632 (Selleck Chemicals, Houston, 

TX), 10 μM Blebbistatin (Sigma-Aldrich, St. Louis, MO, USA), 0.5 μM Cytochalasin 

D (Tocris Bioscience, Bristol, United Kingdom), 10 nM or 0.1 μM Jasplakinolide 

(Selleck Chemicals, Houston, TX, USA), 5 nM or 20 nM Narciclasine (Selleck 

Chemicals, Houston, TX, USA), 50 nM Anisomycin (Selleck Chemicals, Houston, TX, 

USA) and 20 nM SP600125 (Selleck Chemicals, Houston, TX, USA) for the indicated 

durations. In 3D tumor spheroid invasion assay, 20 μM Y-27632, 20 μM Blebbistatin, 

0.1 μM Jasplakinolide, or 20 nM Narciclasine were added on the top of 3D collagen 

gels. 

Cell transfection 

Lipofectamine 3000 reagent (Thermo Fisher Scientific, Waltham, MA) was used for 

siRNA and plasmid transfection. siRNAs were designed and synthesized by Hanbio 

Biotechnology Co., Ltd. (Shanghai). The specific siRNA sequence for MLCK, mDia1, 

and control is 5 ′ -GGACGAUUCUCCUGCAAGA-3 ′ , 5 ′ -

GUGUGUCUCUCAACAACAA-3 ′ , and 5 ′ -UUCUCCGAACGUGUCACGU-3 ′ , 

respectively. pSLIK empty vectors, CA-ROCK, and CA-MLCK plasmids were kind 

gifts from Prof. Sanjay Kumar in University of California, Berkeley. Cells were seeded 

into a 6-well cell culture plate until the confluence reached around 60%-70%. 

Lipofectamine 3000 reagent and siRNAs or plasmids were diluted by Opti-MEM. For 
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diluted plasmids, P3000 reagent was added. Diluted Lipofectamine 3000 and siRNAs 

or plasmids were mixed together with the same amount and incubated at room 

temperature for 15 min. The mixture was then added to the cells for 2 days. 50 ng/mL 

doxycycline (TargetMol, Wellesley, MA) was added to the cells transfected with the 

CA plasmids for another 2 days. The transfection efficiency was validated by 

quantitative RT-PCR analysis and western blotting. 

Measurement of cellular stiffness by atomic force microscope (AFM) 

Cell stiffness was measured using a Bruker Catalyst AFM (Bruker, Billerica, MA, USA) 

coupled with an inverted microscope (Nikon, Tokyo, Japan). Silicon nitride cantilevers 

(MLCT, Bruker, Billerica, MA, USA) with a nominal spring constant of 0.02 N/m were 

adopted for measurement. The probe sensitivity and spring constant were calibrated in 

culture medium. Cells were plated on collagen-coated glass slides for 12 h and spread 

well before the experiments. To determine the cellular locations for stiffness 

measurement, the nucleus of a cell was located under the bright field of an inverted 

microscope. The middle point between the centre of the nucleus and the cell boundary 

was chosen as the indentation area. When the biological sample is indented by more 

than 10-15% of the thickness, the effect from the underlying substrate needs to be 

considered [27]. Cells are normally viscoelastic and can be assumed to be linearly 

elastic when the strain is small (<10-15%) and the loading rate is low (1 μm/s) [28]. In 

this study, the thickness of the probed cell area was ~5-6 µm (Supplementary Figure 

1j). It was reasonable to neglect the substrate effect when the indentation depth was 500 

nm and assume the linear elasticity of cell material in this direction with controllable 

error. Five force-indentation curves were recorded from the corresponding sites around 

the indentation area for each cell. The Young’s modulus was analyzed and determined 

with Nanoscope Analysis 1.9 Software (Bruker, Karlsruhe, Germany) through fitting 

with Sneddon’s modification of the Hertzian model. To minimize the potential 
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influence, cells were kept at room temperature within 1 h for stiffness measurement. 

No obvious changes in cell morphology during the course of AFM measurement were 

observed.   

Wound healing assay 

Cells were seeded into 24-well plates until reaching 90%-100% confluency. 200 µL tips 

were used to make a uniform scratch on the cell monolayer. The cells were washed 

three times by phosphate buffer solution (PBS) and incubated at 37°C supplemented 

with 5% CO2. Photos of scratch were taken at 0, 24, and 48 h. The percentage of the 

scratch closure was calculated as the ratio of the migrated area at the time point of 0, 

24 and 48 h over the wound area at 0 h using ImageJ (National Institutes of Health, 

Bethesda, MD, USA).  

Transwell migration and invasion assay 

In vitro migration assay was conducted using Transwell cell culture chambers (8 µm 

pore polycarbonate, Corning Costar, USA). HCC cells (1×105) were placed into the 

upper chamber with DMEM while the bottom well was filled with 600 µL full cell 

culture medium. After being incubated at 37 °C, 5% CO2 for 24 h, the top surface of 

the chamber was cleaned by cotton swab and the bottom surface was stained with 0.1% 

crystal violet for 15-20 min. The number of migrated cells was counted in five 

representative fields per insert. For Transwell invasion assay, the upper chamber was 

coated with 80µl Corning® Matrigel® basement membrane matrix (diluted by DMEM 

to the concentration of 2 mg/mL in advance) before seeding cells. Cells were placed on 

top of the Matrigel at 2×105/chamber in serum-free DMEM medium for 48 h. Cotton 

swabs were utilized to gently scrap the top of the Transwell membrane and carefully 

remove the remaining tumor cells. The invaded cells within the gel were stained and 

quantified. 

3D tumor spheroid invasion assay in collagen gels 
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HCC cells were trypsinized to single cells, counted, and resuspended in DMEM at the 

concentration of 1x105 cells/mL. Every 20 µL of the cell solution was dropped on the 

top of a coverslip, which was then overturned. Drops were left without shaking for 48 

h in the incubator until tumor spheroids were formed. Neutralized collagen I solution 

was prepared at a final concentration of 1.0 mg/mL, containing 10% 10X DMEM, 1% 

human insulin solution (Sigma-Aldrich, St. Louis, MO, USA), and sterilized PBS. The 

pH was adjusted to 7.4 by gradually adding 0.1M NaOH. The 96-well cell culture plate 

was coated with 50 µL neutralized collagen I solution and then transferred to an 

incubator at 37°C for at least 30 min until the collagen was polymerized. Tumor 

spheroids were mixed with neutralized collagen I solution and added into the pre-coated 

96-well plate, which was then incubated at 37°C and 5% CO2 until collagen was 

polymerized. 50 µL pre-warmed culture medium or working solution containing the 

corresponding inhibitors/activators was slowly and gently added on the top of collagen 

gels. The invasion was monitored under 10X objective lens during the next two days 

and the images were captured at 0, 24 and 48h after embedding. The area covered by 

spheroids at each time point was measured by ImageJ software (National Institutes of 

Health, Bethesda, MD). The change of spheroid area was calculated and normalized to 

the area at 0 h. Invasion index represented the relative value of spheroid area change. 

MTS assay 

The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) assay was performed to measure cell viability according to the 

manufacturer’s instructions (Promega, Madison, WI, USA). 100 µL of cell suspension 

was collected after treatment and then added to a well of the 96-well plate. After 

incubation for 12 h until all cells adhered to the bottom of the well, 20 µL of sterile 

CellTiter 96 aqueous solution (5 mg/mL; Promega, Madison, WI, USA) was added to 

each well in dark, and the plate was incubated for 4 h at 37 °C without light. The 
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absorbance of the cell solution was measured at 490 nm using a Benchmark Plus 

microplate reader (Bio-Rad, Hercules, CA, USA). 

Quantitative RT-PCR analysis 

E.Z.N.A.® Total RNA Kit (Omega, Norcross, GA, USA) was used to extract total RNA 

from cells and the complementary DNAs were synthesized by the RevertAid First 

Strand cDNA Synthesis Kit (Thermo, Waltham, MA, USA). Quantitative RT-PCR was 

performed using Forget-Me-Not EvaGreen qPCR Master Mix with Rox (Biotium, San 

Francisco, CA, USA) and CFX96 Real-Time System (Bio-Rad, Hercules, CA, USA). 

The primer sequences were listed in supplementary Table 1. Relative gene expression 

was evaluated by using the ΔΔCT method and normalized to the expression of human 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

F-actin staining 

CytoPainter F-actin labeling kit (Abcam, Cambridge, MA, USA) was used to stain F-

actin. The cells were first fixed with 4% paraformaldehyde for 15 min at room 

temperature and permeabilized by 0.1% Triton X-100 in PBS for 5-10 min. Then, the 

cells were stained with 1× green fluorescence Phalloidin conjugate working solution at 

room temperature for 1 h. The treated cells were washed gently for 3 times by PBS and 

stained with DAPI before imaging by the inverted fluorescent microscope (Nikon) 

using FITC and DAPI channel, respectively. Fluorescence intensity was quantified 

using ImageJ software (National Institutes of Health, Bethesda, MD). 

Western blotting analysis 

Cells were lysed by RIPA lysis buffer and extraction buffer (Thermo Fisher, MA) with 

Halt Phosphatase Inhibitor Cocktail (Thermo fisher, MA), placed on the ice for 30 min 

and centrifuged at 13000 rpm, 4°C for 30 min. The protein concentration was 

determined by the BCA kit (Beijing Solarbio Science & Technology Co., Ltd). The 

protein was denatured at 95°C for 10 min and then run on an 10% SDS–PAGE gel and 
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transferred to Nitrocellulose (NC) membrane with a pore size of 0.2/0.44 µm using 

Trans-Blotting Turbo (Bio-Rad). The NC membrane containing proteins was blocked 

in 5% bovine serum albumin (BSA) and probed with corresponding primary antibody 

at 4°C overnight. Secondary antibodies conjugated to horseradish peroxidase were 

utilized for enhanced chemiluminescence (Thermo fisher, MA). Images were taken 

using Clarity™ and Clarity Max™ Western Enhanced Chemiluminescence Blotting 

Substrates and ChemiDoc™ MP Imaging System (Bio-Rad). 

Immunofluorescence staining 

For immunofluorescence staining, cells were seeded on the coverslips and fixed with 

4% paraformaldehyde for 15 min, permeabilized in 0.2% Triton X-100 for 10 min, 

washed three times with PBS, and blocked with blocking buffer (PBS, 1% BSA, 0.1% 

Tween-20, and 0.2% Triton X-100) at room temperature for 30 min. Cells were stained 

with diluted primary antibody at 4°C overnight, and washed three times with PBS. The 

samples were incubated with diluted secondary antibodies at room temperature for 1 h 

and washed three times by PBS. After that, slides were counterstaining and mounted 

with 4 ′ ,6-diamidino-2- phenylindole (DAPI, Invitrogen). Fluorescent images were 

captured under a fluorescent microscope (Nikon, Tokyo, Japan) using PE, FITC, and 

DAPI channels, respectively. Fluorescence intensity was analyzed using ImageJ 

(National Institutes of Health, Bethesda, MD, USA). 

Cell morphology measurement 

The cells were seeded into collagen-coated 24-well plate and incubated at 37 °C 

supplemented with 5% CO2 for 12 h. The cells were washed with PBS gently to remove 

the non-adhered cells. Images were captured using the inverted microscope (Nikon, 

Tokyo, Japan). Cell spreading area and aspect ratio were quantified by the ImageJ 

software (National Institutes of Health, Bethesda, MD). 

F-actin/G-actin ratio measurement 
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F-actin/G-actin ratio measurement assay was performed according to the 

manufacturer’s instructions of G-actin/F-actin In Vivo Assay Kit (Cytoskeleton, Denver, 

CO). In brief, cells were obtained after different pre-treatments and lysed by LAS2 

buffer (containing Lysis and F-actin Stabilization Buffer, ATP solution, and protease 

inhibitor cocktail stock). The lysate was homogenized, incubated at 37℃ for 10 min 

and centrifuged at 2000 rpm for 5 min at room temperature. Then, the supernatant was 

transferred to an ultrafast centrifuge tube (Beckman Coulter) and centrifuged at 100,000 

g for 1 h by ultracentrifuge (Beckman Coulter, Optima MAX-XP). The supernatant 

contained soluble G-actin and the pellet left on the bottom of the tube was F-actin. F-

actin depolymerization buffer was added to the F-actin pellet on ice for 1 h and pipetted 

up and down every 15 min to accelerate F-actin pellet resuspension. The expression 

levels of F-actin and G-actin were quantified and analyzed by SDS-PAGE and western 

blot assay. 

Statistical analysis 

All the results were shown as mean ± SEM (standard error of the mean) in this study 

and at least three independent repeats were conducted for each experiment. Two-tailed 

Student’s t-test was applied for the comparison between two groups, while ANOVA 

analysis was conducted when there were three or more conditions. The post hoc Tukey 

or Bonferroni test was adopted for the comparisons with equal or unequal sample sizes, 

respectively. n.s.: no significance, *, p < 0.05, **, p < 0.01 ***, p < 0.001, ****. 

p<0.0001. 

 

Results 

Mechanical stiffness of HCC cells is inversely correlated with their motility 

Tumor cells dynamically alter their mechanical properties during tumor progression 

[29-31]. In order to explore the relationship between mechanical stiffness and motility, 
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HCC cells with different malignancy (MHCC97-L and HepG2) were utilized for the 

measurement of their stiffness by AFM. Young’s modulus was used to describe cellular 

stiffness and calculated by fitting the force-indentation curve of each measurement 

using the Hertzian contact model. The measurement results showed that MHCC97-L 

cells exhibited higher stiffness (3.74 ± 0.15 kPa; Figure 1a) compared to HepG2 cells 

(2.82 ± 0.11 kPa). The histograms of the stiffness distribution indicated the obvious 

shift of the mean stiffness of HepG2 to the lower side compared to MHCC97-L (Figure 

1a). It has been reported that actin filament network is a crucial cytoskeletal component 

that determines cellular stiffness [32]. Therefore, F-actin and phosphorylation of 

myosin light chain (pMLC) were measured by immunofluorescence staining in these 

HCC cells. The levels of both F-actin and pMLC notably decreased in HepG2 cells 

compared to MHCC97-L (Figure 1b), which might explain the reduction in cellular 

stiffness of these cells. Further, the migration and invasion of these HCC cells were 

examined. MHCC97-L cells exhibited lower wound healing, Transwell migration, and 

3D Matrigel invasion ability than HepG2 (Figure 1c-e). All these data demonstrate that 

mechanical stiffness of HCC cells is inversely correlated with their migration and 

invasion ability. 

 

Reducing actomyosin activity softens HCC cells and promotes migration and 

invasion  

We have established the inverse correlation between cellular stiffness and motility in 

HCC cells. However, it is still unknown whether the alteration of mechanical stiffness 

in tumor progression influences HCC cell migration and invasion. To answer this 

question, the mechanical properties of tumor cells were modulated by targeting 

actomyosin activity, as cellular stiffness is mainly determined by actin cytoskeleton and 

ROCK/MLCK/myosin-mediated contractility [33-36]. ROCK inhibitor Y-27632 and 
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myosin II inhibitor Blebbistatin (Bleb) were adopted to pre-treat HCC cells for different 

durations and the influence on cellular functions was examined. The experimental 

conditions were optimized so that such treatment had no obvious cytotoxicity but 

significantly affected cell motility (Supplementary Figure 1a-g). The pharmacologic 

pre-treatment lowered down F-actin level, F-actin/G-actin ratio, and pMLC (Figure 2a 

and 2b), indicating the reduction of actomyosin activity. HCC cellular stiffness was 

reduced by ~30% after the treatment of Y-27632 and Bleb (Figure 2b). The effects of 

such pre-treatment on the migration and invasion of HCC cells were then investigated. 

The results showed that the migratory capacity of HepG2 cells was significantly 

elevated after the treatment of Y-27632 and Bleb (Figure 2c-e). Y-27632 also enhanced 

the migration of Huh-7 cells (Supplementary Figure 1h, i). Furthermore, the invasive 

potential, as measured by Transwell invasion assay and 3D tumor spheroid invasion 

assay, showed a significant increase after the treatment of Bleb and Y-27632 (Figure 2f, 

g). Note that the 3D invasion assay was conducted in low serum medium and the 

modulation of cellular stiffness had minimal influence on cell proliferation 

(Supplementary Figure 1a, 2f, 3a, and 4d). Therefore, the effect of cell proliferation on 

tumor cell invasion could be excluded. In addition, the stiffness measurement by AFM 

was conducted on two dimensional substrates, which might not correlate well to cell 

behavior in three dimensional matrices.  

We further modified tumor cell mechanics by genetically knocking down mDia1, an 

essential downstream effector of RhoA and a major contributor for F-actin 

polymerization [37, 38], and MLCK, a key regulator of myosin II activity. Silencing 

these genes decreased the levels of pMLC and F-actin (Supplementary Figure 2a-d). 

Compared to control cells, knocking down MLCK or mDia1 reduced cellular stiffness 

but did not influence cell proliferation and morphology (Figure 2h; Supplementary 

Figure 2e-i). Remarkably, silencing MLCK or mDia1 facilitated wound healing and cell 
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migration in Transwell assay (Figure 2i-k) and tumor cell invasion in the Matrigel 

invasion assay (Figure 2j, l). During the metastatic process, tumor cells secrete matrix 

metalloproteinases (MMPs) to degrade extracellular matrix (ECM) components, which 

can favor tumor cell invasion [39, 40]. We then examined the mRNA expression of 

MMP9, one of the key members in MMP family. Silencing mDia1 and MLCK enhanced 

MMP9 expression by 15- and 5-fold, respectively (Supplementary Figure 2j). In 

addition, the influence of altering cell mechanics on motility was tested in another HCC 

cell line. Consistently, the inhibition of MLCK or mDia1 significantly enhanced cell 

migration and invasion in MHCC97-L cells (Supplementary Figure 2k-n). 

Taken together, these findings suggest that inhibiting actomyosin activity decreases 

cellular stiffness but promotes HCC migration and invasion. 

 

Activating actomyosin stiffens HCC cells and impairs migration and invasion 

Our results have shown that lowering actomyosin activity leads to reduced cellular 

stiffness but enhanced  migration and invasion in HCC cells, suggesting that cell 

softening may be sufficient to promote motility. On the contrary, we further explored 

whether low actomyosin and cellular stiffness were required to sustain such ability. 

Jasplakinolide (Jasp) and Narciclasine (Narci) were utilized to strengthen the 

cytoskeleton through facilitating F-actin polymerization and Rho activation. The 

pharmacologic pre-treatment enhanced F-actin level, F-actin/G-actin ratio, and pMLC 

(Figure 3a and 3b) but did not influence the proliferation of HepG2 cells 

(Supplementary Figure 3a). Cellular stiffness was increased by ~20% after the 

treatment of Jasp and Narci (Figure 3b). Notably, such treatment obviously reduced the 

migration (by 20-43%) and Transwell invasion (by 33-39%) of HepG2 cells (Figure 3c-

e). Strengthening the cytoskeleton significantly decreased tumor cell invasion by ~40% 

in 3D collagen gels (Figure 3f). Further, the inhibitory effect of cytoskeletal stiffening 



15 
 

on motility was also observed in another HCC cell line MHCC97-L (Supplementary 

Figure 3b-e), suggesting that the influence of actomyosin activity on tumor cell motility 

may be not cell line dependent.   

To modulate the ROCK/MLCK/myosin activity specifically, we overexpressed 

constitutively active (CA) forms of MLCK and ROCK mutants in HepG2 cells, which 

could enhance myosin activity and cellular stiffness [41]. Indeed, CA plasmids 

increased the levels of pMLC and F-actin but had no obvious suppressive effect on cell 

proliferation and morphology (Supplementary Figure 4a-g). Overexpressing CA-

MLCK or CA-ROCK in HepG2 cells increased cellular stiffness from 2.39 ± 0.086 kPa 

in the control group to 3.29 ± 0.14 kPa in CA-MLCK group and 3.74 ± 0.21 kPa in CA-

ROCK group (Figure 3g). After such treatment, the distribution of cell stiffness became 

broader, and the peak value shifted to the higher side (Supplementary Figure 4c). 

Further, the effects of CA plasmids on the motility were examined. Activating myosin 

obviously inhibited wound healing (Figure 3h), Transwell migration (Figure 3i, j), and 

invasion (Figure 3i, k). The expressions of MMP2 and MMP9 were found to be reduced 

after the treatment (Supplementary Figure 4h), indicating the impaired invasive 

potential. In addition, strengthening cytoskeleton suppressed migration and invasion in 

another HCC cell line Huh-7 (Supplementary Figure 4i-k).  

In summary, these results demonstrate that elevating actomyosin activity increases 

cellular stiffness but inhibits tumor cell migration and invasion. 

 

Actomyosin regulates the motility of HCC cells through the effect on cellular 

stiffness 

Our findings have demonstrated that enhancing/reducing actomyosin activity 

suppresses/promotes the migration and invasion of HCC cells. We further tested 

whether the influence of actomyosin on motility was through the effect on cell 
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mechanics. Towards this goal, MLCK was silenced in HepG2 cells with siRNA and 

then re-expressed with CA-MLCK plasmids. Consistently, inhibiting MLCK reduced 

cellular stiffness but promoted both migratory and invasion ability, which were rescued 

to the control levels after overexpression of MLCK (Figure 4a-c). It is known that 

MLCK and ROCK increase the mono- and di-phosphorylation of the regulatory light 

chain of myosin II, respectively, thereby facilitating the interaction between actin and 

myosin II that strengthens the cytoskeleton and increases cellular stiffness [42]. We then 

asked whether MLCK and ROCK influence HCC cell motility through the effect on 

cell mechanics. HCC cells were overexpressed with CA-MLCK and CA-ROCK 

plasmids and then treated with Bleb or Cytochalasin D (CytoD), which can inhibit 

myosin activity or disrupt actin cytoskeleton. The results showed that overexpression 

of CA-MLCK and CA-ROCK significantly suppressed the migration and invasion 

ability of HCC cells, which were restored to the control levels after the treatment of 

Bleb or CytoD (Figure 4d-i). Further, HepG2 cells were transfected with the siRNAs of 

MLCK and mDia1 and then treated with Jasp. In consistent, silencing MLCK and 

mDia1 enhanced both migratory and invasion ability (Figure 4j-l), which was then 

diminished by the treatment of Jasp. All these findings suggest that actomyosin-

mediated cellular stiffness regulates the motility of HCC cells. 

 

Actomyosin-mediated cellular stiffness regulates the migration and invasion 

through JNK signaling 

JNK belongs to the mitogen-activated protein kinases (MAPKs) family. MAPK and 

JNK signaling are responsive to various mechanical stimuli [43-45] and involved in 

tumor metastasis [46-48]. Recent evidence shows that there is a feedback loop among 

JNK, RhoA, and F-actin remodeling [49] and phosphorylated JNK is increased when 

MLCK is lost in breast cancer [50], suggesting that the activation of JNK signaling is 
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related to cytoskeleton [51]. We thus hypothesized that cellular stiffness regulated HCC 

cell migration and invasion through JNK signaling. To test this hypothesis, we first 

examined the influence of cell mechanics on JNK activity. Softening HCC cells down-

regulated the expressions of the upstream genes MKK4 and MKK7 that could directly 

activate JNK (Figure 5a) [52] and reduced the phosphorylated but not total amounts of 

JNK1 and JNK2 (Figure 5c; Supplementary Figure 5a). On the other hand, stiffening 

cells up-regulated MKK4 and MKK7 and promoted the phosphorylated amount of JNK 

(Figure 5b, c; Supplementary Figure 5a). However, Anisomycin, a JNK activator, did 

not influence cellular stiffness (Supplementary Figure 5h, i). These results suggest that 

actomyosin-mediated cellular stiffness significantly suppresses the activity of JNK 

signaling, while JNK activation has no obvious effect on cell mechanics.  

Further, we explored the roles of JNK signaling in mediating the effect of cellular 

stiffness on tumor cell motility. Softening HCC cells increased the migration and 

invasion of HepG2 and Huh-7 cells (Figure 5d-f; Supplementary Figure 5b-d), which 

was abolished by the simultaneous activation of JNK signaling. Interestingly, the 

activation of JNK increased the migration and invasion of control Huh-7 but not HepG2 

cells while reducing the motility of softened HCC cells to the control level 

(Supplementary Figure 5b-d). On the other hand, stiffening cells decreased the 

migration and invasion of HepG2 and Huh-7 cells, which were rescued to the similar 

levels of control cells after the treatment of JNK inhibitor SP600125 (Figure 5g-i; 

Supplementary Figure 5e-g). Note that inhibition of JNK signaling affected cell 

migration but not invasion in control HCC cells and dramatically increased the 

migration and invasion of the stiffened cells. 

In summary, all these findings conclude that cellular stiffness regulates HCC cell 

migration and invasion through JNK signaling. 
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Stiffening HCC CSCs reduces migration and invasion through elevating JNK 

phosphorylation 

Compared to conventional cancer cells, CSCs drive tumor progression and pose a 

serious challenge to cancer therapy due to the high malignancy, drug resistance, and 

metastatic potential [53]. CSCs are believed to be the seeds of tumor metastasis and 

usually show reduced cellular stiffness [54-56]. Therefore, we wondered whether low 

cellular stiffness of CSCs could be a potential target for the inhibition of motility. To 

test this idea, CSCs were obtained by culturing HCC cells in 90-Pa 3D soft fibrin gels 

[55]. Indeed, HCC CSCs had lower mechanical stiffness and F-actin but higher 

migration and invasion ability compared to non-CSCs (Figure 6a-e). These malignant 

tumor cells exhibited reduced level of phosphorylated JNK (Figure 6e). Activating JNK 

signaling in CSCs notably decreased their migration and invasion ability to the levels 

of non-CSCs (Figure 6f-h), indicating the indispensable role of low JNK activity in 

CSC’s motility. Further, overexpressing CA-MLCK and CA-ROCK plasmids 

significantly increased the stiffness of CSCs from 2.36 ± 0.13 kPa to 3.94 ± 0.23 kPa 

and 3.20 ± 0.19 kPa, respectively (Figure 6i; Supplementary Figure 5j). As a result, 

stiffening CSCs dramatically impaired their migration and invasion ability by 34-49% 

and 76-89%, respectively (Figure 6j-l). These results suggest that cellular stiffening 

significantly inhibits the motility of HCC CSCs. 

Furthermore, we explored the role of JNK signaling in cellular stiffness-induced 

reduction in CSC migration and invasion. The overexpression of CA-MLCK and CA-

ROCK increased F-actin polymerization (Figure 6m, o), supporting the elevation in the 

stiffness of CSCs. On the other hand, CSC stiffening promoted JNK phosphorylation, 

suggesting the activation of this signaling (Figure 6m, n). Consistently, stiffening CSCs 

by CA-MLCK or CA-ROCK considerably reduced the migration and invasion, which 

were rescued by the simultaneous inhibition of JNK signaling (Figure 6p-r). These 
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findings demonstrate that cellular stiffening inhibits CSC motility through activating 

JNK phosphorylation. 

 

Discussion 

Mechanical cues play pivotal roles at different metastatic stages [57-59], where cancer 

cells dynamically remodel cytoskeleton structures and alter their mechanical properties. 

Mechanical stiffness of cancer cells has been proposed to grade their malignancy, 

including stemness, tumorigenicity, and metastatic potential [18, 20, 23]. In particular, 

highly metastatic cells exhibit low stiffness and high deformability [22, 60-62]. This 

study not only establishes the inverse correlation between mechanical stiffness of HCC 

cells and their motility, but more importantly deciphers the regulatory role of cell 

mechanics in tumor cell migration and invasion. Specifically, weakening HCC cells 

promotes their motility, suggesting that cell softening during tumor progression may be 

sufficient to facilitate the motile phenotype and thus could be a driving force for 

metastasis. On the other hand, strengthening tumor cells impairs their motility, 

implicating the indispensability of low cellular stiffness in sustaining high metastatic 

competence. Consistently, it has been reported that 4-hydroxyacetophenone that targets 

myosin IIC activity alters actin cytoskeleton organization and enhances actomyosin-

mediated contractility while effectively inhibiting metastatic competence of pancreatic 

and colon cancer [63, 64].  

This study alters cellular mechanics by pharmacologically and genetically modulating 

myosin activity and actin cytoskeleton. It is known that targeting actomyosin not only 

alters cell mechanics, but also may influence other cell functions [33, 65, 66]. To 

alleviate this potential off-target issue, we have chosen moderate doses of drugs, 

siRNAs, and CA plasmids to minimize the potential influence on cell morphology, 

viability, and proliferation. Importantly, the suppressive effect of tumor cell stiffening 
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through activating ROCK/MLCK/myosin signaling on migration and invasion can be 

rescued by the disruption of F-actin cytoskeleton. Further, the promotive effect of cell 

softening through silencing MLCK is diminished by the activation of F-actin 

polymerization. These findings suggest that the observed influence of actomyosin 

activity on tumor cell motility is probably through the effect on cell mechanics. 

Nevertheless, identifying new targets that are “only” or closely related to cellular 

stiffness or altering cell mechanical properties through other means will further validate 

the roles of tumor cell mechanics in malignancy. Therefore, the mechanical regulation 

of cell motility implicates the potential therapeutic roles of cellular mechanics in 

suppressing tumor metastasis. CSCs are commonly regarded as one critical seed of 

metastasis in various types of cancer and exhibit unique mechanical signature [67]. Our 

previous work together with many others reports that CSCs display much lower 

stiffness than non-CSCs in skin, breast, and ovarian cancer [24, 55, 68]. Recent 

evidence shows that overexpressing capping protein-inhibiting regulator of actin 

dynamics in colon tumor-repopulating cells strengthens F-actin cytoskeleton and 

reduces their stemness and metastasis [69]. Indeed, we show that HCC CSCs are more 

migratory and invasive but much softer than non-CSCs. Stiffening these CSCs through 

overexpression of MLCK and ROCK considerably inhibits their motility, suggesting 

the potential of cellular stiffness as a promising therapeutic target for the prevention of 

metastasis.  

It has been long recognized that JNK signaling is stress-activated and plays both 

oncogenic and tumor suppressive roles in metastasis [70, 71]. Many studies report that 

JNK signaling can be activated to accelerate HCC metastasis in response to various 

stimuli and upstream signaling [72, 73]. In contrast, recent evidence shows that 

inhibition of JNK phosphorylation and nuclear translocation promotes the formation of 

lamellipodium, which contributes to HCC invasion [74]. WZ35, a derivative of anti-



21 
 

cancer drug curcumin, suppresses HCC metastasis by promoting ROS-dependent JNK 

activation [75]. A triazolothiadiazine derivative induces HCC cell death and inhibits 

motility through the activation of JNK signaling [76]. The roles of JNK in HCC are 

further complicated by the findings that lack of JNK in hepatocytes facilitates HCC 

tumorigenesis while suppressing the inflammation and HCC development [77]. Further, 

JNK signaling is not only crucial in maintaining the integrity and functions of 

cytoskeleton, but also affected by cytoskeleton dynamics [49, 78, 79]. The reciprocity 

among RhoA, JNK signaling, and F-actin cytoskeleton influences tumor cell migration 

and invasion [49, 51]. Of note, the knockdown of MLCK promotes breast cancer 

migration but activates JNK signaling, while the inhibition of the kinase function of 

MLCK suppresses cell motility [80], indicating the distinct functions of catalytic and 

scaffolding MLCK. It will be worthy to further explore the effects of these two MLCK 

functions on HCC cell mechanics, JNK activity, and metastasis in the future. 

Nevertheless, it is not too surprising that the mechanics of cytoskeleton can affect JNK 

signaling and further tumor metastasis. This study shows that cell 

weakening/strengthening reduces/promotes JNK activation, which then 

enhances/suppresses HCC cell motility. Further, stiffening HCC CSCs attenuates their 

migration and invasion through JNK phosphorylation. Therefore, our findings suggest 

that tumor cell softening during tumor progression facilitates HCC metastasis via the 

suppression of JNK signaling, which may add another layer of complexity to the role 

of JNK in HCC that should be carefully re-considered in cancer therapeutics. 

Epithelial-mesenchymal transition is critical in tumor metastasis and accompanied by 

the alterations in the mechanical properties of tumor cells, such as cellular stiffness, 

cell-ECM adhesion, and cell-cell adhesion [24, 81]. For example, highly migratory 

tumor cells are usually less stiff, more mesenchymal [23], and have lower cell-ECM 

adhesion strength compared to weakly malignant cells [82]. The leader cells in the front 
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of collective cell migration are much softer and exhibit reduced adhesion force than the 

follower cells within the cell clusters [83, 84]. These leader cells downregulate 

epithelial markers and upregulate mesenchymal markers, especially Snail and Vimentin. 

The treatment of cancer cells with cyclosporine or TGF-β induces EMT, which leads 

to the reduction of cellular stiffness and increase of migration ability and stemness [85]. 

Further, cell-cell adhesion is crucial in collective cell migration and mainly mediated 

by cadherins [86]. In particular, loss of E-cadherin is one feature of EMT and can reduce 

cellular stiffness, cell-cell adhesion, and cancer cell proliferation. Therefore, our results 

together with these findings suggest that the mechanics of tumor cells alter during tumor 

progression (e.g., EMT), such as cytoskeletal rearrangement, tumor cell softening, and 

reduction of cell-ECM and cell-cell adhesion, which may collectively contribute to 

metastasis. This idea warrants further investigation in the future, which will provide 

new evidence to elucidate the roles of tumor cell mechanics in cancer. 

In addition to the reduction of cell stiffness, tumor tissues become stiffened during 

progression, i.e., the rigidity of the entire tumors increases due to excessive deposition 

of ECM proteins (e.g., collagen) and enhanced crosslinking [81, 87]. Many reports have 

shown that stiff tumor tissues facilitate metastasis by promoting local migration and 

invasion [88], intravasation [89], extravasation [90], and metastatic colonization [91]. 

On the other hand, in vitro culture of tumor cells on stiff matrices elevates the formation 

of stress fibers and myosin activation and thus increase cellular contractility and 

stiffness [92], which may reduce tumor metastasis according to our findings. However, 

this presumption is not consistent with the promotive effect of stiff tissues on metastasis. 

A recent study has attempted to address this paradox of the co-existence of soft tumor 

cells and stiff tumor tissues [93], reporting that primary tumors are mechanically 

heterogeneous from the cell to tissue level. Soft tumor cells promote the unjamming 

phenomenon and thus assume a motile phenotype within cell clusters, while increase in 
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cellular stiffness arrests them in jammed regions and reduces cell motility. Yet, whether 

and how the mechanics of tumor tissues and tumor cells synergistically or 

independently influence tumor metastasis remain incompletely understood. 

 

Conclusion 

This study reports that the stiffness of HCC cells not only correlates with but also 

regulates their migration and invasion. In particular, weakening cell cytoskeleton by the 

inhibition of actomyosin decreases cellular stiffness but promotes tumor cell motility, 

while strengthening HCC cells increases mechanical stiffness but inhibits such ability. 

The regulation of migration and invasion by actomyosin activity is through the effect 

on cell mechanics. Mechanistically, softening/stiffening HCC cells inhibits/promotes 

JNK phosphorylation, activation/inhibition of which can abolish the effect of cellular 

mechanics on cell motility. Furthermore, stiffening HCC CSCs significantly inhibits 

their motility through activating JNK signaling. In conclusion, this study reveals that 

actomyosin-mediated cellular stiffness regulates tumor cell migration and invasion via 

governing JNK signaling in HCC and identifies the therapeutic potential of cell 

mechanics as a promising target for cancer mechanotargeting.  
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Figure Captions 

Figure 1. Mechanical stiffness of HCC cells is inversely correlated with their 

migratory and invasive ability. (a) The cellular stiffness of HCC cells measured by 

AFM. The histograms of Young's modulus with Gaussian fittings showed the 

distribution of cell stiffness for two HCC cell lines: MHCC97-L (n=117 cells) and 

HepG2 (n=143 cells). (b) The levels of F-actin and pMLC in different HCC cells. F-

actin and pMLC were measured using immunofluorescence staining (green; left panel) 

and the mean fluorescence intensity was quantified in the right panel. n=100 and 95 

cells for both F-actin and pMLC in MHCC97-L and HepG2. Scale bar: 25 µm. (c) The 

analysis of cell migration by wound healing assay in MHCC97-L and HepG2. The 

representative images at 0, 24 and 48 h were shown on the top and the wound closure 

was analyzed on the bottom. n=3 independent experiments. Scale bar: 200µm. (d, e) 

The migration and invasion of HCC cells in Transwell assay. The migrated and invaded 

cells were stained by crystal violet in the representative images (left) and the numbers 

of these cells were calculated (right). n=3 independent experiments. Scale bar: 50µm 

and 100µm in (d) and (e). All the data were presented as Means ± SEMs. Student t-test 

was adopted for the statistical analysis. * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001. 

 

Figure 2. Reducing actomyosin activity softens HCC cells and promotes migration 

and invasion. (a, b) The influence of myosin and ROCK inhibition on actomyosin 

activity and cellular stiffness. Bleb (10 µM) and Y-27632 (10 µM) were used to treat 

HepG2 cells for 12 h. The levels of F-actin (a), F-actin/G-actin ratio, pMLC, and 

cellular stiffness (b) were examined by immunofluorescence staining, immunoblotting, 

and AFM, respectively. (a-left): representative immunofluorescence images of F-actin 

(green); Scale bar: 50µm; (a-right): the quantification of mean fluorescence intensity. 

n=100, 100, and 90 cells for Control, Bleb, and Y-27632. (b-i) F-actin/G-actin ratio; (b-

ii): immunoblotting of pMLC, n=3 independent experiments; (b-iii): the Young’s 

modulus of HCC cells, where n=197, 179, and 179 cells for Control, Bleb, and Y-27632. 

(c) Wound healing analysis of HepG2 cells after the treatment of Bleb and Y-27632. 

n=3 independent experiments. Scale bar: 200µm. (d-f) The migration and invasion of 

HepG2 cells after the treatment of Bleb and Y-27632 measured by Transwell assay. n=3 

independent experiments. Scale bar: 100µm. (g) Cell invasion in 3D collagen gels. n=3 

independent experiments. Scale bar: 200µm. (h) The stiffness of HepG2 cells after 

silencing MLCK or mDia1. The cellular stiffness was measured by AFM. n=255, 166, 

and 177 cells for Control, si-MLCK, and si-mDia1. (i) Wound healing analysis of 

HepG2 cells after silencing MLCK or mDia1. n=3 independent experiments. Scale bar: 

200µm. (j-l) Transwell migration and invasion analysis of HepG2 cells after silencing 
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MLCK or mDia1. n=3 independent experiments. Scale bar: 50µm (top) and 100µm 

(bottom). The ANOVA analysis was utilized for all the statistics and Bonferroni test 

was adopted for post hoc analysis. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

 

Figure 3. Activating actomyosin stiffens HCC cells and impairs motility. (a, b) The 

effects of Jasp and Narci on actomyosin activity. (a-left): representative 

immunofluorescence images of F-actin (green), scale bar: 50µm; (a-right): the 

quantification of fluorescence intensity. n=106, 100, and 105 cells for Control, Jasp and 

Narci. (b-i): F-actin/G-actin ratio after treatment; (b-ii): immunoblotting analysis of 

pMLC, n=3 independent experiments; (b-iii): the Young’s modulus of HCC cells, where 

n=197, 185, and 175 cells for Control, Jasp and Narci. (c-e) Transwell migration and 

invasion analysis of HepG2 cells after the treatment of Jasp and Narci. n=3 independent 

experiments. Scale bar: 100µm. (f) The invasion of Huh-7 cells in 3D collagen gels. 

n=3 independent experiments. Scale bar: 200µm. (g) The effect of CA-MLCK and CA-

ROCK on cellular stiffness. n=173, 158, and 177 cells for CA-Empty, CA-MLCK and 

CA-ROCK. (h) Wound healing analysis of MHCC97-L cells. n=3 independent 

experiments. Scale bar: 200 µm. (i-k) Transwell migration and invasion analysis of 

HepG2 cells. n=3 independent experiments. Scale bar: 100 µm. The ANOVA analysis 

was utilized for all the statistics and Bonferroni test was adopted for post hoc analysis. 

* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 

 

Figure 4. Actomyosin regulates the migration and invasion of HCC cells through 

the effect on cellular stiffness. (a-c) Transwell migration and invasion of HepG2 cells. 

HepG2 cells were transfected with MLCK siRNA and then overexpressed with CA-

MLCK plasmids. Cell motility was measured by Transwell migration (b) and Transwell 

invasion (c) assay. n=3 independent experiments. Scale bar: 50µm. (d-i) The migration 

and invasion of CA-MLCK and CA-ROCK HepG2 cells after the treatment of Bleb or 

CytoD. HepG2 cells were first transfected with CA-Empty, CA-MLCK and CA-ROCK 

plasmids and then treated with 10 µM Bleb (d-f) or 0.5 µM CytoD (g-i). Cell motility 

was analyzed by Transwell migration and invasion assay. n=3 independent experiments. 

Scale bar: 100µm. (j-l) The influence of F-actin polymerization on the motility of 

HepG2 cells after the inhibition of MLCK or mDia1. HepG2 cells were first transfected 

with the siRNAs of MLCK or mDia1, and then treated with 0.1 µM Jasp. Cell migration 

and invasion were analyzed by Transwell assays. n=3 independent experiments. Scale 

bar: 100µm. The ANOVA analysis was utilized for all the statistics and Bonferroni test 

was adopted for post hoc analysis. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, 

n.s.: no significance. 
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Figure 5. Actomyosin-mediated cellular stiffness regulates motility through JNK 

signaling. (a-c) The effects of cell softening and stiffening on the activity of JNK 

signaling. HepG2 cells were first transfected with the siRNAs of MLCK and mDia1 or 

CA-MLCK and CA-ROCK plasmids. The expressions of MKK4, MKK7 and JNK2 

were measured by qPCR (a, b; n=3 independent experiments), and the total and 

phosphorylated amounts of JNK were detected by western blotting (c; representative of 

two independent experiments). (d-f) The influence of JNK activation on the motility of 

HCC cells after silencing MLCK and mDia1. HepG2 cells were first transfected with 

the siRNAs of MLCK and mDia1 and then treated with 50 nM Anisomycin (JNK 

activator). Cell migration and invasion were measured by Transwell assays. n=3 

independent experiments. Scale bar: 50µm. (g-i) The influence of JNK inhibition on 

the motility of HepG2 cells after myosin activation. HepG2 cells were first transfected 

with CA-MLCK and CA-ROCK plasmids and then treated with 20 nM SP600125 (JNK 

inhibitor). Cell migration and invasion were measured by Transwell assays. n=3 

independent experiments. Scale bar: 100µm. The ANOVA analysis was utilized for all 

the statistics and Bonferroni test was adopted for post hoc analysis. * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001, n.s.: no significance. 

 

Figure 6. Stiffening HCC CSCs reduces the migration and invasion through 

elevating JNK phosphorylation. (a) The stiffness of HepG2 cells and the derived 

CSCs. HepG2 cells were cultured in 90-Pa 3D fibrin gels for 7 days to obtain the 

derived CSCs. The cellular stiffness was measured by AFM. Left: the histograms of 

Young's modulus with Gaussian fittings; right: the comparison of cell stiffness between 

HepG2 cells (non-CSC) and CSCs. n= 163 and 188 cells for non-CSC and CSC. (b-d) 

The migration and invasion of HCC cells and their CSCs measured by Transwell assays. 

n=3 independent experiments. Scale bar: 100 µm (top) and 50 µm (bottom). (e) The 

levels of F-actin and phosphorylated JNK in HepG2 non-CSC and CSCs. The intensity 

of phosphorylated JNK was quantified in the right panel. n=100 cells per condition. 

Scale bar: 20 µm. (f-h) The effects of JNK activation on migration and invasion. HepG2 

non-CSC and CSCs were treated with 50 nM Anisomycin or DMSO. The migration and 

invasion of the treated cells were measured by Transwell assays. n=3 independent 

experiments. (i) The stiffness of CSCs after the overexpression of CA-MLCK and CA-

ROCK plasmids. n=130, 127, and 131 cells for CA-Empty, CA-MLCK and CA-ROCK. 

(j-l) The influence of myosin activation on CSC motility. CSCs were transfected with 

CA-Empty, CA-MLCK or CA-ROCK plasmids. The migration and invasion of these 

cells were analyzed by Transwell assays. n=3 independent experiments. Scale bar: 100 

µm. (m-o) The effect of myosin activation on the levels of F-actin polymerization and 
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JNK phosphorylation. The mean fluorescence intensities of phosphorylated JNK and 

F-actin (m) were quantified in (n) and (o), respectively. n=75, 91, and 96 cells for CA-

Empty, CA-MLCK and CA-ROCK in (n) and 100, 100, and 100 cells for CA-Empty, 

CA-MLCK and CA-ROCK in (o). (p-r) The influence of JNK inhibition on the motility 

of CSCs after myosin activation. CSCs were transfected with CA-Empty, CA-MLCK 

or CA-ROCK plasmids, and then treated with 20 nM SP600125. Cell migration and 

invasion were measured by Transwell assays. n=3 independent experiments. Scale bar: 

100µm. Student t-test was adopted for the statistical analysis in (a-e) and the ANOVA 

analysis was utilized for the statistics with Bonferroni test for post hoc analysis in (g-

r). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, n.s.: no significance. 
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