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Abstract 

Cell-cell mechanical communications at large spatial scale (above hundreds of 

micrometers) have been increasingly recognized in recent decade, which shows 

importance in tissue-level assembly and morphodynamics. The involved 

mechanosensing mechanism and resulted physiological functions are still to be fully 

understood. Recent work showed that traction force sensation in the matrix induces cell 

communications for self-assembly. Here, based on the experimental model of cell 

directional migration on Matrigel hydrogel containing 0.5 mg/ml type I collagen, we 

studied the mechano-responsive pathways for cell distant communications. Airway 

smooth muscle (ASM) cells assembled network structure on the hydrogel, whereas 

stayed isolated individually when cultured on glass without force transmission. Cell 

directional migration, or network assembly was significantly attenuated by inhibited 

actomyosin activity, or inhibition of inositol 1,4,5-trisphosphate receptor (IP3R) 

calcium channel or SERCA pump on endoplasmic reticulum (ER) membrane, or L-type 

calcium channel on the plasma membrane. Inhibition of integrin β1 with siRNA 

knockdown reduced cell directional migration and branching assembly, whereas 

inhibition of cell junctional N-cadherin with siRNA had little effect on distant 

attractions but blocked branching assembly. Our work demonstrated that the ER 

calcium channels and integrin are mechanosensing signals for cell mechanical 

communications regulated by actomyosin activity, while N-cadherin is responsible for 

traction force-induced cell stable connections in the assembly.  

Keywords: cell mechanical communications, mechanosensation, calcium channels, 

integrin, N-cadherin 
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Introduction 

    Cell-cell mechanical communications in distance have been much documented in 

recent decade, which has shown remote mechanosensitive responses among cells[1; 2]. 

In tracking the development of this discovery back, biologists had observed the 

outgrowth of separated neuronal tissues towards each other in early last century [3; 4]. 

In 1981, Harris et al. reported that traction force from fibroblast tissue explants induced 

fibrillary morphogenesis of type I collagen (COL), which separation reached a distance 

of 1.5 cm[5]. Over ten years ago, single-cell studies reported mechanical interactions 

within neighboring cells[6; 7]. Later, studies established long-range force-induced 

communications among mammary cell clusters, which causes COL fiber modeling and 

helps assembly of tissue patterns[8; 9; 10]. Therefore, the time line of early 

developments crosses near one century, although some these studies might have been 

done without knowledge of each other.  

    Within recent decade, more works have demonstrated cell long-range mechanical 

communications under different scenarios, such as synchronized beating of 

cardiomyocytes[11; 12], collective migration of epithelial sheet[13], long-range aligned 

pattern of fibroblasts[14], myofibroblast-fibroblast cross-talk in fibrosis[15], and 

remote attraction of macrophages by fibroblasts[16]. At the same time, the relevant 

mechanism of long-range force transmission and COL fibrillary modeling has attracted 

research enthusiasms based on experimental data and computational simulations[17; 18; 

19]. The property of nonlinear elastic extracellular matrix (ECM) from tissue can 

facilitate distant force transmission[20], and cell-generated stresses are capable of 

buckling COL filaments in ECM at large spatial extent[21; 22]. Our recent data has 

shown that motile cells can actively recruit environmental COL to assemble filaments 

for tissue-level assembly[23].  
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These observations also lead to an interesting topic how cells mechanosense each 

other in distance or at large-spatial scales. Some progresses have emerged in recent 

years, for example, mechanosensitive integrin signals and ion channels in cells are 

necessary components in the mechanical communications[15; 16]. Another mechanistic 

advancement is the demonstration that cells are capable of rapidly sensing traction force 

in the matrix or substrate deformation, which results in directional migration and tissue-

level assembly[24; 25]. It has also been proved that cells can directly sense the 

mechanical force from the substrate besides conventional stiffness[26]. From 

computational simulation along with experimental verification, COL fiber bundles re-

organized by cell contraction bear the major tensile force in the ECM, which can be 

transmitted to distant cells[27]. During migration of epithelial cell sheet, there is also 

long-range force transmission through cell-cell junctions, and ERK signal wave is 

activated in cells to promote the migration direction[13; 28]. Cell mechanical 

communications also play a role in tissue pattern formation[8]. Our work has shown 

that cells can form stable connections through mechanical interactions on the elastic 

ECM, but not happening on coated glass, and the assembled connections rely on cell 

contraction force through the ECM substrate[24]. The cellular mechanism for distant 

mechanical communications and resulted cell connections still remains largely to be 

elucidated.  

In this work, we applied the experimental model of mechanical communication 

from our recent study[24], and investigated the mechanosensitive pathways in 

regulating the mechanical attractions and cell connection stability. Our work identified 

the critical functions of calcium channels on the ER membranes and integrin signal 

along with actomyosin contraction in cell distant mechanical attractions, and N-

cadherin in stabilizing cell-cell connections.  
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Materials and Methods 

Cell culture and reagents 

Primary airway smooth muscle (ASM) cells were originated from 6-8-week-old 

Sprague–Dawley rats, as described previously (approved by the Ethics Committee of 

Changzhou University on Studies Ethics, Grant No. NSFC 11532003)[29]. ASM cells 

were cultured in low-glucose DMEM (Invitrogen) supplemented with 10% FBS and 

penicillin/streptomycin antibiotics. Cells were maintained in the humidified culture 

incubator containing 5% CO2 at 37°C. The cells applied in the experiments were 

generally within 10 passages during regular culture. 

Matrigel was purchased from BD Biotechnology, and Type I Collagen was from 

Advanced Biomatrix. The chemical reagents 2-Amino-ethoxydiphenyl borate (2-APB, 

#D9754-10G), Nifedipine (#N7634-1G), Cytochalasin D (1 µM), Blebbistatin (20 µM), 

and ML-7 (20 µM) were purchased from Sigma-Aldrich, and Thapsigargin (TG, #ab 

120286) from Abcam. ON-TARGETplus SMARTpool N-cadherin siRNA (N-cadherin 

siRNA，#M-091851-01-0005) was purchased from Horizon Discovery. Integrin 1 

(ITGB1) siRNA (#AM16708) were purchased from Thermo Fisher Scientific.  

Preparation of hydrogel in the Polydimethylsiloxane (PDMS) mold  

The preparation processes of PDMS mold and cell network culture have been 

introduced in our recent work[24]. Briefly, a thin layer of PDMS (∼600 μm in thickness) 

was generated by mixture of the two liquid components from the Sylgard 184 kit (Dow 

Corning). The PDMS sheet was cut into circular pieces on which one or more holes 

with 0.6 cm in diameter were created by a mechanical puncher. The PDMS mold was 

sterilized and attached onto the glass-bottom dish (NEST). Matrigel containing 0.5 

mg/mL COL was added into the PDMS mold on ice, and then placed into the incubator 
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to solidify at 37 °C for 30 min. To seed cells, about 30 μL of cell suspension was added 

on top of the hydrogel and stayed for 30 min in the incubator before addition of more 

culture medium.  

siRNA transfection and inhibitor applications 

ASM cells were cultured to 40% of confluency in 6-well plates, and then transfected 

with 25 nM Integrin β1 or N-Cadherin siRNA, or control siRNA (final siRNA 

concentration in medium) by using Lipofectamine 3000 transfection kit (#L3000-008, 

Thermo). After 12 h, the medium was replaced with 10% FBS DMEM, and 72 h after 

transfection, cells were ready for experiments.  

After the cells were planted on the hydrogel in the glass-bottom dish placed into 6-well 

plate container (Zeiss), 2 mL regular culture medium was added containing appropriate 

concentration of inhibitor. The experimental concentrations of 2-APB, Nifedipine, and 

Thapsigargin were 100 μM, 10 μM, and 10 μM, respectively.  

Time-lapse microscopy imaging  

As described recently[24], the epi-microscopy system (Zeiss) was equipped with the 

X-Y-Z control stage for multi-position function, fine auto-focusing for time-lapse 

imaging, and temperature (37°C)-CO2 (5%) chamber to maintain cell culture conditions. 

Most of the imaging experiments on hydrogel were visualized with 20× objective, and 

the interval time was generally set as 30 min. The imaging durations were generally 

within 18-24 h. During the fluorescence imaging of cells stained with WGA, the 

excitation light from the lamp was reduced to 1/8 of the full power, and interval time 

was set as 1 h to minimize the photobleaching.  

Trajectory analysis of cell movements 
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To track cell movements, the stacked images were input into ImageJ, and the distance 

in pixels was transduced to length in µm on the images by the “Set Scale” function. 

Then by using the “Manual tracking” function from the Plugin list (Plugins  ̶>Tracking 

 ̶>Manual tracking  ̶>Add track), the time-sequence positions (x, y) and moving 

distances were generated automatically by continuously clicking the target cells 

through the first to last frames. The acquired digital file was further input into MatLab 

software to calibrate the move distances and generate the map of trajectories. The 

movement quantifications were generally from imaging experiments within the time 

ranges of 18-24 h. The migration velocities and speeds of the cells were calibrated 

manually based on the move distances, displacements and time durations.  

Graphpad and Origin2020 were applied for statistical analysis and generation of data 

graphs. The values on the graphs represent the mean ± S.D. (standard derivation) from 

their groups (in scattering dots). *, **, *** and **** indicate P < 0.05, 0.01, 0.001 and 

0.0001 for significant difference between each two groups from Student’s t-test.  

Results 

Characterization of cell directional migrations during mechanical 

communications 

Recent studies including our work have further established cell-cell distant 

communications through traction force sensation. To investigate the responsible 

cellular mechanosensitive pathways, we utilized the experimental model of cell 

directional migration induced by the mechanical interactions. Basically, cells were 

seeded on Matrigel hydrogel containing 0.5 mg/ml type I collagen (COL), and ASM 

cells formed branching networks in one day (Fig. 1A).  

To characterize the directional migrations, time-lapse imaging was taken every 0.5 h 
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for 18 h, and cell positions were tracked on the hydrogel or glass for comparison. ASM 

cells were assembled into network structure on the hydrogel in 18 h whereas stayed 

individually on the glass, and cell trajectory analysis showed efficient directional 

movements on the hydrogel, but in random movements with far less reached spatial 

ranges on the glass (Fig. 1B, Movie S1). Statistical quantifications of move velocity 

and speed confirmed quicker migrations of ASM cells on the hydrogel than on the glass 

(Fig. 1C). Cells displayed elongated morphologies from traction force sensation on the 

hydrogel while non-directionally spreading shapes on the glass (Fig. 1D). The move 

speed, which reflects the direct linear distance between the initial and final positions in 

18 h, shows multiple times of difference between the two conditions. The quicker 

movement on the hydrogel may reflect a promoting role by the cell-cell mechanical 

interactions.                

Our previous work demonstrated that cell mutual attraction and migration rely on 

sensation of traction force on the hydrogel which is derived from cell contraction[24]. 

Here, we tried to verify the directionally migrating model in cell contraction force-

dependent manner. By inhibition of actomyosin contraction with myosin II light chain 

kinase (MLCK) inhibitor ML-7 or myosin II ATPase activity inhibitor Blebbistanin, or 

disruption of actin cytoskeleton with Cytochalasin D (CytoD), cell migrations were 

significantly attenuated (Fig. 2E-H, Movie S2), which was further verified by statistical 

quantifications (Fig. 2I). Particularly without integrity of actin cytoskeleton, cell 

directional migration was inhibited the most (Fig. 2E&F). Due to cell migrating not 

always straight-forwards within 10-20 h period, the quantified speed of cell movements 

was generally smaller than the velocity. Hence, we applied the migration model to 

investigate the mechanosensitive pathways for cell-cell mechanical communication and 

branching assembly.  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 2, 2022. ; https://doi.org/10.1101/2022.05.02.490256doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.02.490256
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 2, 2022. ; https://doi.org/10.1101/2022.05.02.490256doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.02.490256
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Actomyosin contraction force-mediated cell directional migrations 

during network assembly on the hydrogel. The hydrogel refers to 3D Matrigel 

containing 0.5 mg/mL COL in this work. The trajectory analysis of cell movements was 

done by ImageJ as described in the Methods. (A) Experimental setup, and the 

assembled network structures of ASM cells after 20-h culture. The images were taken 

with 5x and 20x objectives under the microscope. (B) Time-lapse imaging of ASM cells 

on the hydrogel and glass, and the trajectory analysis of cell movements. The images 

were taken with 20x objective for 18 h. The indicated circles present the size of 200 µm 

in diameter. (C) Statistical quantifications of cell move velocity and speed (mean ± S.D.) 

on the hydrogel and glass in 18 h. Move velocity (m/h): 16.0  5.2, n= 72 on glass; 

34.9  10.4, n= 60 on hydrogel, and move speed (m/h): 2.6  2.0, n= 45 on glass; 14.5 

 13.5, n= 32 on hydrogel. (D) Representative cell morphologies on the glass and 

hydrogel. (E-H) Representative cell images at 0 h and 21 h, and trajectory analysis 

under control condition (DMSO) (E), or incubation with ML-7 (20 M) (F), 

Blebbistanin (25 M) (G), and CytoD (2 M) (H). (I, J) Statistical quantifications of 

cell move velocity and speed within 21 h (I) and representative cell morphologies (J) 

under the indicated conditions of (E-H). The cell sample size n = 29 (DMSO), 28 (ML-

7), 31 (CytoD), 47 (Blebbistanin), respectively. Statistical comparisons were done by 

Student’s t-test analysis between each two groups, and *, **, ***, **** indicate P < 

0.05, 0.01, 0.001, 0.0001 for significant difference, respectively, and so on through the 

paper.   

 

Calcium channels regulate mechanosensation-induced cell directional migration 

Based on the migration model (Fig. 1), we further investigated the cellular 
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mechanosensing pathways. Calcium channels on the cellular membranes show 

mechanical sensitivity[30]. By selective inhibition of inositol 1,4,5-trisphosphate 

receptor (IP3R) calcium channel with 2-APB or the SERCA (SarcoEndoplasmic 

reticulum calcium ATPase) pump with Thapsigargin on endoplasmic reticulum (ER) 

membrane, cells showed attenuated directional migrations, and significantly inhibited 

branching formations (Fig. 2A-C, Movie S3). Inhibition of L-type calcium channel with 

Nifedipine on the plasma membrane also resulted in down-regulated cell migration and 

branching assembly (Fig. 2D, Movie S3). Statistical quantifications confirmed reduced 

migration after inhibition of these calcium channels, but less reduced migration in the 

early 8 h with Nifedipine treatment in comparison to the control group (Fig. 2E), 

suggesting early-time mechanosensation less dependent on these calcium channels. 

Morphologically, cells displayed round shapes with IP3R or SERCA inhibition, and 

long membrane protrusions with L-type calcium channel inhibition, in comparison to 

the normal elongated cell body culturing on the hydrogel (Fig. 3F). Particularly, 

inhibitions of the calcium channels and pump resulted in losing branching assembly 

(Fig. 3G). These data indicate that membrane calcium channels were mechanosensitive 

components during the cell-cell mechanical interactions.    

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 2, 2022. ; https://doi.org/10.1101/2022.05.02.490256doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.02.490256
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 2, 2022. ; https://doi.org/10.1101/2022.05.02.490256doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.02.490256
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2. The regulations by membrane calcium channels in cell migration and 

branching assembly. ASM cells were seeded on the hydrogel with or without calcium 

channel inhibitor in the culture medium. Time-lapse imaging was taken every 0.5 h for 

22 h, followed with trajectory analysis and branching quantification. (A-D) The cell 

images at 0 h and 22 h, and trajectory analysis of cell movements under the control 

condition (DMSO) (A), or with Thapsigargin (10 µM) (B), 2-APB (100 µM) (C), or 

Nifedipine (10 µM) (D) in the medium. (E) Statistical quantifications of cell move 

velocity and speed with or without the calcium channel inhibitors when culturing on 

the hydrogel. The sample size n=46, 55, 34, 36 (velocity) and 56, 55, 34, 35 (speed) for 

8 h (top panel), and n=29, 28, 31, 37 (velocity) and 32, 31, 34, 40 (speed) for 22 h 

(bottom panel), respectively. In considering that at later time, cells might have formed 

branching or clusters and stopped directional migration, so quantifications were 

performed at 8 h and 22 h, respectively. (F) Representative cell morphologies with or 

without the calcium inhibitors. (G) Statistical quantifications of the branching length 

with or without the calcium channel inhibitors when culturing on the hydrogel for 22 h 

(n=81, 112, 112, 102, respectively).     

 

Integrin β1 mediates cell directional migration and branching assembly  

Integrin β1 forms heterodimers with variable integrin  subunits (1-11, or v)[31], so 

we tried to inhibit β1 subunit and checked the role in mechanosensation-induced cell 

directional migration. After transfected with Integrin β1 (ITGB1) siRNA, cell 

directional migration was significantly reduced in comparison with normal condition 

or control siRNA (Fig. 3A-C, Movie S4). Especially, the branching structure couldn’t 

be assembled in ASM cells transfected with ITGB1 siRNA (Fig. 3C). As shown by 

further quantifications, ITGB1 siRNA transfection resulted in inhibited cell directional 
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migration (Fig. 3D), and nearly blocked branching assembly (Fig. 3E). These results 

indicate that integrin (x) 1 is the mechanosensitive component for the cell-cell mutual 

distant interactions.    

 

Figure 3. The role of integrin β1 in cell directional migration. ASM cells were 
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transfected with control or ITGB1 siRNA, and after 72 h, cells were seeded on the 

hydrogel for time-lapse imaging. (A-C) Cell branching assembly and trajectory 

analysis in ASM cells at normal condition (A), or transfected with control siRNA (B) 

or ITGB1 siRNA (C). (D, E) Statistical quantifications of cell move velocity and speed 

in 8 h (top panel, n=23, 34, 16, respectively) and 22 h (bottom panel, n=~23, ~20, 22, 

respectively) (D), and assembled branching length (n= 44, 44, 48, respectively) (E) 

under the indicated conditions.  

 

N-cadherin regulates cell branching formation  

N-cadherin is one mechanosensitive molecule on the plasma membrane and regulates 

cell-cell junctional connections[32]. We further investigated the role of N-cadherin in 

cell migration and branching assembly during the cell-cell mechanical interactions. 

ASM cells displayed directional migration and branching assembly under normal 

condition or with control siRNA, and showed regular migration and formed cell clusters 

instead of branching structures with N-cadherin siRNA (Fig. 4A-C, Movie S5). 

Statistical quantifications demonstrated that ASM cells maintained regular directional 

migrations after N-cadherin siRNA transfection, but failed in assembly of branching 

structures (Fig. 4D). From the quantifications (Fig. 4D), the cells seemed moving more 

with N-cadherin siRNA, which might be due to contraction of the cell groups, whereas 

cells were more stabilized in the branches under the control conditions. These results 

indicate that N-cadherin wasn’t necessary for cell distant mechanosensation, but 

essential for cell-cell junctional connections to form stable branching structures.      
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Figure 4. N-cadherin in regulating cell branching formation. ASM cells were 

transfected with N-cadherin (N-CAD) or control siRNA, and after 72 h, cells were 

seeded on the hydrogel for time-lapse imaging. (A-C) ASM cell branch assembly and 

trajectory analysis at normal condition (A), or transfected with control siRNA (B) or N-

CAD siRNA (C). Cells transfected with N-CAD siRNA formed clusters without further 

migration later, and the first 13-hour images were analyzed. (D) Statistical 

quantifications of ASM cell move velocity and speed (n=33, 34, 37, respectively) as 
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well as length of assembled branches (n=29, 29, 38, respectively) at the indicated 

conditions of (A-C).  

 

Discussion 

Cell-cell mechanical communications in long or large spatial scale have been 

increasingly recognized in the past decade. It has been further revealed recently that 

cells are able to communicate via traction force mechanosensation through the matrix 

substrates. The mechano-responsive mechanism is still to be investigated. In this work, 

we tried to study the primary mechanosensing components for cell-cell distant 

mechanical interactions. Based on the experimental model from our recent work[24], 

we characterized cell directional migration and network assembly to measure cell-cell 

mechanical attractions, which was applied to identify cellular mechanosensitive 

components.  

ASM cells assembled into network structures within one day on the hydrogel, while 

stayed isolated individually on glass surface without force transmission (Fig. 1A-D, 

Movie S1). Migration quantifications showed much quicker movements on the 

hydrogel than on glass, indicating a significant promoting role in driving cell directional 

migration by cell-cell mechanical interactions (Fig. 1C). The integrity of actin 

cytoskeleton and actomyosin activity are essential for the mechanical interactions (Fig. 

1E-I, Movie S2), verifying the interaction force originated from cellular contraction. 

Hence, we have validated the experimental model based on migration and branching 

assembly for cell-cell mechanical communications.  

Recent studies reported that Piezo ion channel (one type of mechanosensitive calcium 

channel) on the plasma membrane plays an important role in cell mechanosensation of 
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force[15; 16]. Here, we further explored the relevance of calcium channels on plasma 

and ER membranes during the cell-cell distant mechanical interactions. The 

experimental data demonstrated that the IP3R calcium channel and SERCA pump on 

ER membrane are important for cell directional migration and essential for branching 

assembly (Fig. 2A-E, Movie S3). This observation is consistent with the previous 

reports that calcium signal from ER storage is mechanosensitive to mechanical 

stimulation[30; 33], which also supports the cell-cell distant attractions due to 

mechanical communications.  

Integrins are mechanosensitive receptors on the plasma membrane in response to ECM 

mechanics[34; 35]. Two recent studies have shown that integrin signaling mediates 

intracellular mechanical interactions[15; 16]. Here, we tried to validate the role of 

integrin signaling in this experimental model. Inhibition of integrin β1 with siRNA in 

ASM cells, which is a representative subunit forming dimer with variable  subunits, 

led to significantly reduced cell-cell remote attractions as shown by the inhibited 

directional migrations and branching formations (Fig. 3A-E, Movie S4). In considering 

that integrins are basic components in assembling focal adhesions[36], deficiency in 

integrin may hinder the mechano-response for directional migrations towards the 

neighboring cells. From these few studies, it is conclusive that integrins are 

mechanosensitive signals in the cell-cell distant mechanical communications.  

There is an interesting observation in our work that ASM cells formed one-to-one 

connections to assemble continuous network structure, but no stable connections 

occurred on glass without traction force transmission (Fig. 1A)[24]. N-cadherin is one 

mechanosensitive molecule at cell-cell junctions[32], and also shows the role in 

promoting cell directional movements[37]. In this work, selective knockdown of N-

cadherin with siRNA didn’t have apparent impact on cell-cell remote attraction as 
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measured by the move speeds, but inhibited one-to-one stable cell connections for 

branching assembly (Fig. 4A-D, Movie S5). This result implies that N-cadherin is 

critical for traction force-induced stable cell-cell connections.  

In summary, our work identified the importance of IP3R calcium channel and SERCA 

pump on the ER membrane and also verified integrin signal in the cell-cell distant 

mechano-attractions, and further demonstrated junctional N-cadherin in stabilizing 

traction force-induced cell-cell connections. The molecular mechanism or 

subsequential relations of these components during the mechanosenation need more 

studies.  

Acknowledgements: This work was supported financially by National Natural Science 

Foundation of China (NSFC 11872129), Natural Science Foundation of Jiangsu 

Province (BK20181416), and Jiangsu Provincial Department of Education (M.O.); 

National Natural Science Foundation of China (11532003) (L.D.); National Natural 

Science Foundation of China (11902051) (B.B.). 

Author contributions: M. Ouyang and L. Deng conceived the project and designed 

the research; Y. Zhu performed the majority of experiments; Y. Zhu and M. Ouyang did 

the major data analysis & organization; J. Wang and Q. Zhang helped with experiments 

and data analysis; J. Guo, and B. Bu joined in project discussion and provided technique 

supports; L. Deng provided the setups of equipment; M. Ouyang, L. Deng, and Y. Zhu 

prepared the paper.  

Statement for Conflict of Interest: All authors of this paper declare no conflict of 

interest in this work.  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 2, 2022. ; https://doi.org/10.1101/2022.05.02.490256doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.02.490256
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 

[1] F. Alisafaei, X. Chen, T. Leahy, P.A. Janmey, and V.B. Shenoy, Long-range mechanical signaling 

in biological systems. Soft Matter 17 (2021) 241-253. 

[2] Y. Long, Y. Niu, K. Liang, and Y. Du, Mechanical communication in fibrosis progression. Trends 

Cell Biol 32 (2022) 70-90. 

[3] P. Weiss, Wilhelm Roux Arch Entwickl Mech Org 116 (1929) 438-554. 

[4] A.A. Katzberg, The mechanism of traction forces in tissue culture. Ann Surg 150 (1959) 23-8. 

[5] A.K. Harris, D. Stopak, and P. Wild, Fibroblast traction as a mechanism for collagen 

morphogenesis. Nature 290 (1981) 249-51. 

[6] C.A. Reinhart-King, M. Dembo, and D.A. Hammer, Cell-cell mechanical communication through 

compliant substrates. Biophysical journal 95 (2008) 6044-51. 

[7] J.P. Winer, S. Oake, and P.A. Janmey, Non-linear elasticity of extracellular matrices enables 

contractile cells to communicate local position and orientation. PloS one 4 (2009) e6382. 

[8] C.L. Guo, M. Ouyang, J.Y. Yu, J. Maslov, A. Price, and C.Y. Shen, Long-range mechanical force 

enables self-assembly of epithelial tubular patterns. Proceedings of the National Academy 

of Sciences of the United States of America 109 (2012) 5576-82. 

[9] Q. Shi, R.P. Ghosh, H. Engelke, C.H. Rycroft, L. Cassereau, J.A. Sethian, V.M. Weaver, and J.T. 

Liphardt, Rapid disorganization of mechanically interacting systems of mammary acini. 

Proceedings of the National Academy of Sciences of the United States of America 111 

(2014) 658-63. 

[10] D.G. Brownfield, G. Venugopalan, A. Lo, H. Mori, K. Tanner, D.A. Fletcher, and M.J. Bissell, 

Patterned collagen fibers orient branching mammary epithelium through distinct 

signaling modules. Current biology : CB 23 (2013) 703-9. 

[11] I. Nitsan, S. Drori, Y.E. Lewis, S. Cohen, and S. Tzlil, Mechanical communication in cardiac cell 

synchronized beating. Nat Phys 12 (2016) 472-+. 

[12] L. Sapir, and S. Tzlil, Talking over the extracellular matrix: How do cells communicate 

mechanically? Seminars in cell & developmental biology 71 (2017) 99-105. 

[13] R. Sunyer, V. Conte, J. Escribano, A. Elosegui-Artola, A. Labernadie, L. Valon, D. Navajas, J.M. 

Garcia-Aznar, J.J. Munoz, P. Roca-Cusachs, and X. Trepat, Collective cell durotaxis 

emerges from long-range intercellular force transmission. Science 353 (2016) 1157-61. 

[14] X. Li, R. Balagam, T.F. He, P.P. Lee, O.A. Igoshin, and H. Levine, On the mechanism of long-

range orientational order of fibroblasts. Proceedings of the National Academy of Sciences 

of the United States of America 114 (2017) 8974-8979. 

[15] L. Liu, H. Yu, H. Zhao, Z. Wu, Y. Long, J. Zhang, X. Yan, Z. You, L. Zhou, T. Xia, Y. Shi, B. Xiao, 

Y. Wang, C. Huang, and Y. Du, Matrix-transmitted paratensile signaling enables 

myofibroblast-fibroblast cross talk in fibrosis expansion. Proceedings of the National 

Academy of Sciences of the United States of America 117 (2020) 10832-10838. 

[16] P. Pakshir, M. Alizadehgiashi, B. Wong, N.M. Coelho, X. Chen, Z. Gong, V.B. Shenoy, C.A. 

McCulloch, and B. Hinz, Dynamic fibroblast contractions attract remote macrophages in 

fibrillar collagen matrix. Nature communications 10 (2019) 1850. 

[17] B.M. Baker, B. Trappmann, W.Y. Wang, M.S. Sakar, I.L. Kim, V.B. Shenoy, J.A. Burdick, and C.S. 

Chen, Cell-mediated fibre recruitment drives extracellular matrix mechanosensing in 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 2, 2022. ; https://doi.org/10.1101/2022.05.02.490256doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.02.490256
http://creativecommons.org/licenses/by-nc-nd/4.0/


engineered fibrillar microenvironments. Nature materials 14 (2015) 1262-8. 

[18] X. Ma, M.E. Schickel, M.D. Stevenson, A.L. Sarang-Sieminski, K.J. Gooch, S.N. Ghadiali, and R.T. 

Hart, Fibers in the extracellular matrix enable long-range stress transmission between cells. 

Biophysical journal 104 (2013) 1410-8. 

[19] H. Wang, A.S. Abhilash, C.S. Chen, R.G. Wells, and V.B. Shenoy, Long-range force transmission 

in fibrous matrices enabled by tension-driven alignment of fibers. Biophysical journal 107 

(2014) 2592-603. 

[20] R.S. Sopher, H. Tokash, S. Natan, M. Sharabi, O. Shelah, O. Tchaicheeyan, and A. Lesman, 

Nonlinear Elasticity of the ECM Fibers Facilitates Efficient Intercellular Communication. 

Biophysical journal 115 (2018) 1357-1370. 

[21] Y.L. Han, P. Ronceray, G. Xu, A. Malandrino, R.D. Kamm, M. Lenz, C.P. Broedersz, and M. Guo, 

Cell contraction induces long-ranged stress stiffening in the extracellular matrix. 

Proceedings of the National Academy of Sciences of the United States of America 115 

(2018) 4075-4080. 

[22] A. Mann, R.S. Sopher, S. Goren, O. Shelah, O. Tchaicheeyan, and A. Lesman, Force chains in 

cell-cell mechanical communication. Journal of the Royal Society, Interface 16 (2019) 

20190348. 

[23] J. Wang, J. Guo, B. Che, M. Ouyang, and L. Deng, Cell motion-coordinated fibrillar assembly 

of soluble collagen I to promote MDCK cell branching formation. Biochemical and 

biophysical research communications (2020). 

[24] M. Ouyang, Z. Qian, B. Bu, Y. Jin, J. Wang, Y. Zhu, L. Liu, Y. Pan, and L. Deng, Sensing Traction 

Force on the Matrix Induces Cell-Cell Distant Mechanical Communications for Self-

Assembly. ACS biomaterials science & engineering 6 (2020) 5833-5848. 

[25] H. Zarkoob, S. Chinnathambi, J.C. Selby, and E.A. Sander, Substrate deformations induce 

directed keratinocyte migration. Journal of the Royal Society, Interface 15 (2018). 

[26] V. Panzetta, S. Fusco, and P.A. Netti, Cell mechanosensing is regulated by substrate strain 

energy rather than stiffness. Proceedings of the National Academy of Sciences of the 

United States of America 116 (2019) 22004-22013. 

[27] Q. Fan, Y. Zheng, X. Wang, R. Xie, Y. Ding, B. Wang, X. Yu, Y. Lu, L. Liu, Y. Li, M. Li, Y. Zhao, Y. 

Jiao, and F. Ye, Dynamically Re-Organized Collagen Fiber Bundles Transmit Mechanical 

Signals and Induce Strongly Correlated Cell Migration and Self-Organization. Angew 

Chem Int Ed Engl 60 (2021) 11858-11867. 

[28] N. Hino, L. Rossetti, A. Marin-Llaurado, K. Aoki, X. Trepat, M. Matsuda, and T. Hirashima, ERK-

Mediated Mechanochemical Waves Direct Collective Cell Polarization. Developmental cell 

53 (2020) 646-660 e8. 

[29] Y. Wang, Y. Lu, M. Luo, X. Shi, Y. Pan, H. Zeng, and L. Deng, Evaluation of pharmacological 

relaxation effect of the natural product naringin on in vitro cultured airway smooth muscle 

cells and in vivo ovalbumin-induced asthma Balb/c mice. Biomed Rep 5 (2016) 715-722. 

[30] T.J. Kim, C. Joo, J. Seong, R. Vafabakhsh, E.L. Botvinick, M.W. Berns, A.E. Palmer, N. Wang, T. 

Ha, E. Jakobsson, J. Sun, and Y. Wang, Distinct mechanisms regulating mechanical force-

induced Ca(2)(+) signals at the plasma membrane and the ER in human MSCs. Elife 4 

(2015) e04876. 

[31] C. Cai, H. Sun, L. Hu, and Z. Fan, Visualization of integrin molecules by fluorescence imaging 

and techniques. Biocell 45 (2021) 229-257. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 2, 2022. ; https://doi.org/10.1101/2022.05.02.490256doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.02.490256
http://creativecommons.org/licenses/by-nc-nd/4.0/


[32] D.E. Leckband, and J. de Rooij, Cadherin adhesion and mechanotransduction. Annual review 

of cell and developmental biology 30 (2014) 291-315. 

[33] J. Kim, A.A. Adams, P. Gokina, B. Zambrano, J. Jayakumaran, R. Dobrowolski, P. Maurel, B.J. 

Pfister, and H.A. Kim, Mechanical stretch induces myelin protein loss in oligodendrocytes 

by activating Erk1/2 in a calcium-dependent manner. Glia 68 (2020) 2070-2085. 

[34] F.J. Alenghat, and D.E. Ingber, Mechanotransduction: all signals point to cytoskeleton, matrix, 

and integrins. Sci STKE 2002 (2002) pe6. 

[35] A. Isomursu, M. Lerche, M.E. Taskinen, J. Ivaska, and E. Peuhu, Integrin signaling and 

mechanotransduction in regulation of somatic stem cells. Experimental cell research 378 

(2019) 217-225. 

[36] P. Kanchanawong, G. Shtengel, A.M. Pasapera, E.B. Ramko, M.W. Davidson, H.F. Hess, and 

C.M. Waterman, Nanoscale architecture of integrin-based cell adhesions. Nature 468 

(2010) 580-4. 

[37] S. Choi, J. Yu, W. Kim, and K.S. Park, N-cadherin mediates the migration of bone marrow-

derived mesenchymal stem cells toward breast tumor cells. Theranostics 11 (2021) 6786-

6799. 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 2, 2022. ; https://doi.org/10.1101/2022.05.02.490256doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.02.490256
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Dr. Mingxing Ouyang
	Dr. Linhong Deng
	Abstract
	Materials and Methods
	Results
	Discussion
	References

