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ABSTRACT 
 
Cancer research has traditionally focused on genetic and biochemical changes during tumor 
progression. Uncontrolled cell proliferation of a solid tumor in a confined space not only creates 
well-studied oxidative stress (hypoxia), but also generates growth-induced mechanical stress 
(compression). However, the importance of such compressive stress in tumor biology has been 
largely ignored. Our lab has previously shown that compressive stress influences tumor spheroid 
growth and stimulates production of extracellular matrix molecules. Others have also 
demonstrated the importance of matrix rigidity in tumor development and enhanced tumor cell 
adhesion by hydrostatic pressure. Yet whether growth-induced compressive stress can enhance 
caner cell migration and invasion remains unclear.  
 
The focus of this thesis is to evaluate the effect of anisotropic compressive stress on cancer cell 
motility. To mimic growth-induced compressive stress experienced by cancer cells in vivo, we 
developed an in vitro compression device for compressing a monolayer of cancer cells with 
precisely-defined normal forces. Here we show, for the first time, that externally-applied 
compressive stress resulted in faster migration of some mammary carcinoma cell lines. 
Independent of multi-cellular micro-organization, compression induced migration of mammary 
carcinoma cells in a coordinated sheet, initiated by “leader cells” – single cells at the leading 
edge of the sheet, extending long filopodia. Accompanied by redistribution of fibronectin 
deposition, compression enhanced cell-matrix adhesion and stabilized cell distension, thereby 
promoting coordinated cell migration. Using a stochastic model to simulate 2-D collective cell 
migration, cell distension and uniform cell migration were found to be crucial factors for 
effective collective migration. Our finding on compression-induced coordinated migration of 
mammary carcinoma cells has significant implications for in vivo situations where epithelial 
cancer cells form a “coordinated” invading mass guided by “leader” cells. Our work suggests 
that compressive stress generated by proliferating cancer cells can distort their shape, enhance 
cell-substrate adhesion and stimulate formation of leader cells responsible for collective cell 
migration. This discovery could open the door to characterization of novel pathways driven by 
mechanical-stress and improved strategies for cancer treatment. 
 
Thesis Supervisor: Rakesh K. Jain 
Title: Andrew Werk Cook Professor of Tumor Biology, Harvard Medical School 
 
Thesis Supervisor: Robert S. Langer 
Title: Institute Professor 



  3 

Biographical Sketch 
 
EDUCATION 
2006     Massachusetts Institute of Technology,  

M.S., Chemical Engineering Practice 
2002     University of California at Berkeley,  

B.S (High Honors) in Chemical Engineering  
 
PROFESSIONAL EXPERIENCE 
06/00-12/00        Undergraduate Researcher, Department of Chemical Engineering 
                 UC Berkeley, Berkeley, CA 
                                      Advisor: Dr. Douglas S. Clark 
01/01-12/02                  Undergraduate Researcher, Department of Chemical Engineering 
     UC Berkeley, Berkeley, CA 
     Advisor: Dr. Jay D. Keasling 
06/01-08/01                  Research Intern  

  Roche Bioscience, Palo Alto, CA 
06/02-08/02    Research Intern, Drug Eluting Stent Unit 
     Guidant Corporation, Santa Clara, CA 
01/03-08/03    Chemical Engineer, Drug Eluting Stent Unit 
     Guidant Corporation, Santa Clara, CA 
02/04-present    Research Fellow, Edwin L. Steele Laboratory 
     Massachusetts General Hospital, Charlestown, MA 
     Advisors: Drs. Rakesh K. Jain and Robert S. Langer 
02/05-03/05    Practice School, MIT Chemical Engineering 
     Novartis Pharmaceuticals, Suffern, NY 
04/05-05/05    Practice School, MIT Chemical Engineering 
     General Mills, Golden Valley, MN 
09/07-01/08    Teaching Assistant: Chemical/Biological Engineering Laboratory 
     Department of Chemical Engineering, MIT, Cambridge, MA 
 
HONORS AND AWARDS 
Xerox Technical Minority Scholarship (2000-2001) 
Elected to Tau Beta Pi (2001) 
Robert T. Haslam Chemical Engineering Fellowship (2003) 
Honorable Mention, National Science Foundation Graduate Research Fellowship (2003) 
 
PUBLICATIONS 
Cheng, G., Tse, J., Jain, R.K., Munn, L.L. Micro-environmental mechanical stress 
controls tumor spheroid size and morphology by suppressing proliferation and inducing 
apoptosis in cancer cells. PLoS One, 4(2): e4632, 2009.   
 
J.M. Tse, G. Cheng, J.A. Tyrrell, S.A. Wilcox-Adelman, Y. Boucher, R.K. Jain, L.L. 
Munn, “Compression-induced cell distension and adhesion stimulate coordinated 
migration of mammary carcinoma cells.” Submitted. 
 



  4 

CONFERENCE PRSENTATIONS 
“Mechanical stress-induced invasion of cancer cells: regulation of cell-cell contact and 
cell-substrate adhesion.”  Annual Meeting of the Biomedical Engineering Society, 
Pittsburgh, PA, October 2009. 
 
“Mechanical stress induces cancer cell alignment and migration.”  Annual Meeting of 
the Biomedical Engineering Society, St. Louis, MO, October 2008. 
 



  5 

Acknowledgements 
 
I would like to start by thanking my thesis advisor Dr. Rakesh K. Jain for his support. His 
belief in my abilities has been palpable. He encourages me and pushes me to reach my 
full potential. He has provided me with countless opportunities to work on an exciting 
project and train myself to be a scientist and an engineer. His support for me has been 
boundless and I am deeply grateful. I would also like to specially thank one of my 
committee members Dr. Lance L. Munn for guiding me through my thesis project. His 
guidance, support and energy are inspirational. I am grateful to him for being unfailingly 
generous with his time. I would also like to thank Dr. Yves Boucher for his guidance 
during my first year in the lab. 
 
I would also like to thank my co-advisor Dr. Robert S. Langer, my thesis committee 
members Drs. William W. Deen, Roger D. Kamm and Subra Suresh. They have provided 
me with invaluable advice and encouragement. I would also like to thank the MIT 
Chemical Engineering Department for opening many educational avenues and building 
solid and rigorous foundation for my career. 
 
My friends in the Steele Lab have always been generous with their time and talents, and 
have been patient with me as I learned many new things.  They have truly been a source 
of encouragement and I thank them for this. In particular, I would like to thank Sung-Suk 
Chae for his generous time when I consulted him for guidance and advice in molecular 
biology experiments. I would also like to thank Wilson Mok, Patrick Au, Josh Tam, 
Jonathan Song, Temitope Sodunke, Gang Cheng and my fellow graduate students: 
Benjamin Diop and Vikash Chauhan for all their supports. When I was frustrated about 
my experiments, they would cheer me up and encourage me to be positive and move 
forward. They have all been generous with their time, and have been my good listeners. 
Thank you for making the lab a really enjoyable place and keeping me company on many 
a late night. I don’t know if I would be able to survive the frustration without fun and 
entertainment provided by them.  
 
Finally, I would like to thank my family. Although I cannot recall a single conversation 
in which I discussed my research with any of them, they instilled in me the principles of 
hard work, persistence, patience and striving for excellence. These were essential traits 
for me to complete this thesis. I have never appropriately expressed to my parents the 
appreciation I feel for the sacrifices they have made for me. Especially, they gave up 
everything they had established in Hong Kong and moved to the United States simply for 
providing my brother and me with a better education. I hope that by dedicating this thesis 
to them I can begin to make up for that. 
 



6 

 

Table of Contents 

Chapter 1: Introduction and background ………………………………………………..13 

Chapter 2: Migration potential of cancer cells in response to applied compressive stress 

……………………………………………………………………………………..……. 44 

Chapter 3: Role of compressive stress in leader-cell formation and migration …………87 

Chapter 4: Role of compressive stress in cell adhesion and migration ………………...126 

Chapter 5: A stochastic model of coordinated cell migration ………………………….179 

Chapter 6: Conclusions and future directions …………………………………….……211 

Appendix A……………………………………………………………………………..226 

Appendix B……………………………………………………………………………..233 

Appendix C……………………………………………………………………………..236 

Appendix D……………………………………………………………………………..244 

 



7 

 

List of Figures 

 

Figure 1.1. Schematic representations of different experimental techniques used to apply 
mechanical stimulation to living cells ……………………………………………….…. 27 

Figure 1.2. Schematic diagram of how forces applied via ECM (A) or directly to the cell 
surface (B) transmit across integrins and focal adhesions to induce a biochemical 
response, respectively ………………………………………………………………….. 29 

Figure 1.3. Compressive stress generated by cancer cells collapses blood vessels 
…………………………………………………………………………………………... 31 

Figure 1.4. Growth-induced mechanical stress distribution controls tumor spheroid shape 
……………………………………………………………………………………………33 

Figure 2.1. Schematic diagram of the compression device, which allows real-time 
monitoring of cell migration exposed to a constant loading force .………………….…. 49 

Figure 2.2. Forced cell extrusion by compression occurs on the 8um-porous membranes, 
but not on the 0.4um ones ……………………………………………………………….55 

Figure 2.3. Compressive stress induces faster cell migration in multiple cancer cell lines, 
particularly more aggressive breast cancer cell lines …………………………………... 58 

Figure 2.4. Compressive stress causes no change or decreased cell proliferation. …..… 59 

Figure 2.5. Compressive stress differentially influences cell migration behavior …..…. 61 

Figure 2.6. Compressive stress induces cytoskeletal actin rearrangement …………….. 63 

Figure 2.7. Compressive stress alters microtubule organization in cancer cells ………. 66 

Figure 2.8. Compressive induces directional migration of 67NR cells in a coordinated 
manner ……………………………………………………………………………….…. 68 

Figure 2.9. Moderate stress enhances 67NR cell motility without a significant decrease in 
cell viability ……………………………………………………………………………..71 

Figure 2.10. Continuous compressive stress is required to maintain enhanced cell 
migration ……………………………………………………………………………….. 73 



8 

 

Figure 2.11. Compressive stress unlikely influence the genes associated with tumor 
metastasis or extracellular matrix and adhesion molecules arrays …………………….. 76 

Figure 3.1. Externally-applied stress enhances leader-cell formation …………………..98  

Figure 3.2. Both control and compressed 67NR cells at the leading edge of the “wound” 
are polarized but the compressed ones have larger projected cell-substrate contact area 
…………………………………………………………………………………………..100 

Figure 3.3. Compressive stress induces 67NR cell extension and filopodial protrusions 
…………………………………………………………………………………………..101 

Figure 3.4. Compression-induced leader cells and enhanced cell migration were 
reproduced in circular patterns created by cell micro-contact printing ………………..103 

Figure 3.5. Compressive stress induces leader-cell formation independent of geometry-
driven polarization ……………………………………………………………………..105 

Figure 3.6. Free-cell perimeter determines leader-cell formation: geometry-driven in 
uncompressed cultures vs. cell distension-induced by compressed cultures …………..107 

Figure 3.7. Rac activity is not required for compression-induced protrusions …..….…110 

Figure 3.8. Compressive stress tends to reduce Cdc42 activity despite enhanced 
protrusions ……………………………………………………………………………...114 

Figure 3.9.  Perturbation of Cdc42 activity reduces compression-induced cell movement 
but not formation of leader cells with filopodial protrusions ………………………….115 

Figure 4.1. E-cadherin-mediated cell-cell adhesion in MCF10A cells does not contribute 
to reduced migration under compression ……………………………………………....140 

Figure 4.2. E-cadherin-mediated cell-cell adhesion in MCF7 cells does not contribute to 
reduced migration under compression …………………………………………….…...142 

Figure 4.3. Ectopic expression of E-cadherin in 67NR mammary carcinoma cells has no 
effect on compression-induced migration behavior ……………………………………144 

Figure 4.4. Blocking N-cadherin function does not abolish compression-induced 67NR 
cell migration …………………………………………………………………………..146 

Figure 4.5. Compression-induced cell-substrate adhesion appears to be related to 
fibronectin …...................................................................................................................148 



9 

 

Figure 4.6. Compression increases fibronectin deposit at the cell-substrate interface 
independent of fibronectin synthesis ………………………………………………..…150 

Figure 4.7. Compression promotes FAK-mediated initial adhesions, which could in turn 
mature into vinculin-containing focal adhesions ………………………………………153 

Figure 4.8. Integrin β1 is responsible for fibronectin-associated migration of 67NR cells 
………………………………………………………………………………………......156 

Figure 4.9. Integrin β1 is involved in compression-induced migration …..…….……...158 

Figure 4.10. Compression reduces the total paxillin expression level, but increases the 
fraction of phosphorylated paxillin associated with cell-substrate interaction ………...161 

Figure 4.11. Actomyosin contractility reduces compression-induced directional cell 
migration……………………………………………………………………….……….164 

Figure 5.1. Assignment of cells to the defined square cell pattern on the grid surface 
…………………………………………………………………………………………..182 

Figure 5.2. The cell protrudes at its leading edge without rear retraction until it doubles in 
size……………………………………………………………………………………...185 

Figure 5.3. The cell protrudes at its leading edge and then retracts at the rear…………186 

Figure 5.4. Force-body diagram of the cell being modeled…………………………….190 

Figure 5.5. Simulation of coordinated migration of cells initially arranged in a square 
pattern under no stress condition……………………………………………………….194 

Figure 5.6. Simulation of the base condition (uncompressed case in Fig. 5.5) with the 
maximum frontal length allowed for each cell being doubled………………………....196 

Figure 5.7. Simulation of the base condition (uncompressed case in Fig. 5.5) with the 
protrusion/migration rate being kept constant, independent of free cell perimeter 
(FCP)……………………………………………………………………………………197 

Figure 5.8. Simulation of the base condition (uncompressed case in Fig. 5.5) with the 
FCP-dependent protrusion/migration rate being doubled………………………………197 

Figure 5.9. Simulation of the base condition (uncompressed case in Fig. 5.5) with the 
same number of initial protrusions assigned for all cells around the periphery of the 
square pattern…………………………………………………………………………...198 



10 

 

Figure 5.10. Comparison of the shape change index values between the experimental and 
different model conditions……………………………………………………………...199 

Figure 5.11. Compression could increase cell frontal extension and facilitate constant cell 
protrusion/translocation rate, resulting in enhanced coordinated cell migration……….202 

Figure 5.12. Simulation of collective cell migration in a rosette pattern under stress-free 
condition………………………………………………………………………………..205 

Figure 5.13. Simulation of collective cell migration in a rosette pattern under 
compression: increased cell frontal extension and constant, FCP-independent cell 
protrusion/translocation rate……………………………………………………………206 

Figure 5.14. Simulation of collective cell migration in a circle pattern under stress-free 
condition………………………………………………………………………………..207 

Figure 5.15. Simulation of collective cell migration in a circular pattern under 
compression: increased cell frontal extension and constant, FCP-independent cell 
protrusion/translocation rate…………………………………………………………....208 

Figure 6.1. Conceptual model of compression-modulated coordinated cell 
migration……………………………………………………………………………..…218 

Appendix Figure A1: Compression-induced 67NR migration is observed on both porous 
and nonporous surfaces….…………………………………………..………………….227  

Appendix Figure A2: Gene tables for SABiosciences microarrays …………………....228  

Appendix Figure A3: Compressive stress does not induce nuclear localization of beta-
catenin ………………………………………………………………………………….230  

Appendix Figure A4: Compressive stress has no significant effect on fibroblast 
migration………………………………………………………………………………..231 

Appendix Figure B1: Compression induces lamellipodial protrusions in LS174T colon 
carcinoma cells ……………..………………………………………………………......233 

Appendix Figure B2: Fibronectin-coated patterns created with PDMS stamps ……….234 

Appendix Figure C1: Loss of E-cadherin-mediated cell adhesion has no effect on LS174T 
or LiM6 colon carcinoma cell migration ………………………………………………237  



11 

 

Appendix Figure C2: Blocking fibronectin-integrin interaction with RGD peptides or an 
antibody to fibronectin does not necessarily reduce fibronectin-induced migration …..240 

Appendix Figure C3: Compression appears to reduce the phosphorylated level of focal 
adhesion kinase (FAK) ………………………………………………………………...242  

Appendix Figure D1: Simulation of collective migration under stress-free condition with 
various action probability ……………………...……………………………………....244 

Appendix Figure D2: Histogram showing migration rates for simulations from Appendix 
Figure D1 …………………………………………….………………………………...247 



12 

 

List of Tables 

Table 1.1: Studies of mechanical stress in tumor biology………………………….....…35 

Table 4.1: Antibodies used for immunofluorescence microscopy ………….………….132 

Table 4.2: Various integrin blocking antibodies………………………………………..135 

Table 5.1: Key parameters for the cell state …………………………………………...183 

Table 5.2: What model parameter could be affected by compression? ……………..…195 

 

  

 



 13 

 

 

 

Chapter 1: Introduction and background 

 
 
Portions of the chapter have been taken from:  
 
G. Cheng, J. Tse, R.K. Jain, L.L. Munn, “Micro-environment mechanical stress controls 
tumor spheroid size and morphology by suppressing proliferation and inducing apoptosis 
in cancer cells.” PLoS One. 2009; 4(2): e4632. 

 



 14 

Introduction 
 
Cancer is the second leading cause of death in the United States, accounting for nearly 

25% of total deaths [1]. The American Cancer Society estimates that about 565,650 

Americans will die of cancer and 1.44 million new cancer cases will be diagnosed [1]. 

 

Cancer is a disease characterized by uncontrolled growth of abnormal cells, which have 

undergone DNA mutation. The most commonly mutated gene in human tumors is p53, 

which is a tumor suppressor gene promoting arrest in G1 and G2 checkpoints of the cell 

cycle, apoptosis, and DNA repair in response to damaged DNA [2]. The accumulation of 

DNA mutations promotes the development of cancers, not all of which form solid 

tumors. For instance, leukemias are cancers of white blood cells, which do not form solid 

tumors, but circulate in the blood vessels.  However, over 85% of human cancers form 

solid tumors, such as carcinomas, sarcomas and adenocarcinomas [1]. 

 

These solid tumors transform over time from a benign cell mass into an invasive 

phenotype. Eventually, those malignant tumor cells spread to other parts of the body 

(metastasis) and become fatal. Cancer research has historically focused primarily on 

studying the role of genetic and biochemical changes in tumor progression. For instance, 

it is well established that intratumoral hypoxia (cancer cells starved of oxygen) activates 

certain genes, which promotes cancer cell motility and invasion. However, in growing 

solid tumors, cancer cells also experience compressive stress generated by uncontrolled 

cell proliferation in a confined space[3,4]. While it has been long known that mechanical 
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stimuli are essential for normal physiological processes such as tissue remodeling and 

maintenance [5-7], endothelial cell biology[8,9], and morphogenesis [10,11], the role of 

such compressive mechanical force (transmitted through pericellular matrix and cells) in 

cancer progression has not been widely investigated. 

 

The importance of mechanical stress in tumor biology is being recognized increasingly. 

Our lab has previously shown that compressive stress influences tumor spheroid growth 

[3,4] and stimulates production of extracellular matrix molecules [12]. Others have also 

demonstrated the importance of matrix rigidity in tumor development [13-15] and 

enhanced tumor cell adhesion by hydrostatic pressures[16-18]. Yet whether growth-

induced compressive stress can impose selection pressure for cancer cells with enhanced 

migratory and invasive potentials remains unclear.  

 

The focus of this thesis is to evaluate the effect of anisotropic compressive stress on 

cancer cell motility. Here we show, for the first time, that externally-applied compressive 

stress results in faster migration of mammary carcinoma cells. Unlike geometry-driven 

migration in the control cultures, compression induces migration of 67NR mammary 

carcinoma cells in a coordinated sheet, initiated by “leader cells” – single cells at the 

leading edge of the sheet, extending long filopodia. Accompanied by redistribution of 

fibronectin deposition, applied compression enhances cell-matrix adhesion and stabilizes 

cell distension independent of actomyosin contractility. Our finding on the coordinated 

migration of 67NR mammary carcinoma cells induced by compressive stress has 

significant implications for in vivo situations where epithelial cancer cells form an 
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“coordinated” invading mass guided by “leader” cells [19]. They suggest that mechanical 

stress accumulated during tumor growth can enhance cell-substrate adhesion and trigger 

formation of leader cells during multicellular invasion.  

Specific Aims 
 
Hypothesis: Compressive stress generated by tumor growth promotes a more migratory 

phenotype in cancer cells  

Specific Aim 1: Investigate the effect of compressive stress on cancer cell motility 

(Chapter 2).  

Normal cells have regulated rates of proliferation, but cancer cells grow uncontrollably in 

a confined matrix [2]. Previous findings of collapsed intratumoral vessels [20] suggest 

that compressive stress is generated from proliferating cancer cells. While intratumoral 

hypoxia has been shown to be a selection pressure for aggressive cancer cells [21], 

whether externally-applied compressive stress induces similar selective pressure has yet 

to be studied. Our findings would open the door to a new class of targets for blocking 

mechanical stress pathways. 

 

Specific Aim 1a: Develop an in vitro compression device for simulation of compressive 

stress experienced by tumor cells in vivo. 

In order to simulate the compressive stress generated by rapid cell proliferation at the 

tumor margin in vivo, an in vitro compression device was developed to apply a desired 

normal force (anisotropic stress) to compress a cell monolayer. In this system, there were 

no nutrient limitations, hydrostatic force, or oxidative stress.  
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Specific Aim 1b:  Screen for the effect of compressive stress on migration potential of 

various cancer cell lines. 

To determine the effect of compressive stress on tumor malignancy, various cancer cell 

lines established from different tissues, such as breast, colon and kidney, were subjected 

to compressive stress and their migration potential were assessed with scratch-wound 

assay. A normal mammary epithelial cell line was also used for comparison. 

  

Specific Aim 1c: Examine the cytoskeletal components of cancer cells in response to 

compression. 

Mechanical stress has been shown to influence organization of cytoskeleton[22,23], 

which provides structural support and cell shape. As recent studies showed the 

importance of mechanical stress in breast tumor development[14,24], we investigated the 

cytoskeletal changes of mammary epithelial cells in response to mechanical compression. 

Hence, we stained the mammary carcinoma cell lines that demonstrated enhanced cell 

migration under compression in Aim 1b as well as the normal mammary epithelial cells 

for actin filaments and microtubules. 

 

Specific Aim 1d: Determine whether compression-induced migration results from 

changes in gene transcription. 

Mechanical stress propagated to a cell nucleus through matrix attachment and 

cytoskeletal filaments induces gene transcription [25-28]. While hypoxia has been shown 

to activate genes that stimulate cell migration and invasion such as CXCR4 and Met, 

mechanical stress has also been shown recently to induce Twist gene expression in 

Drosophila embryo [10] and Twist facilitates metastasis in mice [29]. To identify 
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compressive-stress-regulated genes in cancer cells, gene expression studies of 67NR 

mammary carcinoma cell line exhibiting the most prominent changes in migration 

potential in Aim 1b, were performed with DNA microarrays related to tumor metastasis 

and extracellular matrix (ECM) and adhesion molecules. 

 

Specific Aim 2: Determine the effect of compressive stress on leadercell formation and 

migration (Chapter 3). 

Coordinated cell migration (collective cell migration) is prevalent in many epithelial 

cancers (as well as morphogenesis and tissue regeneration), and differs from single cell 

migration in that cells remain connected as they move, which results in a migrating sheet 

guided by “leader” cells[19,30]. While mechanical cues are critical in physiological 

processes involving collective migration, little is known about the effect of mechanical 

stress on leader-cell formation during collective migration. Our studies provide novel 

insights into how mechanical stimulation triggers coordinated migration in cancer. 

 

Specific Aim 2a: Characterize the leader cells in the control and compressed cultures. 

67NR mammary carcinoma cell line demonstrated coordinated migration behavior (such 

as migration in a sheet guided by leader cells) in Aim 1b. Using the in vitro scratch-

wound assay, which is a useful tool to study collective migration, we stained the cells for 

actin filament and then quantified the difference in leader-cell formation between the 

control and compressed cultures. Moreover, we quantified the nuclear offset (an indicator 

for cell polarization) and cell size/length. 

 

Specific Aim 2b: Evaluate the effect of compressive stress on geometry-driven migration. 
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Geometric cues (such as individual cell shape and multi-cellular micro-organization) can 

modulate cell proliferation [31] and direct the formation of lamellipodia and filopodia 

[32]. To determine whether geometric cues influence coordinated cell migration with or 

without compressive stress, we used microfabrication to control the organization of sheet 

of 67NR mammary carcinoma cells and then quantified the difference in migration rate 

and shape change of the cell pattern between the control and compressed cultures.  

 

Specific Aim 2c: Examine the role of Rac1 and Cdc42 in compression-induced 

protrusions and migration. 

Rac1 and Cdc42 – members of Rho family small guanosine triphosphate (GTP)-binding 

proteins (GTPases) – regulate cell shape, cell polarity and formation of protrusions, 

thereby affecting cell migration[33-35]. Hence, we measured the effect of compressive 

stress on activation of Rac1 and Cdc42 activity in 67NR mammary carcinoma cells. To 

determine the significance of Rac 1 and Cdc42 in compression-induced protrusions and 

migration, we perturbed the activity level of those Rho GTPases proteins using a 

molecular approach and performed the scratch-wound compression experiment. We 

quantified the migration rate of the control and compressed cells, and stained the cells for 

actin filaments to visualize their protrusions. 

 

Specific Aim 3: Determine the effect of compressive stress on cell adhesion and 

migration (Chapter 4) 

For migration to occur, any newly-formed protrusions have to be stabilized by attaching 

to the substrate surface. In addition, one of the hallmarks characterizing collective cell 

migration is the preserved cell-cell contact during movement [19,30]. While the 
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mechanisms of collective migration are less well understood, an understanding of the 

effect of mechanical stimulation on cell adhesion, including cell-cell and cell-matrix 

adhesions, during coordinated movement would enable us to define strategies to interfere 

with cancer cell migration.  

 

Specific Aim 3a: Evaluate the role of cadherin-mediated cell-cell contacts in 

compression-induced migration 

In coordinated migration, most of the adhesive cell-cell couplings are cadherin-mediated 

but some involve integrin-ECM interactions[36]. To determine whether E-cadherin 

expression plays a role in compression-associated migration, we treated E-cadherin-

expressing normal mammary epithelial cells (MCF10A) and mammary carcinoma cells 

(MCF7) with an anti-E-cadherin antibody and determined their migration rate with 

scratch-wound assay in the presence or absence of compressive stress. In addition, we 

performed ectopic expression of E-cadherin in 67NR mammary carcinoma cells and 

quantified their motility in response to compression.  

 

Specific Aim 3b: Quantify and characterize the effect of compressive stress on cell-matrix 

adhesion 

Other than cell-cell coadhesion, cell-substrate interaction also plays an important role in 

modulating cell migration behavior. Therefore, we quantified the difference in the cell-

matrix adhesion strength of 67NR mammary carcinoma cells between the control and 

compressed cultures using a shear detachment assay, and identified the ECM molecule 

accountable for compression-induced cell-matrix adhesion. Then, we determined the 

effect of compressive stress on the synthesis and spatial distribution of the determined 

ECM molecule with quantitative PCR and confocal immunofluorescence microscopy, 
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respectively. As cell-matrix adhesion involves formation of adhesion sites, 

immunostaining of focal adhesion-associated molecules such as focal adhesion kinase 

(FAK) and vinculin were also performed. 

 

Specific Aim 3c: Assess the role of integrin signaling in compression-induced migration 

Cell-matrix interaction involves integrin signaling[37,38]. Hence, we identified the 

integrin subunit involved in compression-induced migration of 67NR mammary 

carcinoma cells with integrin-blocking antibodies. We also determined the effect of 

compressive stress on the expression and spatial distribution of the integrin and its 

associated protein, paxillin, with Western blot and confocal immunofluorescence 

microscopy, respectively. 

 

Specific Aim 3d: Determine the effect of actomyosin contractility on compression-induced 

migration.  

Cell-matrix adhesion gives rise to intracellular contractile force mediated by actomyosin 

machinery, which is essential for maturation of focal contacts and stress fiber formation 

[39]. We examined the requirement of actin-myosin activity in compression-induced 

migration using molecular (such as dominant-negative RhoA retrovirus) and 

pharmacological (such as Rho kinase inhibitor Y-27632, myosin light-chain kinase 

inhibitor ML-7) approaches and quantified the migration rate with scratch-wound assay. 

 

Specific Aim 4: Develop a preliminary and simple stochastic model to explain the 

experimental data on compressioninduced coordinated migration (Chapter 5) 

Our experimental observations on compression-induced coordinated migration of 67NR 

mammary carcinoma cells (Chapters 2-4) led us to propose that (1) dynamic coordination 
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of free-cell perimeter (related to the formation rate of protrusions) and cell-cell 

interactions would affect cell migration behavior; and (2) externally-applied stress could 

perturb the protrusion/migration rate. However, definitive experiments to test this 

hypothesis are elusive. A mathematical model has yet to be developed to describe the 

relative significance of free-cell perimeter and cell-cell contact on collective cell 

migration. Such a model would provide us with insights into the physical underpinnings 

governing the collective migration induced by compressive stress. 

 

Specific Aim 4a: Simulate cell migration behavior observed in stress-free experiments 

Based on our experimental observations under stress-free conditions, we developed a 

stochastic model to simulate 2-dimensional collective migration of cells initially arranged 

in a square geometry. Each cell is composed of multiple blocks such that their protrusion 

rates and cell-cell interactions can be determined separately according to the local 

microenvironment. Then a force balance - incorporating protrusive force (due to 

formation of protrusions) and cell-cell interactions - is performed to determine the 

direction of protrusion and migration. 

 

Specific Aim 4b: Investigate the relative importance of various model parameters, such 

as free-cell perimeter, cell protrusion length and number of protrusions, in compression-

induced coordinated cell migration. 

Using the model developed in Aim 4a, we changed one model parameter at a time to 

determine what model parameter could be influenced by compression. By comparing the 

simulated migration patterns with our experimental observations of compressed cultures, 

the model provides an estimate of which critical parameters in the force balance are 

influenced by compressive stress. 
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Background  
 

Role of mechanical force in normal tissue development and function 

Cells are continuously exposed to a variety of mechanical stimuli including hydrostatic 

pressure, shear, compression and tension. Various lines of investigation have revealed 

that mechanical stresses play a critical role in normal physiological processes.  

I. Force and embryogenesis/differentiation 

During embryo development, the normal morphogenic movements generate compressive 

stress that affects the physical shape of the embryo. To mimic these developmental 

compressive forces, Drosophila (fruit flies) embryo was deformed by external uniaxial 

mechanical compression. The externally-applied force was shown to drive nuclear 

translocation of the transcriptional factor Armadillo and activate Twist expression, which 

controls the shape in the early Dropsophila embryo[10].  

 

Mechanical forces are also important to normal tissue-specific development. For 

example, the major mechanical stimulus to the fetal lung growth is stretch induced by 

fetal breathing movements[40,41]. Abnormal forces exerted on lung tissues contribute to 

many pathological conditions such as pulmonary hypoplasia. Other examples are 

mechanical stretch-induced hypertrophic responses in cardiac myocytes[42], and 

hemodynamic forces as regulators for vascular endothelial gene expression[43]. 

 

II. Tissue maintenance and modeling 

A balance of forces is required to maintain homeostasis in tissues, including bone[5,7] 

and cartilage [6,44]. For instance, exercise affects joint loading, and thus increases the 

proteoglycan content of articular cartilage, whereas reduced mobility leads to loss of 
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proteoglycan content and exacerbates arthritis-associated joint degeneration[45,46]. In 

addition, microgravity directly affects bone formation and resorption, contributing to 

severe loss of bone mass during space flight [47]. Similarly, while laminar shear stress 

induced by blood flow allows normal artery maturation, turbulent shear stress may lead to 

atherosclerosis[48].  

 

Furthermore, mechanical forces of the same type can produce different responses 

depending on the magnitude, duration and application mode of loading. One specific 

example is the effect of compressive stress on the extracellular biosynthesis of 

chondrocytes. In vitro studies have shown that static compression on chondrocyte-seeded 

constructs or cartilage explants inhibits extracellular-matrix (ECM) biosynthesis [44] 

while dynamic compression stimulates ECM biosynthesis [49]. 

 

Experimental models for applying mechanical stimulation to living cells 

Two main types of mechanical cues have been studied in the area of cell 

mechanobiology: (I) matrix stiffness and composition, and (II) external force application. 

Numerous novel experimental models have been developed to simulate various physical 

forces on cells in vitro. 

I. Matrix stiffness and composition 

3D culture systems made of cell-modifiable prefabricated ECM have been commonly 

used to study epithelial morphogenesis and malignant transformation[15,50]. Matrigel is 

critical for normal epithelial morphogenesis, but it is very soft with a modulus virtually 

identical to normal mammary tissue. Therefore, to explore the role of matrix stiffness in 

mammary tissue behavior, epithelial cells are cultured in Matrigel mixed with different 
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concentrations of collagen I for the desired the mechanical property[15]. In addition to 

the biologically-derived ECM, synthetic materials such as polyacrylamide gels 

functionalized with ligand of choice (e.g. fibronectin) have been used to illustrate the 

effect of substrate stiffness on cell phenotype [50,51]. 

 

II. Engineered devices for force application 

The cellular response to mechanical stimulation depends on the type of force applied, the 

magnitude, frequency and duration of the applied stimuli. To modulate the temporal, 

spatial and intensity of physical forces applied to cells, various experimental devices have 

been developed (Fig. 1.1) and can be categorized into two approaches.  

 

The first approach focuses on the response of individual cells directed to mechanical 

stimuli (Fig. 1.1A-D). For example, atomic force microscopy (Fig. 1.1A)[52] and 

magnetic twisting cytometry (Fig. 1.1B)[53] apply pico- to nano-Newton forces locally to 

a portion of the cell membrane. Micropipette aspiration (Fig. 1.1C) and optical trapping 

(Fig. 1.1D) deform an entire cell by applying suction through a micropipette placed on 

the surface of the cell[54], and directing the beads attached to the cell to move away or 

closer[55], respectively. It should be noted that these techniques, with appropriate 

analysis of deformation, can be used to probe the viscoelastic properties of cellular 

components[52,56,57]. 

 

While the previous techniques use sophisticated devices to apply precise forces to 

individual cells, cell-cell communication under mechanical stimulation is not considered. 

Therefore, another approach applies controlled forces to cell monolayers or 3D cultures 

(ex vivo explant culture or cells embedded in tissue-engineered scaffolds), which mimic 
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the forces that each cell would experience within their physiological microenvironment 

(tissues) (Fig.1.1E-H). For instance, flow chambers have been used to apply shear 

stresses to endothelial cells (Fig. 1.1E). Application of static or cyclic, axial or biaxial 

strains has been applied to monolayers of cells plated on a deformable membrane (Fig. 

1.1F-H) in various organ models such as lung[41,58,59]. Systems for application of 

compression and hydrostatic pressures have also been developed to study ECM 

biosynthesis of chondrocytes[44,60], and cancer cell adhesion [16,61,62], respectively. 
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Figure 1.1. Schematic representations of different experimental techniques used to 

apply mechanical stimulation to living cells. A, Atomic force microscopy: a sharp tip at 

the free end of a flexible cantilever generates a local deformation on the cell surface. B, 

Magnetic twisting cytometry: magnetic beads with functionalized surfaces are attached to 

a cell and a magnetic field imposes a twisting moment on the beads, thereby deforming a 



 28 

portion of the cell. C, Micropipette aspiration: a cell is deformed by applying suction 

through a micropipette. D, Optical trapping: a trap is used with two microbeads attached 

to the opposite ends of a cell. E, Shear flow: a parallel-plate flow channel applies shear 

stress to cells cultured as a monolayer. F, Uniaxial stretch: cells are cultured on a thin-

sheet polymer substrate, such as silicone, which is stretched uniaxially to deform cells. G, 

H, Biaxial stretch: cells are cultured on an elastic membrane that is pushed upward (G) or 

pulled downward by negative pressure (H).  (Figures reproduced and modified from refs. 

[41,57]) 

 

Mechanical models of mechanotransduction 

Cells sense and convert mechanical cues into biochemical responses, such as activation 

of gene transcriptions [63].  Two similar mechanical paradigms – tensegrity[64-66] and 

adhesion-mediated mechanosensing[67,68]- have been described to explain how cells 

respond to mechanical stress involving actin cytoskeleton. 

 

Cells do not simply contain viscous cytoplasm surrounded by a plasma membrane, they 

also contain cytoskeleton – a cellular “skeleton” contained with the cytoplasm- to provide 

structural support for maintaining cell shape and enabling cellular motion. The tensegrity 

model suggests that cells exist in a “pre-stress” state, in which their intracellular tension 

generated in the actin cytoskeleton is balanced by internal microtubule struts and external 

ECM adhesions. Thus, cellular response to external mechanical loading can vary with the 

level of intracellular tension in the cell. More importantly, since cell surface-ECM 

adhesion receptors such as integrins are linked intracellularly to actin cytoskeleton, the 
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tensegrity theory indicates that mechanical signals that are transmitted across integrin 

receptors can be transduced into a chemical response through distortion-dependent 

changes in cytoskeletal structure either locally at the site of receptor binding or distally at 

other locations inside the cell [69,70] (Fig. 1.2). Similarly, adhesion-mediated 

mechanosensing model suggests that mechanical stimuli transmitted via actin filaments to 

mechanosensitive layer of focal adhesions triggers the growth of focal adhesions in the 

direction of the intracellular tension[67]. 

 

Figure 1.2. Schematic diagram of how forces applied via ECM (A) or directly to the cell 

surface (B) transmit across integrins and focal adhesions to induce a biochemical response, 

respectively. Forces (A) concentrated within the focal adhesion can stimulate clustering of 
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dimeric (α,β) integrin receptors and induce recruitment of focal adhesion proteins (e.g. vinculin 

(Vin), paxillin (Pax), talin (Tal)) that connect to cytoskeletal structures (actin filaments and 

microtubules), thereby activating integrin-associated signaling cascades, such as focal adhesion 

kinase (FAK).  Cell distortion induced by forces (B) increase intracellular tension, which is 

transmitted to focal adhesions through the cytoskeleton. (Figure reproduced from ref. [65]) 

 

Mechanical stress and cancer biology 

Historically, research in cancer biology has been focused in genetic or molecular changes 

in the tumor cells and their cellular responses to extrinsic soluble cues such as growth 

factors and cytokines. Only in recent years, the importance of mechanical stress in tumor 

biology has been increasingly appreciated. Indeed, cancer cells in tumors have been 

shown to experience (i) matrix stiffening due to abundant deposit of collagenous fibers 

synthesized by activated stromal myofibroblasts[71], (ii) increased interstitial pressure 

due to a leaky vasculature and poor lymphatic drainage[72,73], and (iii) increased 

compressive stress due to the expanding tumor mass[3,4]. As cancer cells escape from 

the tumor and get into blood vessels or lymphatic system, increased hydrostatic pressures 

enhance tumor cell adhesion to epithelium or extracellular matrix[16-18]. 

 

Previous studies have shown the importance of matrix rigidity in tumor development and 

tumor progression [13-15,74], whereas increased interstitial pressures present significant 

challenges to drug delivery[75-77] and influence tumor cell proliferation[78]. As for 

growth-induced compressive stress, little is known about the dynamics of such stress 

accumulation in tumors or its mechanical impact on tumor pathophysiology. Growth-
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induced compressive stress (solid stress) is mechanical compression transmitted through 

the structural elements of the interstitium and the cells. It is unlikely affected by 

interstitial fluid pressures, which is transmitted through intra- and extracellular fluids, 

under physiological conditions. There have been no physical ways to measure solid stress 

reliably in tumors in vivo and the heterogeneity of a tumor makes the spatial 

quantification of solid stress within the tumor and its surrounding matrix even more 

challenging.  

 

However, our lab has presented evidence of compressive stress generated by tumor cells 

in a mouse model that collapsed intratumor blood vessels opened again after killing 

cancer cells surrounding them [20] (Fig.1.3). A case report also showed that a young 

adult had visual loss due to the tumor-induced intracranial extrinsic compression of the 

optic nerve [79].  

 

Figure 1.3. Compressive stress generated by cancer cells collapses blood vessels. In a 

mouse model, collapsed blood vessels (arrows in panel a) have an open lumen (asterisks 

in panel b) after relieving compressive forces generated by cancer cells. Scale bars, 50 



 32 

µm.  (Figure reproduced from ref [20]) 

 

To better understand the mechanical impact on tumors, our lab has previously 

demonstrated that the growth of tumor spheroids in agarose gel is inhibited by increasing 

gel stiffness[3] and the growth-induced mechanical stress distribution controls tumor 

spheroid shape[4], as shown in Figure 1.4. Similarly, using multiple-particle tracking, an 

invading brain tumor spheroid in Matrigel (containing polymer beads as reference 

markers) has also been shown to exert mechanical pressure and significant traction on its 

microenvironment[80]. 
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Figure 1.4. Growth-induced mechanical stress distribution controls tumor spheroid 

shape. A, Agarose gel can fail under tension from growing tumor spheroids (green). Red 

arrowheads indicate the edge of planar cracks in the agarose gel (BF: bright-field image 

taken in Nomarski mode). Scale bar = 50 µm. B, Spheroids (green) of different shapes 

and their surrounding stress fields visualized by micro-beads (red). Scale bar = 150 µm. 

C, Relationship between local strain in agarose gel (εgel,1,local) and local spheroid 

deformation (distseg) for the spheroids (green, inset) shown in A. distseg is the distance of 

spheroid segments from spheroid center normalized over the length of the major axis. D, 
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Correlation between the asymmetry in spheroid shape and in the corresponding strain in 

the surrounding agarose gel, showing that spheroids are more deformed along the 

direction of higher stress. Each data point is for one spheroid. R is the linear regression 

coefficient (p<0.0001). (Figure reproduced from ref[4]) 

 

In addition, mathematical models have been recently developed to determine the level of 

compressive stress induced by tumor growth [81,82]. Using mechanical properties of the 

tumor and its surrounding tissue, the model predicts equal radial and circumferential 

stresses at the necrotic center of the spheroid but higher circumferential stress than radial 

stress near the spheroid boundary (i.e. tumor’s advancing front with rapid cell 

proliferation)[81]. Table 1.1 summarizes key studies of mechanical stress in tumor 

biology. 

 

Growthinduced compressive stress and tumor malignancy? 

As mentioned above, cancer cells experience different kind of mechanical stresses. In this 

thesis, we focused on whether growth-induced compressive stress increases cancer cell 

motility, because such compressive stress might impose similar selection pressure as 

demonstrated by oxidative stress[21].   

 

Proliferating tumors rapidly outgrow their blood supply, leaving the cancer cells starved 

of oxygen – a condition known as hypoxia (oxidative stress). Meanwhile, cancer cells 

also experience compressive stress generated by uncontrolled cell proliferation in a 

confined space. Growth-induced compressive stress inhibits the growth of tumor 
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spheroids in agarose [3,4], whereas a tumor with regions beyond the limits of oxygen 

diffusion can neither expand beyond a few cubic millimeters in size without an adequate 

oxygen supply [83]. It is well-established that intratumoral hypoxia (oxidative stress) 

selects for cancer cells with enhanced migratory and invasive potentials, involving the 

activation of genes such as Met and CXCR4[21,84-87]. However, little is known about 

the effect of growth-induced compressive stress on tumor malignancy. 

 

Our lab has previously shown that such compressive stress stimulates hyaluronan 

synthesis in tumor spheroids [12], of which higher concentrations have been associated 

with malignant tumors [88-90]. Moreover, other studies have shown that mechanical 

compression induces Twist gene expression in Drosophila embryo [10] and Twist 

facilitates metastasis in mice [29]. Taken together, we hypothesized that compressive 

stress generated by tumor growth promotes a more migratory phenotype in cancer cells.  

Year Type of 
Mechanical 

Stress* 

Studies Refs 

1997 III Growth-induced stress suppresses tumor spheroid 
growth 

[3] 

1999 III Neoplastic cell density can affect blood vessel 
diameter  

[91] 

2000, 
2004, 
2006, 
2008, 
2009 

II Increased extracellular hydrostatic pressure 
enhances cancer cell adhesion 

[16-
18,61,9
2-94] 

2002 III Solid stress facilitates spheroid formation [12] 
2003 III Multiple particle tracking is developed to 

measure mechanical stress exerted by the brain 
tumor to Matrigel 

[80] 

2003 III A linear poroelasticity model is developed to 
estimate growth-induced stress 

[81] 

2004 III Cancer cells compress intratumor vessels [20] 
2004 II Shear stress enhances colon cancer cell adhesion [95] 
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2004, 
2005 

I Matrix rigidity induces malignant phenotypes [15,24] 

2006 II High tumor interstitial fluid pressure can 
contribute to increased tumor proliferation 

[78] 

2009 I Matrix crosslinking forces tumor progression [74] 
2009 III Local mechanical stress controls tumor spheroid 

size and shape 
[4] 

Table 1.1. Studies of mechanical stress in tumor biology. (*I: Matrix rigidity; II: Fluid 
pressure (shear/static); III: Solid stress generated by expanding tumor mass) 
 

Cell migration 

Cell migration is an important process for many physiological processes such as tissue 

development, immune response, and cancer metastasis [96,97]. Some cells migrate as 

individuals (single-cell migration) but many cell types will remain connected and move 

in groups (collective cell migration) under physiological conditions such as wound repair 

and even cancer invasion [19].  

 

Single-cell migration has been well-studied and is a highly integrated multistep process, 

which can be described as follows[96,98]: (i) the cell polarizes and extends 

lamellipodial/filopodial protrusions (generally driven by actin polymerization) in the 

direction of migration guided by external cues such as soluble gradients; (ii) the cell 

makes adhesions to ECM via adhesion receptors such as integrins to stabilize the 

protrusions and generate traction on the substrate; (iii) the cell retracts its rear after 

disassembly of rear adhesions so that it can translocate its cell body forward.  

 

In the classical view of metastasis – a process of tumor cells spreading to other parts of 

the body, transformation of epithelial-like tumor cells to become mesenchymal is thought 

to be required for them to migrate as single cells[99]. However, it becomes more 
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prominent that tumor cells can also invade the surrounding environment in clusters or 

strands [100]- another mode of movement, termed as collective/coordinated cell 

migration. Collective cell movement still retains the principles of single-cell migration, 

but the main difference is that the cells remain coupled by cell-cell coadhesions (which 

can be mediated by cadherins [101]or integrins[36]) during collective cell movement and 

the moving group is usually guided by multiple “leader” cells[19,30,102]. These leader 

cells at the edge of a group may be polarized by distinct free edge versus cell-cell contact 

edge within the physically connected sheets of cells[102].  

 

Several in vitro and in vivo experimental systems exist to study collective cell 

migration[19,103]. The most common 2D in vitro model is scratch-wound assay: an 

artificial wound generated by mechanical removal of cells from a central region across a 

confluent monolayer of cells of epithelial cells [33,104]. The assay allows cell-cell and 

cell-matrix interactions to be studied during the wound closure. In this thesis, we have 

used scratch-wound assay to quantify the difference in the migration potential of 

epithelial cancer cells between the control and compressed cultures. 
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Introduction 
 
In addition to biochemical stimuli, cells can also respond to a wide range of mechanical 

cues, which are vital for normal physiological processes such as endothelial cell 

biology[1,2], tissue maintenance [3,4] and morphogenesis [5,6]. In growing solid tumors, 

it is well established that cancer cells experience oxidative stress (hypoxia) due to a 

deprivation of oxygen supply, but compressive stress generated by uncontrolled cell 

proliferation in a confined space has not been widely investigated. Our lab has previously 

shown that the compressive stress produced by a growing tumor is sufficient to collapse 

blood and lymphatic vessels in animal models[7]. While intratumor hypoxia has been 

shown to be a selection pressure for cancer cells with enhanced migratory and invasive 

potentials, involving the activation of genes such as Met and CXCR4[8], whether 

compressive stress can impose similar selection pressure remains unclear.  

 

Previous in vitro studies have demonstrated that mechanical stress can influence 

proliferation and apoptosis of tumor spheroids [9,10], induce malignant phenotypes [11-

13] and enhance tumor cell adhesion[14-16]. All of these studies involved isotropic 

stresses (uniform in all directions), which were carried out either by growing cancer cells 

in 3D gels with defined mechanical stiffness or by applying hydrostatic pressures over a 

culture of cells. However, tumors experience anisotropic (causing cell distortion) 

compressive stress while growing in confined heterogeneous microenvironments in vivo 

[17]. Hence, little is known about the direct effect of such cell-deforming stress on cancer 

cell migration. 
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In response to mechanical distortion, cytoskeleton – actin microfilaments, intermediate 

filaments and microtubules - plays an important role in providing structural support. To 

ensure cell shape stability, actin microfilaments and intermediate filaments act as tension 

cables while microtubules act as compression struts to provide mechanical force 

balance[18]. In addition, the microtubule-actin filament crosstalk helps stabilizing the 

polarity in migrating cells. Actin initiates the polarization process, whereas microtubules 

maintain the stability of the polarized organization [19].  

 

In this study, we hypothesized that anisotropic compressive stress could alter cytoskeletal 

structures, stimulate tumor cell migration and thus promote a more invasive phenotype 

leading to metastasis. In order to address this notion, we developed an in vitro 

compression system to apply direct and anisotropic compressive stress to a monolayer of 

cells and assess its effect on cancer cell motility with scratch-wound assay. Here we 

show, for the first time, that continuously-applied compressive stress at a moderate level 

can increase migration of some cancer cell lines. Specifically, mechanical stress 

stimulates coordinated migration of 67NR mammary carcinoma cells with formation of 

actin stress fibers and elongation of microtubules. Additionally, we have examined any 

possible gene transcription induced by compressive stress using microarrays. 

Materials and Methods 
 
Cell cultures 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A total of 8 tumor cell lines originated from mammary, colon or renal tissues were used 

in this study. The human mammary carcinoma cell lines MCF-7, MDA-MB-231 were 

obtained from American Type Culture Collection (ATCC) while the murine 4T1 and 

67NR were kindly provided by Dr. Fred R. Miller at Wayne State University [20]. The 

human renal carcinoma cell lines SN12C and SN12L1 were kind gifts of Dr. Isiah J. 

Fidler from the University of Texas M.D. Anderson Hospital and Tumor Institute at 

Houston[21]. The human colon cancer cell lines were LS174T and LiM6 (obtained from 

Dr. R. Bresalier, Henry Ford Hospital, Detroit, Michigan).  The immortalized mammary 

epithelial cell line MCF10A was obtained from ATCC. The 293ET packaging cells were 

a kind gift from Dr. Brian Seed (Massachusetts General Hospital, Boston). All cell lines 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS), except for murine mammary carcinoma cells [20], human renal 

carcinoma cells [22], and MCF10A [23] cultured as described. All cells were incubated at 

37°C with 5%CO2.  

 

Retrovirus packaging and transduction 
 
The enhanced green florescent protein (EGFP) retrovirus vector, PBMN-I-EGFP was 

kindly provided by Dr. Gary Nolan (Stanford, CA). For retrovirus packaging, the 

plasmids of PBMN-I-EGFP, Gag-pol, and VSVG (15 µg, 7 µg, and 5 µg, respectively) 

were mixed and co-transfected into 293ET cells with lipofectamine 2000 (Invitrogen, 

Carlsbad, CA) per manufacturer’s protocol. After overnight incubation, the 293ET cells 

were washed with PBS and then given Dulbecco’s Modified Eagle Medium 10% fetal 

bovine serum. The next day, the supernatant containing retrovirus was collected and fresh 
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media was added; this step was repeated three more times. After the supernatant was 

collected, it was passaged through a 0.45 µm filter (Whatman, Brentford, UK) and was 

either used immediately for infection or kept at –80°C. For the transduction of all cancer 

cell lines and normal mammary epithelial cells, the supernatant was first diluted 1:1 with 

fresh DMEM and supplemented with polybrene (8 µg/ml). The diluted supernatant was 

then added to a subconfluent monolayer of cells and allowed to incubate for 16 hours. 

Fresh DMEM medium was exchanged at the end of the incubation period and this step 

was repeated 2 to 3 times on consecutive days. After 2 to 3 rounds of infection, cell 

sorting was performed to select the EGFP cells if less than 90% of the cells expressed 

EGFP.  

 

In vitro compression device 

A schematic diagram of the in vitro compression device is shown in Figure 2.1. A piston 

of adjustable weights applies a constant force to an agarose disk in contact with cells 

growing on a transwell membrane with 0.4um-pores that permit nutrient and oxygen 

diffusion but prevent cell transmigration. For control samples, the transwell inserts had 

the agarose disk, but no piston. 
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Figure 2.1. Schematic diagram of the compression device, which allows real-time 

monitoring of cell migration exposed to a constant loading force.  

 

In vitro scratch woundcompression experiment 

To assess cancer cell migration, cells were allowed to grow to confluence on uncoated 

transwell inserts. Using a p-200 pipette tip the monolayer was scraped to denude a 

circular area of ~1000 µm in diameter. The wound closure was monitored 

microscopically under stress-free or a compressive stress of 5.8mmHg (unless specified) 

and migration was determined as the change in wound area covered by cells 16 hr after 

wounding. Each experiment was repeated three times, and results were averaged. 

 

WST1 Cell Proliferation Assay 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The cells were plated at 30% confluence on transwell membranes. After overnight 

compression with the in vitro compression device, the number of metabolically active 

cells in the culture was assessed using Cell Proliferation Reagent WST-1 (Roche Applied 

Sciences, Indianapolis, IN) according to the manufacturer’s instructions. Each experiment 

was repeated three times, and results were averaged. 

 

Immunofluorescence microscopy for cytoskeletal structures 

The 67NR cells after in vitro scratch wound-compression experiment were fixed with 4% 

paraformaldehyde in cytoskeletal buffer[24], permeabilized and blocked with 5% normal 

horse serum containing 0.2% Triton X-100. The cells were then incubated with Alexa 

Fluor-546 phalloidin (1:200; Molecular Probe) for 20 min at room temperature for 

visualization of actin filaments. As for staining of microtubules, the fixed cells were 

incubated with anti-alpha-tubulin antibody (1:1500; Sigma) for 1 hr at room temperature. 

The cells were mounted in Vectashield Mounting Medium containing nuclear dye DAPI 

and then visualized with an Olympus FluoView 500 confocal microscope system 

(Olympus, Center Valley, PA). 

 

Timelapse livecell fluorescent microscopy  

To visualize real-time in vitro cell migration and wound closure, confluent cells growing 

on transwell inserts were scraped with a p-200 pipette tip.  Cells, either compressed or 

uncompressed, were monitored with an inverted microscope (Olympus IX 70, Center 

Valley, PA). Fluorescent images were obtained at 30-min intervals over a period of 16 hr. 

The cultures were kept at 37°C in a custom-built micro-incubator supplied with 5% CO2. 
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Toluidine blue staining of 67NR cell morphology 

At the end of the time-lapse experiment, the 67NR cells were fixed with 4% 

paraformaldehyde in phosphate buffered saline (PBS) for 20mins, followed by PBS 

washes. Then, the cells were stained with filtered 0.1% toluidine blue solution prepared 

in 0.1% sodium borate for 3 minutes, followed by washes with distilled water. Finally, 

the section was mounted with Faramount aqueous mounting medium (Dako, Carpintera, 

CA) and visualized by light microscopy. 

 

Quantification of cell alignment  

Confluent cells on transwell inserts were scraped with a p-200 pipette tip and then 

compressed for 16 hr using the in vitro compression device with the uncompressed 

condition as the control. After 16-hr compression, images of the wound leading edge 

were captured with an inverted microscope (Olympus IX70, Center Valley, PA) and a 

montage of the whole wound was generated using NIH ImageJ 1.4J. To determine the 

effect of compressive stress on cell alignment, we calculated an alignment correlation 

index using Matlab  (Mathworks, Natick, MA). The cell alignment correlation index 

(CACI) is a value in the range [0,1], defined as:  CACI= Mean (|  

€ 

 a ⋅
 
b |), where   

€ 

 a  is the 

unit vector normal to the wound perimeter and   

€ 

 
b  is the unit vector along the transversal 

axis of a cell.  

 

Live/dead viability assay 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At the end of the in vitro scratch wound-compression experiment, the cells were labeled 

with a mixture of 2uM calcein-AM and 4uM ethidium homodimer-1 (Invitrogen) in PBS 

for 20 mins at 37°C. The labeled cells were then rinsed with PBS twice to remove any 

excess labeling solution. Images of live cells (labeled with calcein-AM) and dead cells 

(labeled with ethidium homodimer-1) were captured with an inverted microscope 

(Olympus IX70, Center Valley, PA). Using ImageJ software, percent of dead cells was 

calculated as pixel area covered by ethidium homodimer-1 staining relative to the total 

staining (calcein-AM + ethidium homodimer-1 staining), multiplied by 100%. 

 

Compression followed by stress release experiment 
 
The in vitro scratch wound-compression experiment was first performed with line 

wounds created. After 16 hours, the piston was removed from the compressed cultures. 

Images of the wound were then captured with an inverted microscope (Olympus IX70) 

21 hrs and 46 hrs after removal of the piston. Migration rate was determined as the 

change in distance traveled by the leading front of the cell sheet between the two 

consecutive time points. 

 

Microarray analysis 

The tumor metastasis and extracellular matrix and adhesion molecules oligo GEArray 

(SABiosciences, Frederick, MD) were used to determine the effect of compression on the 

expression of metastasis- and adhesion- related genes. Total RNA was isolated from 

control and compressed 67NR cells cultured in full-growth medium at the indicated times 

using the Trizol reagent (Invitrogen) according to the manufacturer’s protocol and then 
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treated with the RNeasy Mini Kit (Qiagen, Valencia, CA). cRNA was then synthesized 

from 0.5ug total RNA using TrueLabeling-AMP 2.0 (SABiosciences) according the 

manufacturer’s instructions. The synthesized cRNA was then hybridized with the 

microarray membranes and signals were detected following the manufacturer’s protocol.  

Results 
 
Development of in vitro compression model 
 
Cancer cells collectively experience significant compressive stress at the tumor margin, 

where rapid cell proliferation occurs[25,26]. In this study, we wanted to develop a simple 

platform to study the relationship between anisotropic compression and cell migration 

without confounding variables, such as, hypoxia, present in three-dimensional culture. 

Therefore, we developed a device for compressing a monolayer of cells on 0.4um-porous 

membrane reproducibly and uniformly with precisely defined normal stresses using a 

weighted piston (Fig. 2.1) and assessed the cell motility with scratch-wound assay. The 2-

D scratch-wound assay allows cell-cell and cell-matrix interactions that cancer cells 

would typically experience within a solid tumor to be studied during cell migration[27]. 

Between the cell monolayer and the piston surface was a 1-mm-thick “cushion” layer of 

1% inert agarose gel, with which the cells could not interact. A fluid flow was induced 

when we initially applied the compressive stress to the system but it became steady-state 

(i.e. no fluid flow) shortly afterward. To determine if fluid flow resulted from 

compressing the agarose gel would affect oxygen and nutrient access to the cells by 

diffusion through the 0.4um-porous membrane, thereby affecting cell migration behavior, 

a Peclet number calculation was performed below: 
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€ 

Pei =
Lv
Di

   , where L is the membrane thickness (10um), v is the velocity of the fluid flow 

and Di is the diffusion coefficient of species i.  

 

To determine the velocity of the fluid flow (v), we estimated v from Darcy’s Law: 

€ 

v = −K∇P = −K ΔP
Δl

  ,  

where K is the hydraulic conductivity of 1% agarose gel (~10-5 cm2 mmHg-1 sec-1 

estimated from the ref [28]), Δl is the thickness of the agarose gel (1mm) where pressure 

drop (ΔP = 5.8mmHg) took place. Thus, v was determined to be 5.8x10-4 cm sec-1.  

 

With Dglucose in water = 6.8 x 10-6 cm2 sec-1 and DO2 in H2O = 2.7 x 10-5 cm2 sec-1[29], we got 

Peglucose  = 8.5 x 10-2 and PeO2 = 2.1 x10-2, respectively. Since the calculated Pe values for 

both glucose and oxygen are much smaller than 1, we could assume that the fluid flow 

through the pores caused by compressing the agarose gel was insignificant, as compared 

to diffusion through the porous membranes. Unlike other systems that use air pressure 

[30,31] or hydrostatic pressure[32], our two-compartment model ensures a constant and 

sufficient nutrient and oxygen supply to the culture by diffusion through the porous 

membrane substrate. In addition, the membrane can be modified by pre-coating with 

relevant proteins such as fibronectin, and the spatial arrangement of the cells can be 

controlled by patterning them on desired geometries using micro-contact printing 

techniques.  
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Before the above system was developed for our study, we have also attempted two other 

in vitro compression models. However, applying external stress using those systems 

caused complications, which could lead to data mis-interpretations. For example, in one 

system, when we compressed a monolayer of cells on an 8.0um-porus membrane and 

assessed the ability of cell transmigration by quantifying the number of cells migrating 

through the pores to the underside of the membrane, we found that the cells could readily 

extrude through them under compression (Fig. 2.2). While attempting to resolve such 

issue, we had a thin layer (500-1000um) of collagen I gel at a concentration of 2mg/mL 

(typical literature value used for invasion assays) on top of an 8um-porous membrane and 

then seeded a monolayer of cancer cells on the surface of the collagen gel. We 

determined the invasion potential of cancer cells under compression by measuring the 

number of cells invading through the collagen gel and passing through the porous 

membrane. However, compared to the uncompressed gel, the gel under compression was 

collapsed and more compacted, significantly hindering cell motility. 

 

0.4um-pore8.0um-pore
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Figure 2.2.  Forced cell extrusion by compression occurs on the 8um-porous 

membranes, but not on the 0.4um ones. The 67NR cells (in white) were plated on 8um- 

and 0.4um- porous membrane, respectively, and then exposed to a compressive stress of 

5.8mmHg for 1 hr. The cells were fixed for confocal microscopy and images were taken at 

the plane of the porous membrane. The yellow arrows indicate that part of the cell body co-

localizes with the circular pores, suggesting forced cell-extrusion caused by compression. 

 

After the in vitro compression system was developed, we visualized cells under non-

transparent piston, which blocked the transmission of visible light, by making the cells 

fluorescent. At first, we used Calcein AM, a widely used green fluorescent cell marker, to 

label 67NR mammary carcinoma cells because the labeling process is simple and fast. 

However, the green fluorescent color did not last long enough for a 16-20 hr experiment. 

In addition, after the labeled 67NR cells were exposed to fluorescent light for imaging, 

we noticed that the cells started to round up, indicating an apparent cytotoxicity issue 

resulted from the cell-specific adverse reaction of Calcein AM with the fluorescent light. 

Therefore, we transduced all the cancer cell lines used in this study with retroviral 

particles containing enhanced green-fluorescent protein (eGFP). These fluorescent 

proteins have been widely used for the purpose of cell visualization and long-term 

tracking because of its low cytotoxicity.  

 

Applied compressive stress enhances migration of some cancer cell lines 

Since little is known about the effect of compressive stress on cancer cell motility, we 

first screened a number of cancer cell lines that would form solid tumors in vivo. Using 
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the device in Figure 2.1, we subjected various established cancer cell lines originating 

from different tissue organs such as breast (MCF7, 67NR, 4T1 and MDA-MB-231), renal 

(SN12C and SN12L1) and colon (LS174T and LiM6) to compressive stress, assessed 

their morphology in real-time and measured migration rates via scratch-wound assay 

(throughout this paper, “wound” refers to the denuded area in our 2D cultures where cells 

have been removed or excluded). Figure 2.3 shows that compressive stress increased the 

migration potential of multiple cancer cell lines, including renal carcinoma and mammary 

carcinoma cell lines. Notably, among all breast cancer cell lines, mechanical stress 

enhanced the motility of both highly aggressive 4T1 and MDA-MB-231 cells, as well as 

67NR cells, which have undergone partial epithelial-mesenchymal-transition[33]. In 

contrast, compressive stress reduced the migration of the normal mammary epithelial 

MCF10A (insert) and the non-invasive, well-differentiated MCF7 cell line, which retain 

certain features of normal mammary epithelium[34].  
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Figure 2.3.  Compressive stress induces faster cell migration in multiple cancer cell 

lines, particularly more aggressive breast cancer cell lines.  Average migration rate 

obtained from the scratch-wound assay for eight different cancer cell lines originating 

from various tissue organs (kidney, breast and colon) and normal mammary epithelial 

cells (insert: MCF10A) subjected to stress-free (control) or a compressive stress of 

5.8mmHg for 16 hrs using the device described in Figure 2.1 (n=9; *P<0.005 compared 

with their individual control; #P<0.05 compared with their individual control). Error bars 

represent s.e.m. 
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In general, wound closure results from a combination of cell proliferation and cell 

migration. To exclude the possibility that the stress increases cell proliferation rates, thus 

indirectly influencing wound closure, we quantified cell viability and proliferation with 

the WST-1 assay (Fig. 2.4). In the various cell lines, compression caused either no 

change or decreased proliferation. Notably, while the compression-induced wound 

closure rate was higher in the more aggressive breast cancer cell lines (Fig. 2.3), 

compressive stress did not affect cell proliferation in more aggressive breast cancer cell 

lines (Fig. 2.4). This result suggests that compression can promote migration of 

mammary carcinoma cell lines independent of any effect on cell proliferation. 
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Figure 2.4.  Compressive stress causes no change or decreased cell proliferation.  

Cell proliferation/viability results obtained from the WST-1 assay for eight cancer cell 

lines (shown in Figure 2.3) subjected to stress-free (control) or a compressive stress of 

5.8mmHg for 16 hrs using the device described in Figure 2.1 (n=9; NS=not significant; 

*P<0.05 compared with their individual control). 

 

Mammary carcinoma cells and normal cells show differential changes in cytoskeleton 

organization in response to mechanical compressive stress  

Mechanical stress is expected to play an important role in progression of breast 

carcinomas, as matrix stiffness has been shown to regulate malignant transformation of 

mammary epithelial cells [11,35]. Thus, we focused our study on the role of compressive 

stress in mammary carcinoma cells. Figure 2.5 displays distinct patterns of the wound 

periphery in the control and compressed cultures of MCF10A normal mammary 

epithelial cells, 67NR mammary carcinoma cells and highly aggressive 4T1 mammary 

epithelial cells, respectively. While MCF10A and 4T1 cells did not exhibit any 

discernible changes in leading-edge pattern between the control and compressed cultures, 

the compressed 67NR cells surrounding the leading edge of the wound exhibited 

directional orientation more readily than the control cells.  



  61 

 



  62 

Figure 2.5.  Compressive stress differentially influences cell migration behavior. 

Representative images (from 3-4 independent experiments) of control and compressed 

cells (MCF10A, 67NR and 4T1) closing the “wound” after 16 hrs (but 6hrs for 4T1). The 

compressed MCF10A migrated much slower than the control cells while both the 

compressed 67NR and 4T1 cells migrated faster than their respective control cells 

(wound closure rates are shown in Fig. 2.3). In particular, compressing 67NR cells 

induced more cells at the leading edge to show directional alignment perpendicular to the 

cell-denuded areas. Scale bar, 200um. 

 

As mechanical stimulation can influence cytoskeleton organization[36,37], which provide 

structural support and shape for cells, we performed immunostaining of phalloidin for 

actin filaments (Fig. 2.6) and alpha-tubulin for microtubules (Fig. 2.7), which have been 

viewed as tension cables and compression struts, respectively[38,39], in those three cell 

lines. The Cy3-phalloidin staining shows that the marginal actin filaments (indicated by 

yellow arrows) appeared less pronounced and revealed a less intense fluorescence 

staining in the leading edge of the compressed MCF10A and 4T1 cultures (Fig. 2.6). 

Moreover, prominent actin filaments (stress fibers) were induced within the cytoplasm in 

the compressed cultures of 67NR and 4T1 cells, suggesting that tension of the actin 

cytoskeleton was raised. Moreover, those actin filaments were clearly oriented in 

correlation to cell elongation and orientation in the compressed 67NR cultures.  
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Figure 2.6. Compressive stress induces cytoskeletal actin rearrangement. 

Immunostaining of phallodin for actin microfilaments (Cy3; red) of MCF10A, 67NR and 

4T1 cells at the periphery of the cell-denuded area. Compressive stress reduces marginal 

actin filaments in MCF10A and 4T1 leading cells (indicated by yellow arrows) and 

enhances stress fiber formation within cytoplasm in 67NR and 4T1 cell lines. In 

particular, actin filaments of the compressed 67NR cells are clearly oriented in 

correlation to cell elongation and orientation (n=8-16; scale bar, 10um).  

 

In addition to re-organization of actin cytoskeleton, mechanical stress appeared to 

modulate the microtubule network in 67NR and 4T1 cells (Fig. 2.7), which exhibited 

enhanced migration under compression. In the uncompressed 67NR and 4T1 cultures, the 

microtubule staining was more diffuse, which could correspond to either free tubulin 

subunits or numerous but very short microtubules. By contrast, in the compressed 67NR 

cultures, the microtubule network and distribution appeared to extend longer 

preferentially in the direction of migration; while in the 4T1 cultures, compressive stress 

induced a dendritic network of microtubules in the lamellipodia of the cells. In addition, 

their microtubules displayed a small wavelength curvature, indicating that they buckled 

under compressive loads. When compressive stress increased the tension of the actin 

cytoskeleton, microtubule buckling would also increase[18]. As opposed to 67NR and 

4T1 mammary carcinoma cells, externally-applied stress did not cause any significant 

overall changes in the microtubule network in the MCF10A normal mammary epithelial 

cells (Fig. 2.7), which showed suppressed motility under compression. In both the control 

and compressed cultures, microtubules in MCF10A cells originated around the nuclei and 
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ran radially through the cytoplasm without a preferential alignment and terminating near 

the cell periphery. It should be noted that the vast network of microtubules in the 

uncompressed MCF10A cultures could contribute to their superior motility (compared to 

the uncompressed 67NR and 4T1 cells), as demonstrated in the in vitro scratch-wound 

assay (Fig. 2.3). These findings, coupled with phalloidin staining, suggest that (1) 

compression-induced cell motility could be initiated by increased tension in actin 

cytoskeleton, thereby inducing formation of stress fibers; (2) the elevated tension within 

the compressed cells induces formation of microtubule network to ensure mechanical 

stability[19,39].  
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Figure 2.7. Compressive stress alters microtubule organization in cancer cells. 

Visualization of b-tubulin (Cy3; red) in MCF10A, 67NR and 4T1 cells at the periphery of 

the cell-denuded area. The uncompressed MCF10A cells have microtubules radiating 

throughout the cytoplasm from the perinuclear area toward the cell periphery, and 

compressive stress results in formation and/or re-arrangement of microtubule network in 

the two cancer cell lines (67NR and 4T1) without dramatically altering the organization 

in the "normal" MCF10A cells (n=8-16; scale bar, 10um). 

 

Compressive stress stimulates directional migration of 67NR mammary carcinoma 

cells in a coordinated cell sheet 

The 67NR mammary carcinoma cells have shown the most pronounced cytoskeletal 

changes and enhanced cell motility in response to mechanical compression (Fig.2.3 and 

Figs. 2.5-2.7). We, therefore, selected 67NR cell line as our model for subsequent study 

of compression-induced migration. To investigate the effect of compressive stress on 

67NR cell migration behavior, we first visualized the migration process using time-lapse 

fluorescent microscopy (Fig. 2.8A). In the absence of compression (control), the cells 

extended in random directions and clustered at the wound periphery. In contrast, 

compressed 67NR cells demonstrated a clear persistence and directionality in their 

movement at the leading edge of the cell sheet, and preferentially aligned perpendicular 

to the wound periphery with the leading edges extending into the open area (Fig. 2.8B). 
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B 
 

Figure 2.8. Compressive induces directional migration of 67NR cells in a 

coordinated manner. A, Representative snapshots of specified time points from time-

lapse fluorescent microscopy of 67NR cells subjected to stress-free (control) or a 

compressive stress of 5.8mmHg. The inserts display the toluidine blue staining of 67NR 

cell morphology at the end of the time-lapse experiment. The compressed cells at the 

leading edge of the cell sheet show a clear persistence and directionality in the 

movement, but uncompressed cells move in random directions, generating a spiky edge 

of the cell sheet (scale bar, 50um). B, Quantitative analysis represented by a cell 

alignment correlation index to determine cell orientation of the 67NR cells at the wound 

periphery after 16-hr exposure to stress-free (control) or a compressive stress of 

5.8mmHg. An index value of 1 indicates that the cells align perpendicular to the cell-

denuded areas, while a value of 0 indicates orientation parallel to the wound periphery. 

Random cell alignment would result in an index of 0.63 according to theory. 

Uncompressed (control) samples had randomly-oriented cells, but compression induced 

directed elongation into the denuded region (n=7; *P<0.005). Error bars represent s.e.m. 
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Sustained and moderate applied compressive stress is required for enhanced cell 

motility  

We previously exposed 67NR mammary carcinoma cells to a moderate stress level 

(5.8mmHg) similar to that found in the native breast tumor microenvironment[13] and 

observed increased migration of some cancer cells. We next investigated if higher 

stresses would enhance migration even more. (To ensure that the mere presence of pores 

on the membranes was not accountable for compression-induced migration in 67NR 

cells, we showed in Appendix Figure A1 that similar response was also observed on non-

porous surfaces). By titrating the compressive force, we determined that compressive 

stress on 67NR carcinoma cells beyond 5.8mmHg triggered apoptosis and only 40% of 

cells remained viable at 58mmHg[10](Fig. 2.9A). In addition, the motility of viable 

67NR cells was diminished by stresses greater than 5.8 mmHg (Fig. 2.9B). In fact, the 

wound closure was adversely affected by higher stresses and was completely inhibited at 

58mmHg. Hence, this result suggests that moderate level of mechanical stress enhances 

cancer cell motility, while too high stresses trigger cell death.  
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Figure 2.9. Moderate stress enhances 67NR cell motility without a significant 

decrease in cell viability. Cell viability (A) and average migration rate obtained from the 

scratch-wound assay (B) for 67NR cells subjected to different specified levels of 

compressive stress for 16 hrs using the device described in Figure 2.1. The insert in A 

shows a representative image of viability of cells subjected to a compressive stress of 

58mmHg, where live and dead cells were labelled with calcein-AM (green) and ethidium 

homodimer-1 (red), respectively (n=6-12; NS=not significant; *P<0.05 compared with 

the control – 0mmHg). Error bars represent s.e.m.  

 

We then tested whether continuous compressive stress is required for enhanced cell 

migration. We first performed the same in vitro scratch wound-compression experiment 

with 67NR cells and they exhibited enhanced cell migration under compression as 

expected. Then, we removed the piston from the compressed cultures and determined the 

wound closure rates after stress release. We found that continuous compression was 

necessary for enhanced migration: 67NR cells pre-conditioned with a compressive stress 

of 5.8mmHg migrated slower after stress removal than continuously compressed cells 

(Fig. 2.10). Taken together, these results show that moderate levels of continuously-

applied compressive stress are necessary to induce more aggressive cell motility. 
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Figure 2.10.  Continuous compressive stress is required to maintain enhanced cell 

migration. The top panel shows the representative images of control and 5.8mmHg-

compressed 67NR cells closing the “wound” after 16 hrs, followed by stress (piston) 

removed from the compressed cells. The compressed cells at the leading edge exhibited 

directional migration (yellow arrow). However, after stress was removed, some of the 

leading-front cells started clustering together as control cells (green arrows). The bottom 

panel shows the corresponding average migration rate of 67NR cells with and without 

compression (n=9; *P<0.005 compared with the control). The compressed cells migrated 

slower after stress removal than continuously compressed cells. Error bars represent 

s.e.m. 

 

Could compressioninduced cell migration be a result of gene expression change? 

Cells can sense mechanical forces and transduce them via cytoskeletal network into 

changes in intracellular biochemical signaling and gene expression[39,40]. Moreover, it 

has been shown that mechanical stress induces Twist gene expression in Drosophila 

embryo [5] and Twist facilitates metastasis in mice [41]. Hence, compression-induced 

cytoskeletal changes in 67NR cells (Figs. 2.6 and 2.7) could affect gene expression to 

produce migratory phenotypes. To test this possibility, we compressed the cells and then 

collected total RNA for microarray analysis. Using pathway-focused DNA microarrays 

(SABiosciences), we specifically measured transcriptional changes in genes associated 

with tumor metastasis and extracellular matrix and adhesion molecules. Figure 2.11 

displays the raw images of microarray expression data (A: Tumor metastasis array; B: 

Extracellular matrix and adhesion molecules array) for both the control and compressed 
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cultures. Their respective genes tables are shown in Appendix Figure A2. We showed 

that compression did not induce any significant changes in the expression of genes 

related to tumor metastasis, including Twist, and hypoxia-activated genes such as 

CXCR4 and Met (Fig. 2.11A).  The expression data for the extracellular matrix (ECM) 

and adhesion molecules array initially suggested that a few genes could be influenced by 

compression (Fig. 2.11B). However, after quantitative PCR verification (a more reliable 

detection method than microarray), only the expression changes for beta-catenin 

(adhesion molecule) and TIMP-1 (extracellular matrix protease inhibitor) were 

reproducible but their small changes (less than 2-fold) detected by quantitative PCR were 

questionable. Since quantitative PCR is a highly sensitive detection method, 2-fold 

change is considered practically insignificant (based on consultation with Dr. Sung-Suk 

Chae, a post-doc with expertise in molecular biology).  Thus, our findings indicate that 

compressive stress applied to 67NR cells unlikely affect the expression levels of those 

~150 genes we examined.  

 

However, it should be noted that beta-catenin can function as an oncogene when it is 

translocated to the nucleus, and high beta-catenin activity significantly correlates with 

poor prognosis of breast cancer patients[42]. Therefore, in spite of insignificant changes 

in beta-catenin expression, we examined its localization in the 67NR control and 

compressed cultures. Using confocal immunofluorescence microscopy, we, however, 

determined that neither did compressive stress induce any nuclear localization of beta-

catenin (Appendix Fig. A3). 
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Figure 2.11. Compressive stress unlikely influence the genes associated with tumor 

metastasis or extracellular matrix and adhesion molecules arrays.  A, B, Microarray 
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data using total RNA pooled together from 3 samples of uncompressed (control) or 

compressed (5.8mmHg) 67NR cells. Samples were collected at the indicated times. A, 

Tumor metastasis microarray: No significant changes were observed in the various tumor 

metastasis-related genes, including CXCR4, Met and Twist. B, Extracellular matrix and 

adhesion molecules microarray: The genes (inscribed in squares) appeared to have 

expression change in the compressed cultures. However, after quantitative PCR 

verification, only beta-catenin and TIMP-1 showed consistent results (data not shown), 

but the changes detected by quantitative PCR was less than 2-fold, which is generally 

considered insignificant for the highly sensitive quantitative PCR detection method. The 

bottom row of the microarrays represents various house-keeping genes for normalization. 

Discussion 
 
Cancer cell migration is a key event during metastasis and most of its research focuses on 

gene expression [41,43] and soluble gradients[44,45]. In solid tumors, cancer cells 

actively proliferate in a confined matrix at the expense of host tissue, thus experiencing 

substantial growth-induced compressive stress. While previous in vitro studies have 

demonstrated that matrix rigidity can influence tumor growth and development [9-13], 

the direct effect of mechanical compression on cancer cell migration has not been 

studied. In the present study, we developed an in vitro compression model utilizing a 

simple piston device and provided the first evidence that continuously-applied 

compressive stress can enhance migration of some cancer cells. In particular, 

compression stimulates directional migration of 67NR mammary carcinoma cells in a 

coordinated manner. 
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Our findings showed that cancer cells exhibited divergent responses to mechanical stress. 

While faster migration was observed in multiple cancer cell lines subjected to continuous 

compression, some exhibited reduced motility. As mechano-responsiveness is cell and 

tissue specific[12], differences in gene expression and phenotypic properties among 

cancer cells could influence their mechanosensitivity. For instance, the fact that 4T1 

mammary carcinoma cells display greater inherent cell-substrate adhesion and migration 

potential than 67NR cells [46] could affect the transduction of mechanical stimuli into 

other cellular signals. In addition, rheological properties of the cells can also affect their 

mechanosensitivity. The cytoskeleton of cancer cells appears more irregular and 

compliant (with fewer filamentous actin, intermediate filaments and microtubules) than 

that of normal epithelial cells [47]. Thus, cancer cells generally have higher deformability 

than normal epithelial cells, implying that both cancerous and normal cells could impart 

distinct mechano-responses. Indeed, consistent with other studies on mechanical 

stimulation of epithelial cells[48,49], the motility of normal mammary epithelial 

MCF10A cells was impaired under compression in our study, while other mammary 

carcinoma cells (except for the MCF7 cell line with certain features of normal mammary 

epithelial cells) showed compression-induced migration. 

 

However, increasing stresses does not augment cancer cell motility, but trigger cell death 

and restrain motility of viable cells. We speculate that compression increases cell-matrix 

adhesion, thereby enhancing cell migration (confirmed in Chapter 4). As there is a bell-

shaped relationship between cell migration speed and substrate concentration (adhesion 
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strength)[50,51], the over-compressed 67NR mammary carcinoma cells might adhere too 

strongly to the surface and thus have difficulty in breaking the adhesion with the substrate 

in the trailing back. For optimal cancer invasion in vivo, our results suggest a feedback 

regulation of stress-dependent matrix degradation and/or apoptosis as a defensive cellular 

response against stress. Hence, some cancer cells could respond to growth-generated 

compressive stress by increasing migration. 

 

Based on our microarray analysis of about ~150 genes related to tumor metastasis and 

ECM and adhesion molecules, we determined that compressive stress unlikely affected 

expression of those genes. Two possible explanations are: (1) the small sampling of genes 

(less than 1% of the whole genome) could simply miss the potential mechanically-

sensitive genes; and (2) compression-induced migration involved regulation of signaling 

pathways rather than gene transcriptions. To address the first possibility, we could have 

performed the genomic profiling experiment of the control and compressed cultures. 

However, the transcriptional changes might also be confined to a limited number of cells 

such as leader cells. Nevertheless, the requirement of continuous compression for 

enhanced cell motility implies that the latter explanation could be more probable, and it 

suggests that (1) compression did not likely cause any permanent genetic mutations in 

cancer cells; and (2) any compression-induced changes were reversible and these 

modifications could be, but not limited to, cell shape distortion, size and activation of 

signaling pathways.  
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Indeed, when the mechanical stress was removed, the migration potential of pre-

compressed 67NR cells that previously demonstrated increased cell motility plummeted 

significantly (Fig. 2.10). Cell shape is dynamically stabilized through a mechanical force 

balance in which the microtubules and ECM adhesions resist and balance the tension of 

the actin cytoskeleton[38,39]. The immunofluorescent staining of cytoskeletal structure 

in 67NR cells shows that applied compression-induced cell distortion increases formation 

of stress fibers, an indicator of increased cytoskeletal tension, which is accompanied by 

elongation of microtubules to resist the cell distension. Hence, any additional mechanical 

disturbance (such as stress removal) would upset the force balance, resulting in re-

arrangement of cytoskeletal structure (and cell shape) to restore the mechanical stability. 

As cell shape can govern various cellular processes such as proliferation and directional 

protrusions[52,53], sustained stress is essential to maintain the compression-induced 

migratory phenotype. Furthermore, Tschumperlin et al. [54] revealed that compressive 

stress shrunk the lateral intercellular space, leading to an increase local concentration of 

soluble factors that were sufficient to trigger molecular signaling. This finding suggests 

that similar phenomenon could have happened in our system. Thus, constant stress is 

required to enhance autocrine or paracrine mechanisms that could contribute to increased 

cell motility. 

 

In conclusion, continuous compressive stress enhances migration of mammary carcinoma 

cells. It is possible that the reorganization of cytoskeleton by compressive stress is 

sufficient to drive internal polarization for directional migration of 67NR cells, 

independent of any changes in gene transcription. Indeed, a recent report has also 
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demonstrated persistent and fast migration of cancer cells when they were mechanically 

confined in channels of size comparable to cell size [55]. Coordinated migration of 67NR 

mammary carcinoma cells induced by compressive stress in an in vitro scratch-wound 

assay has relevance to in vivo situations when cancer cells form an “coordinated” 

invading mass guided by “leader” cells - another mode of cell movement termed as 

collective/coordinated cell migration, which has been demonstrated by most epithelial 

cancers in histopathological sections [56]. Furthermore, it should be noted that 

compressive stress did not affect migration of normal fibroblasts (CRL-2575; Appendix 

Fig. A4) that constitute the majority of stroma, but it has been previously reported to 

regulate the production of extracellular matrix[57]. Several studies have shown that 

matrix rigidity can transform cells to malignant phenotypes [11,58]. Thus, while most 

studies focus on molecular pathways of collective cell migration[56,59], an intriguing 

possibility, supported by our study, is that the initial step of collective tumor migration 

could be triggered by compressive stress in the growing tumor. 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Introduction 
 
Unrestrained growth of cancer cells at the tumor margin inevitably generates compressive 

stress, as demonstrated in a mouse model [1,2]. However, the role of such stress in tumor 

progression remains unclear. In the previous chapter (Chapter 2), we have shown that 

externally-applied stress enhances migration of some cancer cell lines. Specifically, 

compression stimulates coordinated migration of 67NR mammary carcinoma cells in the 

in vitro scratch-wound assay.  

 

Coordinated cell migration (collective cell migration) differs from single cell migration in 

that cells remain connected as they move, which results in a migrating sheet guided by 

“leader” cells[3,4]. The leader cells in the front row display polarized morphology 

including active membrane extension (protrusions), detect extracellular guidance and 

generate greater cytoskeletal dynamics than follower cells in the cohort[5]. Whereas 

leader cells at the leading edge are often less ordered and mesenchymal-like, cells at the 

rear tend to form more tightly packed assemblies[3]. Cell polarization can arise from 

perceived spatial, temporal or concentration stimulus gradients[6-8]. For example, the 

leader cells can polarize in response to a chemoattractant and re-organize their actin 

cytoskeleton for movement by generating a protrusive force at the leading edge. In the in 

vitro scratch-wound assay (an example of coordinated/collective movement), the cells 

sense the free space left by the scratch and the interactions with their neighbors. In 

absence of concentration stimulus gradients, these directional cues trigger the front row 

of the cells to polarize and restrict protrusive activity to the free space (leading edge). 
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Following cell polarization, cells actively extend the plasma membrane at the cell front 

and form protrusions driven by local actin polymerization. Membrane protrusions at the 

leading edge include lamellipodia, filopodia and other various structures[6,7]. 

Lamellipodia are broad, flat, sheet-like structures with actin cross-linked into a two-

dimensional mesh network. By contrast, filopodia are thin, cylindrical, needle-like 

projections with actin filaments grouped into rope-like bundles [6], and they extend much 

faster than lamellipodia[9]. These membrane protrusions control the direction of cohort 

movement. 

 

Most work on induction of cell polarization in the direction of collective migration has 

focused on the role of gradients of chemokines such as stromal cell-derived factor 1 

(SDF1; also known as CXCL12) and members of the fibroblast growth factor (FGF). 

These factors activate members of the Rho GTPases  - Rac and Cdc42-which induce 

formation of lamellipodia and filopodia [10,11], thus promoting directional cell 

migration. Recent findings show that direct mechanical distortion of cell shape promotes 

directional control of lamellipodia extensions where Rac activation is 

concentrated[12,13]. By contrast, other studies demonstrate that external mechanical 

tension decreases Rac activation and thus lamellipodia formation[14,15]. While those 

studies have focused on protrusions of singles cells, little is known about the role of 

mechanical stimulation in directional control of membrane protrusions of leader cells in 

the collective cell movement. 
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In this chapter, we investigated the determinant of compression-induced 67NR collective 

cell migration, and in particular, the effect of externally-applied stress on formation of 

leader cells and membrane protrusions. We determined that compressive stress stimulated 

the leader-cell formation with filopodial protrusions, of which the process was 

independent of Rac and Cdc42 activation. Utilizing micro-contact printing technology to 

pattern 67NR cells in defined geometries, we instead identified a mechanism responsible 

for compression-modulated formation of a population of “leader cells” which appear to 

orchestrate the coordinated migration. 

Materials and Methods 
 

Cell cultures 

The murine mammary carcinoma cell line 67NR, kindly provided by Dr. Fred R. Miller 

at Wayne State University [16], had been transduced with the enhanced green fluorescent 

protein (EFGP) retrovirus described earlier in the Materials and Methods of Chapter 2. 

The cells were cultured in high-glucose DMEM (Sigma D5671) supplemented with 10% 

fetal bovine serum (FBS) and 1% non-essential amino acid (Gibco), and were incubated 

at 37°C with 5%CO2.  

 

In vitro scratch woundcompression experiment 

To assess cancer cell migration under compression, the same in vitro compression device 

described in Chapter 2 (Fig. 2.1) was used, and cell migration was assessed with scratch-

wound assay. Briefly, 67NR-GFP cells were allowed to grow to confluence on uncoated 

transwell inserts. Using a p-200 pipette tip the monolayer was scraped to denude a 
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circular area of ~1000 µm in diameter. The wound closure was monitored 

microscopically under stress-free or a compressive stress of 5.8mmHg and migration was 

determined as the change in wound area covered by cells 16 hr after wounding (unless 

specified). In this chapter, other than in vitro wound-scratch assay, cell micro-contact 

printing method (described below) was also performed to assess cell migration on 

different geometries. 

 

Cell microcontact printing 

We patterned 67NR mammary carcinoma cells in defined geometries using micro-contact 

printing. For circles and rosettes, the fibronectin (and cells) were excluded from the 

shapes; for squares, the fibronectin (and cells) were confined to the shape. The fabrication 

of polydimethylsiloxane (PDMS) stamps used for micro-contact printing has been 

previously described [17-19]. In brief, a template used in the molding of stamps was 

fabricated with UV photolithography. To fabricate a PDMS stamp with defined features, 

the prepolymer mixed with a curing agent (10:1 ratio) was poured onto a template and 

cured to crosslink the polymer. The PDMS stamp with defined pattern was then pre-

coated with a 1:2 mixture of 50ug/mL rhodamine-conjugated fibronectin (Cytoskeleton 

Inc, Denver, CO) and 50ug/mL non-conjugated fibronectin (BD Biosciences, San Jose, 

CA) for 1 hr at room temperature.  For fibronectin to transfer onto the transwell 

membranes efficiently, the transwell inserts were pre-treated with plasma oxidation for 

30 seconds. In order to reduce non-specific cell adhesion, transwell membranes were 

blocked with 3% BSA (Sigma) for 1 hr at room temperature prior to seeding 67NR cells 

in serum free medium. Any floating cells were removed after 1 hr and full-growth 
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medium was then added. The cells were allowed to attach overnight and cell compression 

experiments were performed the next day. The cell patterns were monitored 

microscopically under stress-free or a compressive stress of 5.8mmHg and migration was 

determined as the distance travelled by cells over a 20-hr period. 

 

Immunofluorescence microscopy 

To visualize the actin cytoskeleton, the 67NR cells after in vitro scratch wound-

compression experiment were fixed with 4% paraformaldehyde in phosphate buffered 

saline (PBS), permeabilized and blocked with 5% normal horse serum containing 0.2% 

Triton X-100. The cells were then incubated with Alexa Fluor-546 phalloidin (1:200, 

Molecular Probe) for 20 min at room temperature. The cells were mounted in Vectashield 

Mounting Medium containing nuclear dye DAPI and then visualized with an Olympus 

FluoView 500 confocal microscope system (Olympus, Center Valley, PA). 

 

Quantification of leadercell frequency 

Confluent 67NR cells on transwell inserts were scraped with a p-200 pipette tip and then 

compressed for 16 hours with the in vitro compression device. The 67NR cells were then 

stained with actin-phalloidin and counterstained with DAPI. The 67NR cells at wound 

leading edges were imaged with a laser scanning confocal microscope for analysis with 

ImageJ 1.4J software. The fraction of leader cells was calculated as the number of leader 

cells relative to the total number of perimeter cells. Perimeter cells were defined as any 

cell bordering the periphery of the cell-denuded area.   “Leader cells” were defined as 

those with leading edge protrusions (filopodia) along the longest axis of the cell invading 



  93 

toward the open wound area. To be classified as a leader cell, the cell must have at least 

one protrusion longer than 5um, and the longest protrusion must have free perimeter on 

both sides, for at least some of its length. 

 

Quantification of cell morphology 

The 67NR cells at the wound periphery were stained for actin-phalloidin, counterstained 

with DAPI and imaged with a laser scanning confocal microscope. The confocal images 

were then analyzed with ImageJ 1.4J software to determine the projected cell area (cell-

substrate contact area), whole length and frontal length of leader cells and the nuclear 

offset index. The projected cell area was calculated as the total cell area bounded by 

phalloidin staining divided by the number of DAPI-stained nuclei. To compare the 

projected cell area of the leading edge and internal monolayer, the cells at the wound 

edge were considered as “leading edge”, while the cells that were a few rows away from 

the wound edge were considered as “internal monolayer”. The whole cell length is 

measured transversely from the leading tip of the leader cell to the opposite end, while 

frontal length is measured transversely from its leading tip to its nucleus.  The nuclear 

offset index (a measure of leader cell polarization) was determined as frontal length 

relative to the whole cell length. 

 

Quantification of cell pattern shape change 

67NR mammary carcinoma cells were patterned on square islands (500mm X 500mm), 

using micro-contact printing. The cells were then cultured in the compression device with 

or without a piston (compressed or uncompressed respectively) for 16-20 hrs. Fluorescent 
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images of the cell patterns were captured with an inverted microscope (Olympus IX 70, 

Center Valley, PA) at the beginning (t0) and the end (tend) of the compression period. To 

quantify the effect of cell pattern geometry on leader-cell formation, images were 

analyzed with NIH ImageJ 1.40f to determine the shape change index (SCI), defined as: 

€ 

SCI =
(btend − bt 0) bt0
(atend − at 0) at 0

, where ai and bi are the height (shortest) and diagonal of the cell 

pattern, respectively. 

 

Measurement of Rac1 activity 

The 67NR cells were seeded at 30% confluency in full-growth medium and then serum-

starved the next day for 16 hours. After serum starvation, the cells were either stress-free 

or compressed at 5.8 mmHg for the indicated duration. Cell lysates were then collected 

and active Rac1 level was determined by two different methods: (1) Rac1 pull-down 

followed by Western blot, and (2) ELISA-based Rac activation assay. For Rac1 pull-

down assay, Rac1 Activation Assay Biochem Kit (Cytoskeleton, Inc.) was used to extract 

active Rac1 according to the manufacturer’s instruction. The pull-down proteins and total 

proteins (without pull-down) were analyzed by Western Blot for active Rac1 and total 

Rac1, respectively.    

 

For ELISA-based Rac activation assay, Rac1 activity in uncompressed and compressed 

cells was also measured with Rac G-LISA Activation Assay (Cytoskeleton, Inc), 

following the manufacturer’s instructions. Briefly, equal amount of protein from 

collected cell lysates was incubated in Rac-GTP affinity plate (binding active Rac) for 
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30mins. Then antibody detection reagent was added, and signal was developed with 

colorimetric methods. 

 

Measurement of Cdc42 activity by pulldown assay 

The 67NR cells were seeded at 30% confluence in full-growth medium and then serum-

starved the next day for 16 hours. After serum starvation, the cells were either stress-free 

or compressed at 5.8 mmHg for the indicated duration. Then, the cells were washed in 

ice-cold phosphate-buffered saline, incubated for 5 min on ice in the radio 

immunoprecipitation assay (RIPA) lysis buffer, and then centrifuged for 5 min at 10,000 

g at 4°C. Aliquots of total protein samples were taken from the sample supernatant to 

determine protein concentration. Equal amount of protein was incubated with PAK-PBD 

GST fusion proteins (Cytoskeleton, Inc), bound to glutathione-coupled Sepharose beads 

at 4°C for 1 hour. The beads and proteins bound to the fusion protein were washed three 

times in an excess of RIPA lysis buffer, eluted in Laemmli sample buffer (60 mM Tris, 

pH 6.8, 5% beta-mercaptoethanol, 10% glycerin, 0.1% bromphenol blue) and then boiled 

at 100°C for 5 mins. These pull-down and total protein samples were analyzed for active 

Cdc42 and total Cdc42, respectively, by Western blotting using a polyclonal rabbit 

antibody against Cdc42 (Cell Signaling Technology). Beta-actin was used as a loading 

control.  

 

Transient transfection  

The day before transfection, 67NR cells were freshly plated at 70% confluence in 6-well 

plates. Transient transfections with different Rac1-related, Cdc42-related or control 
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plasmids (8ug/well) were performed using Lipofectamine 2000 (20ul/well; Invitrogen) 

according to the manufacturer’s instruction. All the plasmids were purchased from 

Addgene (Cambridge, MA) and they were pcDNA3-eGFP-Rac1-T17N (Plasmid 12982; 

Rac1 dominant negative), pcDNA3-eGFP-Rac1-Q61L (Plasmid 12981; Rac1 

constitutively active), pcDNA3-eGFP-Cdc42-T17N (Plasmid 12976; Cdc42 dominant 

negative), pcDNA3-eGFP-Cdc42-Q61L (Plasmid 12986; Cdc42 constitutively active), 

and pcDNA3-eGFP (Plasmid 13031; control). After overnight incubation at 37°C, the 

transfected cells (expressing eGFP) were used to perform in vitro scratch wound-

compression experiment. 

 

Statistical analysis 

Quantitative data are shown as mean ± s.e.m., and P ≤ 0.05 was considered significant in 

unpaired, two-tailed Student’s t-tests. 

Results 
 
Compressive stress enhances leadercell formation 
 
In the previous chapter (Chapter 2), we showed that compression induced a directionality 

and persistence in the movement of 67NR cells at the leading edge of the cell sheet. The 

top panel of Figure 3.1A illustrates that in the absence of compression (control), the cells 

extended in random directions and clustered at the wound periphery after 16 hours. In 

contrast, compressed 67NR cells preferentially aligned perpendicular to the wound 

periphery with the leading edges extending into the open area. Using Alexa546-

phalloidin to visualize F-actin in migrating 67NR cells, we found that actin alignment 
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was more pronounced in compressed cells (Fig. 3.1A, bottom). More importantly, there 

was a striking difference in the formation of “leader cells” between the control and 

compressed cultures. Leader cells (marked by yellow triangles in Fig. 3.1A, bottom) are 

defined as individual cells at the wound periphery that extend protrusions into the 

denuded area while maintaining connections with neighboring cells. The number of 

leader cells was nearly doubled when the 67NR cells were exposed to mechanical 

compression (Fig. 3.1B).  
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A  
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B 

Figure 3.1.  Externally-applied stress enhances leader-cell formation. A, 

Representative images (from 3-4 independent experiments) of control (left side) and 

compressed 67NR cells (right side) closing the “wound” after 16 hrs.  The top panel 

shows the wound closure of 67NR-GFP cells under 16-hr stress-free (control) or 

compressive stress of 5.8mmHg, visualized by fluorescent microscopy. The cells were 

then fixed for phalloidin staining for actin microfilaments (bottom panel; red: actin 

microfilaments; blue: nuclei) and imaged by confocal microscopy. The compressed cells 

at the leading edge showed directional alignment (top) and contained elongated actin 

filaments (red; bottom) perpendicular to the cell-denuded areas. Examples of leader cells, 

defined as individual cells at the wound margin that extend protrusions into the denuded 

area, were indicated by the yellow triangles. Scale bar, 200um (top) and 10um (bottom). 

B, The fraction of cells around the denuded periphery that were phenotypically 

determined to be leader cells was dramatically higher in the 16-hr compressed samples. 

Leader cells are defined as those cells at the wound margin that extend protrusions into 

denuded area (n=12; *P<0.005 compared with control). For a more detailed definition of 
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leader cells, please see Methods and Materials. Error bars represent s.e.m. 

 
Next, we assessed the size, shape and polarization of the leader cells in compressed and 

control cultures. Although leader cells were always polarized in both conditions 

(Fig. 3.2A), those under compression had larger projected cell-substrate contact areas 

(Fig. 3.2B). Furthermore, when the total cell length and frontal length (measured from the 

nucleus to the leading tip of the cell) of the leader cells were quantified, we found that the 

whole cell length distribution of the leader cells in the compressed cultures was shifted 

toward longer cells (Fig. 3.3A). More importantly, the leader cells in compressed culture 

had more extended filopodial protrusions, as indicated by a longer frontal length 

(Fig.3.3B). Filopodial protrusion functions as a sensor of local environment and as a 

mechanical device in “probing” the surrounding environment. These long filopodia 

would increase the extent of free-cell perimeter - the portion of cell periphery not 

associated with neighboring cells, open to free space - available for new matrix 

adhesions, thereby enhancing leader-cell formation, and the directionality and motility of 

the leader cells. Enhanced protrusions have also been observed in another cell line 

(LS174T, human colon carcinoma cells) under compression (Appendix Fig. B1). 

 

A  B 
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Figure 3.2.  Both control and compressed 67NR cells at the leading edge of the 

“wound” are polarized but the compressed ones have larger projected cell-substrate 

contact area. A, Average nucleus offset of leader cells in both control (n= 107 cells) and 

compressed (n= 177cells) cultures. Nucleus offset was determined as the ratio of the 

frontal length, measured from the leading tip of the cell to its nucleus, to the total cell 

length, obtained by extending a line from the leading tip through the nucleus to the 

trailing edge of the cell. A nucleus offset greater than 0.5 implies cell polarization as the 

nucleus is located closer to the rear end of the cell (NS=not significant). B, Average 

projected cell areas of the control and compressed 67NR cells at the leading edge of the 

“wound” and those in the internal monolayer, far from the edge, (n=7-8. NS=not 

significant; *P<0.005 compared with the control in the same group). Error bars represent 

s.e.m. 

 

A 
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B  

Figure 3.3.  Compressive stress induces 67NR cell extension and filopodial 

protrusions. A, Histogram of leader cell lengths in the control (n = 107 cells) and 

compressed (n = 177 cells) cultures.  B, Comparison of average cell lengths in control 

and compressed samples. Frontal length (filopodial protrusion length) was measured 

from the leading tip of the cell to its nucleus (*P<0.005 compared with the control). Error 

bars represent s.e.m.  

 

ACSinduced cell extrusion compensates for geometrydriven leadercell formation 

To evaluate whether leader-cell formation could be related to the free cell perimeter, we 

controlled cell-cell spatial organization by seeding 67NR cells on fibronectin-coated 

adhesive patterns generated by micro-contact printing. Fluorescent images of the 

fibronectin-coated patterns created with polydimethylsiloxane (PDMS) stamps are shown 

in Appendix Figure B2. By patterning the cells on different polygonal-shaped geometries, 

we were able to alter the extent of free-cell perimeter (compared to that associated with 

neighboring cells) and then monitor their migration behaviors. For instance, while the 

cells around the periphery of the circle have roughly the same extent of free perimeter, 
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the cells at the corners of a square have more free cell perimeter than those on the edges 

of the pattern. To validate the system, we first patterned cells surrounding a circular void 

(analogous to the scratch-wound assay geometry). In agreement with the results obtained 

in the circular scratch cultures (Chapter 2, Fig. 2.1 and Fig. 3.1), compression resulted in 

leader-cell formation (Fig. 3.4A) and faster wound closure (Fig. 3.4B), as opposed to 

slower wound closure and infrequent leader-cell formation in the uncompressed circle 

pattern. 

 A 
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B 

Figure 3.4.  Compression-induced leader cells and enhanced cell migration were 

reproduced in circular patterns created by cell micro-contact printing.  A, 

Representative images of morphological changes and cell migration when 67NR cell 

monolayers (yellow and gray) were patterned into circles and subjected to either stress-free 

(control) or a compressive stress of 5.8mmHg using the device in Figure 2.1. Filled blue 

triangles represent edge cells (with free cell perimeter, defined as the fraction of cell 

periphery not associated with neighboring cells and free to open space, less than 25%) (n=6-

8; scale bar,100um). The compressed cultures show significantly more leader cells than that 

in control culture. B, Average migration rate of control and compressed cells in circle 

patterns (n=6-7; *P<0.005). Error bars represent s.e.m. 

 

Next, we patterned 67NR cells in a square geometry such that the cells at the four square 

corners have higher free-cell perimeter than other edge cells. Similar to the results from 

the compressed circular-void cultures, applied compression facilitated leader-cell 
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formation uniformly at all positions around the square. In contrast, the uncompressed 

67NR cells cultured on square islands preferentially protruded at the square corners (Fig. 

3.5A). Figure 3.5B depicts the quantitative analysis with a shape change index describing 

the extent of square distortion due to cell movement. The geometry-driven leader-cell 

formation in uncompressed cultures indicates that local cell-cell spatial arrangement 

affecting free-cell perimeter can influence cell migration behavior, while ACS-induced 

leader-cell formation is independent of cell micro-organization.  

A 
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B   

Figure 3.5. Compressive stress induces leader-cell formation independent of 

geometry-driven polarization. A, Representative images of morphological changes and 

cell migration when 67NR cell monolayers (gray) were patterned into squares and 

subjected to either stress-free (control) or a compressive stress of 5.8mmHg using the 

device in Figure 2.1. Filled and open triangles represent edge cells (with free cell 

perimeter less than 25%) and corner cells (with free cell perimeter of at least or more than 

25%), respectively (n=6-8; scale bar,100um). B, 500 X 500 µm square patterns distort 

due to cell migration, and this can be quantified using a shape change index. For 

compressed cells, the index is ~1 suggesting that the square pattern expands uniformly 

around the boundary; in contrast, control samples had much higher indices, indicating 

that the shape expanded preferentially along the diagonals (n=8; *P<0.005). Error bars 

represent s.e.m. 

 

Finally, we forced 67NR cells to extend by patterning them in a rosette configuration (see 

the fibronectin-coated pattern in Appendix Figure B2) with potential leader cells pre-
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defined at the rosette tips (Fig. 3.6A). The cells at the points of the rosette have, on 

average, much greater extent of free perimeter than those at the square corners. 

Consistent with the findings from the circular-void and square patterns, there was no 

preferential location for enhanced leader-cell formation with compression (Figs. 3.6A and 

3.6B), while in uncompressed cultures, extension of leader cells from these tips was more 

frequent than from the smooth edges of the pattern (Fig. 3.6C). Taken together, these 

findings suggest that (1) the spatial organization of cells in uncompressed cultures 

influences free-cell perimeter, resulting in distinctive patterns of localized leader-cell 

formation; and (2) exogenous force is able to induce leader cells, independent of cell 

micro-organization by causing an increase in free-cell perimeter and cell-substrate 

contact.    

A  



  108 

B  

 

 

 

 

 

C 

 

 

Figure 3.6. Free-cell perimeter determines leader-cell formation: geometry-driven in 

uncompressed cultures vs. cell distension-induced by compressed cultures. A, 

Representative images of morphological changes and cell migration when 67NR cell 

monolayers (yellow and gray) were patterned into rosettes and subjected to either stress-

free (control) or a compressive stress of 5.8mmHg using the device in Figure 2.1. Filled 

and open triangles represent edge cells (with free cell perimeter less than 25%) and tip 

cells –potential leader cells predefined at the rosette tips- (with free cell perimeter more 

than 50%), respectively (n=6-8; scale bar, 100um). There was no preferential location for 

enhanced leader cell formation with compression, while in uncompressed cultures, 

extension of leader cells from these tips was more frequent than from the smooth edges 

of the pattern. B, Average migration speed of compressed cells is higher than that of 

control cells in rosette patterns, due to an increase in leader-cell formation (n=13-17; 

*P<0.005). C, Average migration speed of tip-cells is higher than that of edge-cells in the 

uncompressed cultures, suggesting that induction of leader cells increases their cell 

motility (n=13-17; **P<0.05 compared with edge cells). Error bars represent s.e.m. 
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Compressioninduced formation of filopodial protrusion is Racactivationindependent 

We have shown that formation of leader cells with filopodial protrusions was induced in 

the compressed cultures (Figs. 3.1A and 3.3B). To become leader cells, they polarize and 

extend protrusions to detect the surrounding microenvironment. Studies have shown that 

Rac1 and Cdc42 - members of Rho family small guanosine triphosphate (GTP)-binding 

proteins (GTPases) as versatile modulators of cell shape that act on actin cytoskeleton - 

regulate cell polarity and the formation of protrusions [20-22]. In addition, mechanical 

stress (e.g. shear stress, stretching) can influence the activity of Rho-GTPases[14,23,24]. 

We first investigated whether compression increases Rac1 activity. Considering the fact 

that GTPase activation is usually a rapid and dynamic response (e.g. growth factor-

induced activation within minutes), we measured Rac1 activation at various time points 

throughout the course of compression. Using Rac pull-down assay followed by Western 

blot analysis and more sensitive Enzyme-Linked Immunosorbent Assay (ELISA), we 

determined that compression did not have any significant effect on Rac activity level 

(Figs. 3.7A and 3.7B). Even when we suppressed Rac1 activity by introducing mutant 

Rac proteins (RacT17N) for competitive inhibition[25], compression-induced formation 

of leader cells with filopodial protrusions was not abolished (Fig. 3.7C). Collectively, 

these findings suggest that Rac1 is not involved in formation of leader cells or filopodial 

protrusions induced by mechanical compression.   



  110 

A  

B 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C  

Figure 3.7.  Rac activity is not required for compression-induced protrusions.  The 

level of Rac activation in the control and compressed 67NR samples for the indicated 

duration was analyzed by Western blot (A) and Enzyme-Linked Immunosorbent Assay 

(ELISA) (B), respectively, in two independent experiments. The 67NR cells were serum-

starved overnight and then compressed in serum-free medium for the indicated duration. 

A, For each condition, equal amount of cell lysate (pooled from three individual samples) 

was incubated with PAK-PBD GST fusion proteins for 1 hr and bound, active GTP-Rac 

molecules were analyzed by Western blot. B, Equal amount of cell lysate from each 

sample was directly used for ELISA following the manufacturer’s protocol. Both assays 

show that there is no significant difference in Rac activation level between the control 

and compressed samples. Error bars represent s.d. C, Representative images of phalloidin 

staining for actin microfilaments of 67NR leader cells at the wound edge. 67NR cells 
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were transfected with empty vector (wild-type), dominant negative Rac-T17N plasmid or 

constitutively active Rac-Q61L plasmid and subjected to stress-free or a compressive 

stress of 5.8mmHg for 16 hrs (n = 8). Compression-induced formation of leader cells 

with filopodial protrusion was still observed under perturbation of Rac activity. Scale bar, 

10um. 

 
Next we investigated the effect of externally-applied compressive stress on Cdc42 

activity. Previous studies have shown that expression of constitutively active Cdc42 

induces filopodial formation, but dominant negative Cdc42 prevents filopodial 

formation[20,26]. In addition, a significant body of evidence has indicated a crucial role 

for Cdc42 in cell migration[8,27]. However, the involvement of Cdc42 activation in 

mechanical stress-induced filopodial formation and cell migration remains unclear, while 

Cdc42 has been shown to mediate the polarity of fibroblasts under mechanical shear 

stress[28]. Similar to other Rho-GTPases, Cdc42 activation is also rapid and dynamic in 

response to stimulation and can return the baseline level within hours. Hence, we focused 

on the measurement of Cdc42 activity during early times of compression (from 5mins to 

90mins). Using Cdc42 pull-down assay followed by Western blot analysis, we 

determined that mechanical stress appeared to decrease Cdc42 activity (Fig. 3.8), 

suggesting that Cdc42 activation is not required for compression-induced migration 

behavior including enhanced migration and leader-cell formation with filopodial 

protrusion. Indeed, expression of constitutively active Cdc42 (Cdc42-Q61L) reduced the 

migration rate of compression-induced leader cells (Fig. 3.9A) in spite of no significant 

effect on compression-induced filopodial formation, as determined by confocal 

immunofluorescence microscopy (Fig. 3.9B). Next, though contradictory to previous 
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studies, we wondered if compression-induced response is resulted from reduced Cdc42 

activity. In agreement with literatures[21,29], inhibiting Cdc42 activity by expressing 

dominant negative Cdc42-T17N did not promote leader-cell formation or filopodial 

formation but reduced migration in the control (uncompressed cultures). However, 

filopodia were still observed in the compressed leader cells with slower motility (Fig. 

3.9). The reduced motility observed in the dominant-negative compressed mutants did 

not reconcile with our Western blot results that compressed cultures with enhanced cell 

migration had reduced Cdc42 activity. One possible explanation is that spatial 

distribution of Cdc42 activity is more important than the average expression level 

measured from the Western blot analysis, because up-regulated Cdc42 activity is usually 

found at the leading edge of the cell during cell migration [7]. While both mutants 

(Cdc42-T17N and Cdc42-Q61L) in the uncompressed cultures behaved in accordance 

with literatures [30,31], they did not follow any norm under compression. Taken together, 

our findings suggest that (1) compressive stress affects the Cdc42 signaling pathway, and 

(2) Cdc42 is not essential for compression-induced formation of leader cells with 

filopodial protrusions. 
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Figure 3.8.  Compressive stress tends to reduce Cdc42 activity despite enhanced 

protrusions. The level of Cdc42 activation in the control and compressed 67NR samples 

for the indicated duration was analyzed by Western blot. The 67NR cells were serum-

starved overnight and then compressed in serum-free medium for the indicated duration. 

For each condition, equal amount of cell lysate (pooled from three individual samples) 

was incubated with PAK-PBD GST fusion proteins for 1 hr and bound, active GTP-

Cdc42 molecules were analyzed by Western blot. Beta-actin was used as a loading 
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control. There is no significant difference in total Cdc42 between the control and 

compressed cultures. However, the level of Cdc42 activation is found lower in 

compressed cultures than in the controls, suggesting that Cdc42 activation is not required 

for compression-induced protrusions. 

 

A 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B  

Figure 3.9.  Perturbation of Cdc42 activity reduces compression-induced cell 

movement but not formation of leader cells with filopodial protrusions. A, B, 67NR 

cells were transfected with empty vector (wild-type), dominant negative Cdc42-T17N 

plasmid or constitutively active Cdc42-Q61L, and then subjected to stress-free or a 

compressive stress of 5.8mmHg for 16 hrs. A, Average migration rate obtained from the 

scratch-wound assay for 67NR cells transfected with indicated plasmids and subjected to 

stress-free or a compressive stress of 5.8mmHg for 16 hrs (n = 4-6; *P<0.05 compared 

with their respective control; **Not significant compared with its respective control; 

#P<0.05 compared with the wild-type control; ##Not significant compared with the wild-

type control). Error bars represent s.e.m. B, Representative images of phalloidin staining 

for actin microfilaments of different transfected 67NR leader cells at the wound edge. 

Perturbation of Cdc42 activity does not affect leader-cell formation induced by 

compression. Scale bar, 10um.  
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Discussion 

Uncontrolled proliferation of cancer cells inevitably generates mechanical, compressive 

stresses. We showed in Chapter 2 that this stress can enhance migration of some cancer 

cell lines. Among them, 67NR mammary carcinoma cells demonstrated coordinated cell 

migration (collective migration)[3], in which some cells in the cell sheet were polarized 

into “leader” cells that extend protrusions in the direction of migration and guide 

“followers” at their rear (Fig. 2.8). In this chapter, using 67NR mammary carcinoma cells 

as a model, we investigated the effect of compression stress on leader-cell formation and 

formation of protrusions, resulting in enhanced cell migration. We found that a 

subpopulation of mammary carcinoma cells at the periphery of a discontinuous sheet can 

undergo a phenotypic transformation, becoming leader cells that migrate to fill open 

space. Under conditions of chronically-applied compressive stress, this phenotype 

becomes ubiquitous at the leading edge. In uncompressed cultures, the process of leader-

cell formation depends on the geometry of the cell-neighbor contact and the extent of 

free-cell perimeter. However, applied compression, which enhances spreading of cells at 

the edge of the culture and promotes filopodial formation, precludes the need for the 

geometry-driven polarization, making it possible for any cell with free perimeter to 

transform into a leader cell.  

 

Indeed, leader cells have been identified in collective migration during cancer cell 

invasion, vascular sprouting, epidermal wound closure and embryogenesis [3,4]. They 

form protrusions and drive the leading edge of the cell cohort forward. In our study, as 

opposed to the geometry-induced leader cells formed in uncompressed cultures, we 
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observed from a time-lapse movie of the compressed cultures that the first row of 67NR 

leader cells contained filopodia and appeared to lead the cell sheet. While the force 

generated by leader cells is sufficient to pull and coordinate migration persistence of five 

to ten cells behind the leading edge[5], follower cells in some 2D cell sheet models can 

also develop polarized protrusions in basolateral regions of moving cell sheets, which 

help maintain the coordinated translocation[32]. Thus, it is not clear to us whether the 

follower cells in the compressed cultures, though tethering to the leader cells, generated 

their own force for movement, or they were passively dragged forward by the leader 

cells. Furthermore, another possibility is that each individual cell in collective migration, 

regardless of whether they are leader cells or followers, engages in a global tug-and-war 

involving local force generation[33]. With recently-developed technique called Fourier-

transform traction microscopy[33], traction force distribution within an advancing cell 

sheet can be determined to unveil which mechanism is responsible for the compression-

induced collective motion.  

  

The most distinct feature of compression-induced leader cells is that the compressed cells 

are much elongated and, most importantly, have long filopodia. Filopodia have been 

described as “antennae” or “tentacles” that cells use to probe their microenvironment[34], 

and have thus been related to cancer cell invasion[35]. In addition, activated integrins 

(cell-matrix receptors) were reported to accumulate in filipodia, thus readily promoting 

cell adhesion with matrix and enhance migration. Those integrin-containing filopodia 

form the initial adhesion sites, to which other signaling and adhesion molecules such as 

talin, focal adhesion kinase (FAK) and paxillin are recruited, transitioning into mature 
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adhesion sites[36,37]. Our finding that compression induces formation of leader cells 

containing filopodia suggests that growth-induced compressive stress in tumor could 

induce malignant phenotypes in cancer cells, enhancing their motility and eventually 

metastasis. 

 

Our results showed that compression-induced formation of leader cells with filopodial 

protrusions still occurred after inhibition of Rac1 or Cdc42 activity, suggesting that 

neither activation of Rho GTPases is required for compression-induced migration 

behavior. Previous work has shown that Rho GTPases Rac and Cdc42 regulates cell 

protrusions at the leading edge and outward deformation of the plasma membrane: Rac 

controls extension of lamellipodia and Cdc42 controls extension of filopodia 

[20,21,38,39]. Hence, it might explain why Rac activation is not involved in filopodial 

formation stimulated by compression. However, our finding that inhibition of Cdc42 

activation did not prevent filopodial formation in compressed leader cells contradicts 

with previous studies [20,26]. It could imply that Cdc42 may not be the only RhoGTPase 

to induce filopodial formation. Indeed, a recent study also reported that Cdc42 is not 

essential for filopodial formation in fibroblastoid cells [40]. Beside Cdc42, other Rho 

GTPases such as Rif [41], TCL [42] and Wrch-1 [43] were suggested to induce filopodia. 

Among them, dominant negative Cdc42 did not block filopodial formation induced by 

Rif [34,41]. Thus, other Rho GTPases might be responsible for compression-induced 

leader-cell formation with filopodial protrusions.  
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Other than the molecular mechanisms regulated by Rho GTPase, another possibility to 

explain compression-induced leader-cell formation is that the externally-applied stress 

changes the internal mechanical stress by cell distortion. Using the microfabrication to 

control the organization of sheets of cells, we demonstrated that emergence of leader cells 

corresponded to the tips or corners of the uncompressed monolayers, while externally-

applied compression induced leader cell formation everywhere around the edge of the 

pattern. Multicellular micro-organization of defined shapes and sizes generated by 

microfabrication has also been previously shown to direct patterns of cell 

proliferation[44]. In that study, Nelson et. al. (2005) have measured the traction forces 

over the entire monolayer using arrays of micro-mechanical force sensors, and 

determined that regions of concentrated growth corresponded to regions of high tractional 

stress generated within the sheet. A distinct tensional stress pattern can be generated 

within a cell monolayer as a result of isotropic cell contraction. To keep the pattern of the 

cell monolayer stable, the tensional stresses generated in the cytoskeleton of each cell 

have to balance with cell-cell and cell-ECM attachment sites. Thus, the cells will 

spontaneously remodel their shape and internal cytoskeletal structure to minimize local 

stresses and strains, as they pull against those cell-cell and cell-ECM attachment sites 

[45]. Depending on the cell’s position and the overall shape of the monolayer, tensional 

stress generated within each cell varies. Using similar mechanical basis, the highest 

tensional stress could be resulted in the cells at the corners/tips of the square/rosette 

patterns used in our experiment because they have more free-cell perimeter than that of 

edge cells to interact with ECM for cell-matrix adhesions. Indeed, cells have been shown 

previously to extend protrusions preferentially from the concentrated regions of tensional 
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stress such as corners of the square pattern [12,13]. Hence, leader-cell formation is 

geometry-driven in the control, uncompressed cultures. However, as compression 

distended every cell around the edge of the monolayer pattern, the cell distortion (cell 

extension) toward open space increased the cell-ECM contact area for adhesion, thereby 

increasing the magnitude of contractile force generated in the cells [46,47] and inducing 

leader-cell formation independent of initial cell micro-organization. 

 

In conclusion, while other studies have shown that matrix rigidity can transform cells to 

malignant phenotypes [48-51], we have demonstrated, for the first time, that mechanical 

compression-induced cell distension can lead to enhancement of coordinated cancer cell 

motility via formation of leader cells with filopodial protrusions without stiffening of 

extracellular matrix. This result suggests that the growth-induced compressive stress 

experienced by proliferating cancer cells could distort their cell shapes and induce them 

to become leader cells responsible for collective invasion as observed in many epithelial 

cancers [3]. Furthermore, our results provide novel insight into how physical 

determinants trigger coordinated migration, which could be relevant in other 

physiological processes, such as vascular sprouting and wound healing.  
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Introduction 

Uncontrolled cell proliferation of a solid tumor in a confined space generates mechanical 

compressive stress, which can influence the tumor cells and modify their interactions 

with neighboring cells and the extracellular matrix (ECM). In the previous chapter 

(Chapter 3), while we have shown that externally-applied stress enhances cancer cell 

migration via formation of leader cells with filopodial protrusions, the newly-formed 

protrusions have to be stabilized by attaching to the substrate surface in order for cell 

migration to occur. Previous studies have shown that shear stress[1,2] or extracellular 

pressure [3-6] can modulate tumor cell adhesion to the endothelium or extracellular 

matrix in vitro, respectively. The ability of cells to transduce mechanical signals is 

governed by two types of cell adhesion: integrin-mediated cell-ECM adhesion, and 

cadherin-mediated cell-cell contacts[7]. 

Cell-matrix interactions are mainly mediated by integrins. Integrins are heterodimeric 

receptors composed of two noncovalently associated subunits, denoted α and β, which 

both span the plasma membrane. Some integrin subunits are ubiquitously expressed (e.g. 

integrin b1), while others are tissue-, cell- or stage- specific (e.g. integrin b2 exclusively 

expressed on leukocytes) [8]. There are 24 distinct integrin receptors that bind various 

ECM ligands with different affinities.  

The extracellular matrix (ECM) is a complex mixture of matrix molecules, such as 

fibronectin, collagens, and laminins, each of which has specific effects on cellular 
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processes. Among them, fibronectin is recognized by at least ten cell-surface receptors of 

the integrin family, and thus a potential ligand for most cell types[9]. One of the main 

binding sites in fibronectin is the amino acid sequence Arg-Gly-Asp (RGD), a widely 

occurring cell adhesive motif recognized by about half of all known integrins such as 

integrins a5b1, aIIb3, avb1 and avb3. For some of the integrins such as integrin a5b1, the 

synergy site PHSRN is required to act with the RGD site for high affinity binding [10].  

Integrin-mediated adhesion signaling is bidirectional because it involves both “outside-

in” and “inside-out” signals. Outside-in signals regulate cell response to ECM adhesion, 

while inside-out signals regulate integrin affinity for ECM ligands. During outside-in 

signaling, the engagement of integrins with ECM induces the clustering of integrin 

receptors, which in turn recruit different signaling proteins, such as talin and focal 

adhesion kinase (FAK)[11]. For example, the phosphorylation of FAK on Y397 leads to 

localized increases in levels of tyrosine-phosphorylated proteins (e.g.paxillin-pY118) and 

cytoskeletal protein (e.g. vinculin) that links with actin cytoskeleton involving 

actomyosin contraction. The endogenous cellular tension thus regulates the formation of 

dynamic adhesion structures such as focal complexes and focal adhesions[12-14]. 

Conversely, during inside-out signaling, endogenous tension can directly induce changes 

in integrin conformation and activation that alters its ligand-binding activity or can be 

transmitted through integrin receptors to the ECM and the resultant exogenous tension 

can alter matrix rigidity[12,13].  

Together with integrin-mediated cell-substrate adhesion, cell-cell adhesion (either 

cadherin-based or integrin-ligand interaction) is also critical in regulating cell migration. 
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For example, both of these adhesions are found to regulate collective migration observed 

in tumor invasion and metastasis, such as breast cancers [15,16]. The cell-cell adhesions 

at the rear sides of the tumor cells keep them moving in a cohort led by a “path-finding” 

cell. On the other hand, it has also been demonstrated that cell invasion can be suppressed 

by the forced expression of E-cadherin, a calcium-dependent transmembrane protein 

responsible for cell-cell adhesion[17]. 

Compression-induced cell extrusion might have induced leader-cell formation and cell 

migration, either by decreased cell-cell adhesion relative to the uncompressed cells, or by 

increased number of cell attachment sites to the substrate matrix (ECM). In this chapter, 

we investigated the effect of externally-applied compressive stress on cell adhesion 

(cadherin-based and integrin-ECM based), primarily using 67NR mammary carcinoma 

cell line as a model, which expresses high levels of integrin b1 subunit, low levels of the 

av subunit, but not of b3 integrin [18]. Our results showed that independent of cadherin-

based cell-cell cohesion, compression significantly up-regulated integrin b1- (and 

myosin-) mediated cell-matrix adhesion by increasing cell-fibronectin contact area, 

thereby promoting cell migration.  

Materials and Methods 

Cell cultures 

The human mammary carcinoma cell line MCF-7 was obtained from American Type 

Culture Collection (ATCC) while the murine mammary carcinoma cell line 67NR was 

kindly provided by Dr. Fred R. Miller at Wayne State University [19]. The immortalized 

mammary epithelial cell line MCF10A were obtained from ATCC. All the cell lines were 
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transduced with the enhanced green fluorescent protein (EFGP) retrovirus described 

earlier in the Materials and Methods of Chapter 2. All cell lines were cultured in DMEM 

supplemented with 10% fetal bovine serum (FBS), except for murine mammary 

carcinoma cells and MCF10A, which were cultured as described previously [19,20]. All 

cells were incubated at 37°C with 5% CO2.  

 

In vitro scratch wound‐compression experiment 

To assess cancer cell migration under compression, the same in vitro compression device 

described in Chapter 2 (Fig. 2.1) was used, and cell migration was assessed with scratch-

wound assay. Briefly, 67NR cells were allowed to grow to confluence on uncoated 

transwell inserts. Using a p-200 pipette tip the monolayer was scraped to denude a 

circular area of ~1000 µm in diameter or a line of ~1000 µm in width. The wound closure 

was monitored microscopically under stress-free or a compressive stress of 5.8mmHg and 

migration was determined as the change in wound area covered by cells 16 hr after 

wounding (unless specified).  

 

Inhibition of cadherin‐mediated cell‐cell adhesion 

To disrupt the calcium-dependent cell-cell adhesion mediated by E-cadherin, we plated 

MCF10A or MCF7 cells on uncoated transwell inserts (0.4um) in full-growth medium 

with or without a mouse anti-E-cadherin antibody (clone SHE78-7; 2ug/mL for MCF10A 

and 1ug/mL for MCF7; Invitrogen) (See Appendix C: Methods for determination of 

antibody optimum concentration). After 24 hr-incubation, we performed the in vitro 
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scratch wound-compression experiment and maintained the antibody-treated cells in the 

presence of E-cadherin antibody. 

 
 
For N-cadherin blockade, we plated 67NR cells on uncoated transwell inserts (0.4um) in 

full-growth medium with or without a mouse anti-N-cadherin antibody (clone GC-4; 

1ug/mL; Sigma) and performed the similar experiment as described earlier.  (Additional 

methods for inhibiting cadherin-mediated cell-cell adhesion are described in Appendix C: 

Methods) 

 

Forced ectopic expression of E‐cadherin 

The pWZL-Blast mouse E-cadherin vector was purchased from Addgene (Plasmid 

18804; Cambridge, MA). The full-length murine E-cadherin cDNA was cloned into a 

retroviral pWZL-Blast vector backbone. The 293 cells were transfected with the vector 

using Lipofectamine 2000 reagent (Invitrogen Corp., Carlsbad, CA) according to the 

manufacturer’s instruction to generate viral supernatant. The collected viral supernatant 

was then used to transduce the 67NR mammary carcinoma cells. The transduced cells 

were selected with 5ug/mL Blasticidin S (InvivoGen, San Diego, CA) 48 hr post-

transduction. Expression of E-cadherin was assessed by immunofluorescence staining 

(see below) after 2-week antibiotic selection and the selected cells were maintained in 

DMEM supplemented with 10% FBS and 5ug/mL Blasticidin.  

 

To examine the re-expression of E-cadherin in 67NR mammary carcinoma cells, cells 

were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS), permeabilized 
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and blocked with 5% normal horse serum containing 0.2% Triton X-100. The cells were 

then incubated with a monoclonal anti-E-cadherin antibody (Clone ECCD-2, Zymed 

Laboratories; 1:200). The cells were mounted in Vectashield Mounting Medium 

containing nuclear dye DAPI and then visualized with an Olympus FluoView 500 

confocal microscope system (Olympus, Center Valley, PA) 

 

Immunofluorescence microscopy 

For most of the immunostaining (except for vinculin and FAK-pY397 described below), 

cells were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS), 

permeabilized and blocked with 5% normal horse serum containing 0.2% Triton X-100. 

The cells were then incubated with appropriate antibodies (listed in Table 4.1) for 1 hr at 

room temperature (unless specified), followed by 30-min incubation of appropriate 

secondary antibodies (e.g. anti-mouse Cy3). All the cells were mounted in Vectashield 

Mounting Medium containing nuclear dye DAPI and then visualized with an Olympus 

FluoView 500 confocal microscope system (Olympus, Center Valley, PA). 

 

Staining Antibody used (clone; dilution; vendor; other info) 

N-cadherin Clone GC-4; 1:200: Sigma 

Fibronectin Antiserum; 1:400; Sigma 

Actin cytoskeleton Alexa-Fluor-546 phalloidin; 1:200; Molecular Probe; 
20-min incubation at room temperature 

Phospho-FAK (Tyr 397) Clone 18; 1:50; Millipore; see below for additional 
information 

Vinculin Clone hVIN-1; 1:400; Sigma; see below for additional 
information 

Activated integrin b1 (CD29) Clone 9EG7; 1:50; BD Pharmingen 
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Phospho-paxillin (Tyr 118) 1:75; Cell Signaling 

Table 4.1: Antibodies used for immunofluorescence microscopy 

To visualize initial adhesions with phospho-FAK (Tyr 397) antibody, the cells were fixed 

with cold 4% paraformaldehyde in phosphate buffered saline (PBS) containing 5mM 

sodium vanadate, permeabilized with cold 0.5% Triton X-100 in PBS containing 5mM 

sodium vanadate, and blocked with 5% normal horse serum containing 0.1% Triton X-

100 and 5mM sodium vanadate. Then, the cells were incubated with anti-phospho-FAK 

at Tyr 397 (1:50 Millipore) at 37C for 1 hr.  

 

To identify vinculin-containing focal adhesions, cells were permeabilized prior to 

fixation with 4% paraformaldehyde in cytoskeleton buffer[21], blocked with 5% normal 

horse serum containing 0.1% Triton and stained using a monoclonal anti-vinculin 

antibody (Clone hVIN-1, Sigma; 1:400).   

 

Measurement of cell‐matrix adhesion by shear distraction assay 

67NR carcinoma cells plated on transwell membranes were cultured for 16 hr with or 

without compression and then exposed to shear forces for one minute by repeated 

pipetting using a 1 ml pipettor, maintained ~1 cm from the surface. (Our in vitro 

compression platform is not compatible with conventional adhesion assays so we used 

this alternative method to induce fluid shear stress. While we did not measure the level of 

shear stress we applied, we made sure that we kept the stress level consistent in both the 

control and compressed cultures.) Non-adherent cells were then washed away with 

phosphate buffered saline (PBS). The adherent cells were stained with 0.2% crystal 
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violet. After washing with PBS to remove excess stain, the dye was extracted from live 

cells by shaking in 30% acetic acid for 30mins at room temperature. The absorbance was 

read at 540nm on a micro-plate reader.  

 

ECM effect on cell migration 

To evaluate the role of ECM proteins in cell migration behavior, the 0.4um transwell 

inserts were coated with various matrix components. Transwell inserts were coated with 

5ug/mL bovine fibronectin (Sigma, St. Louis, MO), rat tail collagen I (BD Biosciences, 

San Jose, CA) or mouse laminin (BD Biosciences, San Jose, CA). After 1-hr incubation 

at 37°C, the coating solution was aspirated and the coated transwell inserts were washed 

with PBS to remove any non-adsorbed matrix components. The ECM-coated inserts were 

then ready for use in the in vitro scratch-wound assay.  

 

Fibronectin mRNA expression 

Total RNA from control and compressed 67NR cells cultured in serum-free medium was 

isolated at the indicated times using the Trizol reagent (Invitrogen) according to the 

manufacturer’s protocol. After treatment with Dnase, total RNA was reverse-transcribed 

using Oligo dT primers (Roche Diagnostics). Quantitative real-time PCR (ABI Prism 

7300, Applied Biosystems, Foster City, CA) was used to measure fibronectin gene 

expression. Relative expression of fibronectin was normalized by GAPDH and then 

calibrated with the control (uncompressed) sample.  

 

Quantification of cell‐adhesion associated proteins (fibronectin, integrin b1, paxillin) 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Confluent 67NR cells on transwell inserts were scraped with a p-200 pipette tip and then 

cultured for 16 hours in the compression device with or without a piston. The 67NR cells 

were then stained with antibodies listed in Table 4.1 for fibronectin, activated integrin b1 

or phospho-paxillin (Y118), and counterstained with DAPI as described above. A z-stack 

(with an increment of 2mm) of 67NR cells at wound leading edges was captured from 

just below the transwell surface to just above the cell layer with Olympus FluoView 500 

confocal microscope system (Olympus, Center Valley, PA). The images were processed 

and analyzed using Matlab (Mathworks, Natick, MA). The protein of interest associated 

with the cell-surface layer was quantified from a z-projection of 2 slices acquired closest 

to the transwell surface, while total level of the protein was quantified from a z-projection 

of all slices. Each projection image was first thresholded and then stained area was 

calculated and normalized to total number of DAPI-stained nuclei or total projected cell 

area outlined by phalloidin-stained actin. 

 

Blocking integrin function experiment  

To determine which integrin subunits could be responsible for compression-induced 

migration, we treated 67NR cells previously plated on fibronectin-coated surface with 

different anti-integrin antibodies individually or combined, each at a concentration of 

50ug/mL (See Appendix C: Methods for determination of optimum concentration), and 

performed the scratch-wound assay. The various integrin blocking antibodies used are 

listed in Table 4.2. 

Integrin subunit Blocking antibody used (clone; vendor) 

β1 Clone Ha2/5; BD Biosciences 
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β3 Clone 2C9.G2; BD Pharmingen 

αIIb Clone MWReg30; BD Biosciences 

αv Clone RMV-7; BD Biosciences 

α6 Clone NKI-GoH3; Millipore 

Table 4.2: Various integrin blocking antibodies 

From the previous experiment, integrin b1 antibody was determined to be the potential 

integrin subunit responsible for compression-induced migration. Therefore, we blocked 

integrin b1 function during compression experiment. Briefly, when the 67NR cells on the 

0.4um transwell inserts reached confluence, the monolayer was scraped with a p-200 

pipette tip to denude a circular area of ~1000um in diameter. The cells were then treated 

with either 50ug/mL integrin b1 antibody (clone Ha 2/5; BD Biosciences) or 50ug/mL 

isotype-specific control antibody (BD Biosciences) two hours prior to compression. The 

wound closure was monitored microscopically under stress-free or a compressive stress 

of 5.8mmHg and migration was determined as the change in wound area covered by cells 

16 hr after wounding. During compression, the cells were maintained in the full-growth 

medium containing their respective antibody. 

 

Western blot for detection of integrin b1 and paxillin 

Cell lysates were collected from the in vitro scratch wound-compression experiment at 

indicated time points with RIPA buffer containing phosphatase inhibitor cocktail (1:100 

dilution; Sigma) and 1X protease inhibitor cocktail (Roche Biosciences). Total protein 

was measured with Bradford protein assay kit (BioRad). Laemmli buffer containing 5% 

b-mercaptoethanol was added to the protein samples and they were boiled at 100°C for 5 
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minutes. Samples were loaded into a 4-15% Tris-HCl gels (BioRad Ready Gel) and run 

at 140V for 1 hr. The proteins were transferred to polyvinylidene fluoride (PVDF) 

membrane at 200mA for 2 hours at room temperature. The membrane was then blocked 

with TBST containing 5% milk for 1 hr at room temperature with gentle agitation. After 

blocking, the membrane was incubated at 4°C overnight with a primary antibody for total 

integrin b1 (clone MB1.2; 1:100 dilution; Millipore) or phospho-paxillin at Tyr118 

(polyclonal; 1:1000 dilution; Cell Signaling Technology). The following day, the 

membrane was washed vigorously with TBST and incubated for 1 hr at room temperature 

with an HRP-conjugated secondary antibody (GE Healthcare). The proteins were 

detected using the ECL Plus kit (GE Healthcare). After protein detection, membranes 

were stripped with Restore Western Blot Stripping Buffer (ThermoScientific) at 37°C 

and reprobed with another primary antibody for b-actin (clone AC-15; 1:5000 dilution; 

Sigma) or total paxillin (polyclonal; 1:1000 dilution; Cell Signaling Technology).  

 

Inhibition of actomyosin contractility 

To determine the role of actomyosin contractility in compression-induced leader-cell 

formation, the 67NR cells were treated with either different chemical inhibitors at 

specified concentrations (Rho kinase inhibitor Y-27632 from Calbiochem: 5uM and 

30uM; myosin light-chain kinase inhibitor ML-7 from Sigma: 25uM or myosin II 

ATPase inhibitor Blebbistatin from Sigma: 50uM) or transduced with dominant negative 

RhoA (RhoA-T19N) retrovirus. For blocking actomyosin contractility using chemical 

inhibitors, the cells were pre-treated with different specified agents at appropriate 

concentrations two hours prior to wound-making, followed by 16-hr compression at 
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5.8mmHg. During compression, the cells were maintained in the full-growth medium 

containing the specified chemical inhibitor.  

For the dominant negative RhoA experiment, the full-length RhoA DN gene was 

cut out from the pcDNA3-eGFP-RhoA-T19N vector purchased from Addgene (Plasmid 

12967; Cambridge, MA) and cloned into retroviral pBMN-I-GFP vector backbone. 67NR 

cells were then transduced with the RhoT19N retrovirus particles three times. The 

transduction efficiency was assessed by RhoA activation pull-down experiment. Briefly, 

the transduced cells were serum-starved overnight and then stimulated with 10% FBS for 

5 min.  Cell lysates were then collected and active RhoA were pulled down using Rho 

Activation Assay Biochem Kit (Cytoskeleton, Denver, CO) according to the 

manufacturer’s instruction. The pull-down proteins and total proteins were analyzed by 

Western Blot for active RhoA and total RhoA, respectively.    

 

Measurement of RhoA activity with ELISA 

RhoA activation in uncompressed and compressed cells was measured with an ELISA-

based RhoA activation assay (RhoA G-LISA Activation Assay; Cytoskeleton, Inc), 

following the manufacturer’s instructions. Briefly, cell lysates were collected from the in 

vitro scratch wound-compression experiment at indicated time points. Equal amount of 

protein was incubated in Rho-GTP affinity plate (binding active RhoA) for 30mins. Then 

antibody detection reagent was added, and signal was developed with colorimetric 

methods. 

 

Statistical analysis 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Quantitative data are shown as mean ± s.e.m. (unless specified), and P ≤ 0.05 was 

considered significant in unpaired, two-tailed Student’s t-tests. 

Results 

Compression‐induced coordinated cell migration is independent of cadherin‐mediated 
cell‐cell adhesion 

 
Both cell-cell coadhesion and cell-substrate interaction play an important role in 

modulating cell migration behavior in response to applied compressive stress (ACS). In 

Chapter 2, cancer cells (including normal mammary epithelial cells MCF10A) showed 

differential motility to ACS, and could notably be classified into two main categories: (1) 

E-cadherin high-expression cells (e.g. MCF10A, MCF7 mammary carcinoma cells and 

LS174T colon carcinoma cells), which showed reduced cell migration under ACS; and 

(2) E-cadherin low-expression/negative cells (e.g. 67NR and MDA-MB-231 mammary 

carcinoma cells), which migrated faster when they were subjected to ACS. Therefore, we 

first investigated whether loss of E-cadherin mediated cell-cell adhesion was required for 

compression-induced cell motility.  
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A 

 
B 

Figure 4.1.  E-cadherin-mediated cell-cell adhesion in MCF10A cells does not 

contribute to reduced migration under compression. A, Representative images of 

MCF10A cell morphology showing reduced cell-cell adhesion after treatment with 2ug/mL 

of E-cadherin blocking antibody (SHE78-7). Scale bar, 100um. B, Average migration rate of 

MCF10A cells treated with 0 ug/mL (non-treated: n=3) or 2ug/mL of E-cadherin blocking 
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antibody (SHE78-7: n=6) and exposed to 0 (control) or 5.8mmHg compressive stress for 16 

hrs. Compression significantly suppresses migration of MCF10A cells independent of E-

cadherin-mediated cell-cell adhesion, despite elevated cell motility being observed in 

uncompressed MCF10A cells after treatment with E-cadherin blocking antibody. (*P<0.005 

compared with the non-treated, uncompressed controls; NS=not significant compared with 

the non-treated, compressed cultures). Error bars represent s.e.m.  

 

To block the cell-cell coadhesion mediated by E-cadherin, we treated mammary epithelial 

cell lines (normal MCF10A and breast cancer MCF7 cell lines) with an E-cadherin 

blocking antibody (SHE78-7) prior to compression and then assessed the migration 

potential via scratch-wound assay. Although treatment of both cell lines with SHE78-7 

resulted in cell dissociation (Figs. 4.1A and 4.2A) and faster cell migration in 

uncompressed cultures, compression did not enhance cell motility in those SHE78-7-

treated cells (Figs. 4.1B and 4.2B). Similar results were also observed when colon 

carcinoma cell lines expressing E-cadherin (LS174T and LiM6) were treated with the E-

cadherin blocking antibody (Appendix Fig. C1). 
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A 

 
B  
 
 

Figure 4.2.  E-cadherin-mediated cell-cell adhesion in MCF7 cells does not 

contribute to reduced migration under compression.  A, Representative images of 

MCF7 cells after treatment with 1ug/mL of E-cadherin blocking antibody (SHE78-7). In 

absence of E-cadherin blocking antibody, the cells forms small clusters and each cell 

border is hardly identified within the cluster because of the adheren junctions formed 

between cells. However, the treated cells scatter and individual cells are seen clearly. 
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Scale bar, 100um. B, Average migration rate of MCF7 cells treated with 1ug/mL IgG2a 

(non-treated: n=6) or 1ug/mL of E-cadherin blocking antibody (SHE78-7: n=6) and 

exposed to 0 (control) or 5.8mmHg compressive stress for 18 hrs. Blocking E-cadherin-

mediated cell adhesion enhances migration potential of uncompressed MCF7cells, but 

has no significant improvement on the motility of compressed MCF7 cells. Independent 

of E-cadherin-mediated cell-cell adhesion, compression significantly suppresses 

migration of MCF7 cells. (*P<0.005 compared with their respective control; ** P<0.05 

compared with the non-treated and uncompressed cultures). Error bars represent s.e.m.  

 

As disruption of E-cadherin-mediated cell-cell adhesion in E-cadherin-expressing cell 

lines did not yield compression-induced aggressive phenotypes, we next sought to 

determine whether increased cell-cell contact in E-cadherin-negative cells would abolish 

compression-stimulated cell motility and leader-cell formation. The E-cadherin-negative 

67NR mammary carcinoma cell line has previously shown the most pronounced 

morphological change and enhanced cell motility in response to mechanical compression 

(Chapter 2). However, increased cell cohesion by ectopic expression of E-cadherin in 

67NR cells had no significant effect on compression-induced leader-cell formation or 

migration potential (Fig. 4.3). Taken together, our results suggest that E-cadherin is 

unlikely involved in ACS-modulated migration. 
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A 
 

B  
 

Figure 4.3. Ectopic expression of E-cadherin in 67NR mammary carcinoma cells has 

no effect on compression-induced migration behavior.  A, Average migration rate of 

67NR cells forced to re-express E-cadherin (red staining) and exposed to 0 (control) or 
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5.8mmHg compressive stress for 16 hrs. Compression enhances 67NR cell motility 

independent of its ectopic expression of E-cadherin. However, the ectopic expression of 

E-cadherin decreases the cell motility of the uncompressed cultures, compared to the 

uncompressed wild-type (n=18; *P<0.05 compared with the respective uncompressed 

controls; **P<0.05 compared with the uncompressed wild-type; scale bar, 10um). Error 

bars represent s.e.m. B, Representative images of the “wound” leading edge under the 

indicated conditions. E- cadherin re-expression does not promote or suppress leader-cell 

formation in control or compressed cultures (scale bar, 50um). 

 

Although 67NR mammary carcinoma cells does not express E-cadherin, they express 

another member of cadherin family, N-cadherin[22], which is mostly cytoplasmic (Fig. 

4.4A). Unlike E-cadherin, expression of N-cadherin has been shown to promote cell 

migration in breast cancer cells [23]. However, in our system, treatment of 67NR cells 

with a function-blocking N-cadherin antibody prior to compression had no effect on 

compression-induced responses (Fig. 4.4B). In addition, compressive stress did not 

significantly influence the transcriptional level of N-cadherin expression (data not 

shown), indicating that compression-induced motility is not resulted from an increased 

level of N-cadherin expression. Collectively, these findings suggest that compression-

induced motile behavior is likely independent of expression of cadherin cell-cell adhesion 

molecules. However, the cells stayed connected in a sheet because there were 

extracellular matrix (such as fibronectin) molecules between cells (shown in Fig. 4.6A). 
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A 
 

 

B 

Figure 4.4.  Blocking N-cadherin function does not abolish compression-induced 

67NR cell migration. A, Confocal immunofluorescence microscopy of 67NR cells 

stained for E-cadherin (left) and N-cadherin (right), respectively. Scale bar, 10um.  B, 
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Average migration rate of 67NR cells treated with 0ug/mL (non-treated: n=6-11) or 

1ug/mL of N-cadherin blocking antibody (GC-4: n=9) and exposed to 0 (control) or 

5.8mmHg compressive stress for 18 hrs. Disrupting N-cadherin function has no 

significant effect on compression-induced migration, suggesting that N-cadherin is likely 

not involved during compression (*P<0.005 compared to their respective control). Error 

bars represent s.e.m. 

 

Compression enhances cell‐substrate adhesion by shifting fibronectin balance to cell‐
substrate interface 
 
To evaluate if compression affects cell-substrate adhesion strength, we performed a shear 

detachment assay. Compressed 67NR cells exhibited 2.5-fold higher cell-matrix adhesion 

than uncompressed cells on uncoated surfaces (Fig. 4.5A). Hence, we evaluated the 

ability of matrix-coated substrates to support migration of 67NR cells in our system. 

67NR cells were seeded on fibronectin, laminin-1 and collagen I-coated surfaces and a 

scratch-wound assay was performed in absence of compression. Surprisingly, the 

uncompressed 67NR cells plated on a fibronectin-coated surface exhibited similar 

morphology and migration behavior to compressed cells on uncoated surfaces: cell de-

clustering at the leading edge, faster wound closure (Fig. 4.5B) and increased formation 

of leader cells (Fig. 4.5C). This result implies that compressive stress might compensate 

for, or induce cell-substrate adhesions via fibronectin.  



  148 

A 
 

B  
 

C 
 

Figure 4.5.  Compression-induced cell-substrate adhesion appears to be related to 

fibronectin. A, Uncompressed and compressed samples were exposed to fluid shear and 

the remaining cells were quantified using a colorimetric assay in which crystal violet 

stain was quantified. The number of cells remained after fluid shear in the compressed 

cultures is nearly doubled compared to that in the uncompressed cultures, suggesting that 
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compression enhances cell-substrate adhesion (n= 8; *P<0.005). B, Average migration 

rate obtained from the scratch-wound assay for 67NR cells plated on indicated 

extracellular matrix (ECM)-coated surfaces exposed to 0 (control) or 5.8mmHg 

compressive stress for 16 hrs (n=3; *P<0.05 compared with the uncompressed control on 

surface without ECM; #P<0.05 compared with uncompressed cells on surface without 

ECM; NS=not significant). Error bars represent s.d. C, The uncompressed 67NR cells 

plated on a fibronectin-coated surface exhibit similar morphology to compressed cells on 

an uncoated surface and had increased leader cell formation and faster wound closure 

(scale bar, 50um). 

 

Since fibronectin has been shown to be regulated at the post-transcriptional level[24], and 

it can be deposited at the cell-substrate interface and between cells for cell-cell 

associations, we tested whether compression increases fibronectin deposition at the cell-

substrate interface. Quantifying the spatial deposition of secreted fibronectin by confocal 

immunofluorescence microscopy (Fig. 4.6A), we determined that fibronectin was 

preferentially deposited at the compressed cell-matrix interface (Fig. 4.6B, top panel). 

The increased fibronectin deposit at the cell-matrix interface is apparently resulted from 

compression-induced cell extrusion generating additional cell adhesive contact area 

because the difference in fibronectin deposit between the control and compressed cultures 

disappeared after normalization with projected cell area (Fig. 4.6B, bottom panel). 

Interestingly, we observed that preferential localization of fibronectin at the compressed 

cell-substrate interface was oriented in the direction of migration (Fig. 4.6A). To 

determine whether compressive stress influences fibroectin synthesis, we isolated total 
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RNA from compressed or control 67NR cells and subjected them to quantitative PCR for 

analysis of the fibronectin mRNA level. We showed that compressive stress did not alter 

fibronectin transcription (Fig. 4.6C). Taken together, these findings suggest that even 

though compression does not alter fibronectin synthesis, it shifts the fibronectin 

distribution to cell-substrate interface by increasing cell-fibronectin contact areas for 

enhanced cell-substrate adhesion.  

A 

 

Control DAPI

cell-surface FN

cell-lateral FN

Compressed
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Figure 4.6.  Compression increases fibronectin deposit at the cell-substrate interface 

independent of fibronectin synthesis. A, Fibronectin-staining of 67NR cells at the 

periphery of the cell-denuded area. Fibronectin at the cell-substrate interface in the 

compressed samples was fibrillar and orientated in the direction of migration, as opposed 

to the control (n=17; scale bar, 10um). B, Quantification of fibronectin deposition at the 

cell-substrate interface. Results are expressed as total fibronectin-positive pixel area 

relative to either total number of DAPI-stained nuclei (top panel) or projected cell area 

(bottom panel) (n=12; *P <0.005 compared with the control). C, Quantitative PCR of 

control and compressed 67NR cells cultured in serum-free medium for 24 hours showed 

no significant difference in fibronectin messenger level between the two groups. Data 

representative of 2 independent experiments in which 3 samples were pooled together 
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(NS, not significant).  

 

Next, we investigated whether compression enhances formation of focal adhesions. For 

initial stage of cell adhesion to matrix, we stained the 67NR cells for phosphorylated 

focal adhesion kinase (FAK) [25,26] after we exposed the cells to compressive stress for 

a short period of time (from 5 mins to 2hrs). The compressed cells at the early stage 

generally showed a more diffuse and punctate (smaller) pattern at the leading edge of the 

cell sheet than in the uncompressed cultures (Fig. 4.7A), suggesting that compression can 

induce formation of small nascent adhesions to promote cell-matrix interaction and thus 

cell protrusion. As the maturation of those adhesions requires the recruitment of vinculin 

[27], we stained the 67NR cells for vinculin after the cells were subjected to 16-hr 

compression. Vinculin was stained in streak-like patches, extending in the direction of the 

filopodial protrusions on the ventral side of compressed leader cells (Fig. 4.7B). In 

contrast, the leading edge of uncompressed cells showed a more diffuse pattern, with 

vinculin in random, punctate focal adhesions. The similar patterns of fibronectin (Fig. 

4.6A) and vinculin (Fig. 4.7B) in compressed cultures indicate that compression-induced 

filopodia act to form focal adhesions with the fibronectin substrate and sense the local 

environment[28] for directional migration.   
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Figure 4.7. Compression promotes FAK-mediated initial adhesions, which could in 

turn mature into vinculin-containing focal adhesions. A, Phosphorylated FAK 

(Y118)-staining of 67NR cells at the periphery of the cell sheet during early stage of 

compression at indicated time points (n=8; scale bar, 10um). The compressed cells have a 

more diffuse and punctate (smaller) pattern at the leading edge of the cell sheet than in 

the uncompressed cultures, suggesting that external compressive stress induces formation 

of initial adhesion, which could mature into focal adhesions when stabilized. B, Vinculin-

stained cells at the periphery of the cell-denuded area. 67NR cells were either 

uncompressed (control) or exposed to a compressive stress of 5.8mmHg for 16 hours. 

Vinculin-positive (red) focal adhesions were detected underneath compression-induced 

filopodia of elongated cells (n= 16; scale bar, 10um). 

 

Integrin β1 is involved in compression‐induced migration, but not leader‐cell formation 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The formation of focal adhesions involves the engagement of integrin receptors with the 

fibronectin matrix. Some of the common fibronectin-binding integrins are α5β1, αIIbβ3, 

αvβ1 and αvβ3. In contrast to most other fibronectin binding integrins, integrin α5β1 is 

specialized for binding fibronectin [10]. To determine which integrin candidate would be 

responsible for the compression-induced migration in our system, we screened different 

integrin blocking antibodies β1, β3, αIIβ, αv and α6 (non-fibronectin receptor), and 

assessed their effect on fibronectin-induced migration of 67NR cells via scratch-wound 

assay. Among all the integrin antibodies tested, wound closure rate was significantly 

reduced in 67NR cells treated with an anti-integrin β1 antibody alone or its combinations 

(Fig. 4.8A). In addition, the integrin β1 antibody-treated 67NR cells did not spread out or 

extend further as much as non-treated cells on fibronectin-coated surfaces (Fig. 4.8B), 

indicating that integrin β1 is responsible for 67NR cell attachment to fibronectin-coated 

surfaces and also fibronectin-mediated cell migration. 
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Figure 4.8.  Integrin β1 is responsible for fibronectin-associated migration of 67NR 

cells.  A, Average migration rate of 67NR cells seeded on fibronectin-coated surface and 

treated with either PBS (n=11) or 50ug/mL of indicated antibodies for blocking various 

integrins (n=2-6). Blocking integrins β1 or αIIβ (but not β3, αv or α6) with the 

respective antibodies reduced fibronectin-induced migration, but the effect is 

significantly greater in 67NR cells treated with anti-integrin β1 antibody. Combining 

antibodies against β1 AND αIIβ does not reduce cell migration more effectively than 

each antibody separately, implying that only heterodimers of integrins aIIb and b1 are 

present in 67NR cells (*P<0.05 and **P<0.005 compared to the non-treated control). 

Error bars represent s.d.  B, Representative images of 67NR cells treated with either PBS 

(non-treated) or 50ug/mL anti-integrin β1 (clone Ha2/5) or αIIb antibody. The 67NR 

cells treated with anti-integrin β1 antibody are less elongated and more clustered than the 

non-treated cells. Scale bar, 100um. 

 

As compression increased fibronectin deposit at the cell-matrix interface and in turn 

enhanced cell-matrix adhesion, we determined whether compression-induced cell-

substrate adhesion via fibronectin could be related to expression and activation of integrin 

β1. Western blot analysis of lysates from 67NR cells subjected to different duration of 

compression time showed that the expression of integrin β1 tended to decrease after 16 

hours of compression (Fig. 4.9A). However, similar to the fibronectin immunostaining 

shown earlier (Figs. 4.6A and 4.6B), more activated integrin β1 in streak-like patterns 

were localized at the cell-substrate interface in the compressed cultures (Fig. 4.9B, left) 

and they were aligned with the actin stress fibers (Fig. 4.9B, right). As opposed to the 
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punctate stains in the uncompressed cultures, the streak-like pattern of activated integrin 

β1 in the compressed cultures suggests that compression could induce clustering of 

integrin β1.  Hence, we investigated the involvement of integrin β1 in compression-

induced motile behavior of 67NR cells by inhibiting the binding of fibronectin to integrin 

β1 with an anti-integrin β1 antibody. (Synthetic peptides containing Arg-Gly-Asp (RGD) 

motifs [29,30] and anti-fibronectin antibody [31] were also used for inhibiting cell 

attachment to fibronectin but they did not impede fibronectin-mediated migration 

(Appendix Fig. C2)). We pre-treated the 67NR cells with 50ug/mL anti-integrin β1 

antibody two hours prior to compression and the migration rate was determined by 

scratch-wound assay 16 hours after compression. During the 16-hr experiment, the cells 

were maintained in culture medium containing the anti-integrin β1 antibody. We 

determined that treatment of 67NR cells with anti-integrin β1 antibody decreased 

compression-induced migration (Fig. 4.9C, right). However, leader-cell induction by 

compression still occurred in presence of anti-integrin β1 antibody (Fig. 4.9C, left). 

A 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C 

Figure 4.9.  Integrin β1 is involved in compression-induced migration. A, Western 

blot analysis of total integrin β1 in 67NR cells subjected to stress-free or a compressive 

stress of 5.8mmHg for the indicated length of compression time. Data representative of 2 

independent experiments in which 3 samples were pooled together. The compressed 
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cultures tended to express lower level of total integrin β1. Error bars presents s.d. B, 

Activated integrin β1-staining of 67NR cells at the periphery of the cell-denuded area 

after 16-hr wounding, and quantification results expressed as activated integrin β1-

positive pixel area associated with the cell-substrate interaction relative to the total 

activated integrin β1-positive area (n=16-20; *P <0.005 compared with the control; scale 

bar, 10um). Activated integrin β1 staining at the cell-substrate interface in the 

compressed samples was more elongated and aligned with the actin stress fiber, as 

opposed to the control. Error bars represent s.e.m. C, Average migration rate obtained 

from the scratch-wound assay for 67NR cells treated with anti-integrin β1 antibody under 

stress-free or a compressive stress of 5.8mmHg for 16 hrs and their corresponding 

representative images of 67NR leader cells at the wound edge (n=8; *P<0.005 compared 

with the respective control; **P<0.05 compared with the respective control; scale bar, 

100um). Integrin β1 inhibition reduces compression-induced migration rate but it appears 

that the leader-cell formation is not affected. Error bars represent s.e.m. 

 

We then investigated integrin-associated proteins such as paxillin, which is part of the 

focal adhesion complex associated with the cytoplasmic domain of clustered integrins. 

Similar to western blot results of integrin β1, the expression levels of total paxillin was 

reduced in the compressed cultures. In addition, the expression levels of phosphorylated 

paxillin (Tyr-118) relative to that of total paxillin appeared to be lower in the compressed 

cultures (Figs. 4.10A). Similar western blot results were also found with focal adhesion 

kinase (FAK), another integrin-associated protein, and the results were shown in 

Appendix Figure C3. Although the expression level of paxillin was lower in the 
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compressed cultures, the activation of paxillin associated with cell-substrate adhesion 

was increased with compression (Fig. 4.10B). Moreover, the paxillin staining pattern in 

the compressed cultures was oriented in the direction of migration, correlated closely to 

fibronectin and integrin b1 staining shown earlier. 

 

A  

B 
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Figure 4.10.  Compression reduces the total paxillin expression level, but increases 

the fraction of phosphorylated paxillin associated with cell-substrate interaction. A, 

Western blot analysis of total and phosphorylated (Y118) levels of paxillin in 67NR cells 

subjected to stress-free or a compressive stress of 5.8mmHg for the indicated length of 

compression time. Data representative of 2 independent experiments in which 3 samples 

were pooled together. The compressed cultures expressed lower level of total paxillin and 

phosphorylated tyrosine proteins. Error bars presents s.d. B, Phosphorylated paxillin 

(Y118)-staining of 67NR cells at the periphery of the cell-denuded area after 16-hr 

wounding, and quantification results expressed as phosphorylated paxillin (Y118)-

positive pixel area associated with the cell-substrate interaction relative to the total 

phosphorylated paxillin (Y118)-positive area (n=16-20; *P <0.005 compared with the 

control; scale bar, 10um). Phosphorylated paxillin staining at the cell-substrate interface 

in the compressed samples contains both punctate and elongated patterns oriented in the 

direction of migration, as opposed to the control. Error bars represent s.e.m.  

 

Compression‐induced leader‐cell formation is independent of actomyosin contractility 
 
In the compressed cultures, enhanced integrin engagement with matrix (indicated by 

elongated staining of activated integrin β1) gives rise to formation of matrix adhesions, 

which associate with actin filaments[13]. The contractile actomyosin machinery, which is 

essential for maturation of focal contacts and stress fiber formation [32], could be 

responsible for the enhanced streak-like vinculin patterns in compressed cultures (Fig. 

4.7B). We examined the requirement of actin-myosin activity in compression-induced 

leader cell formation using molecular and pharmacological approaches. To partially 
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disrupt the actin-myosin machinery, we used dominant-negative RhoA (RhoA-T19N) 

retrovirus [33], Rho kinase inhibitor Y-27632[34] or myosin light-chain kinase (MLCK) 

inhibitor ML-7[35]. Compressed samples still showed faster wound closure rates 

compared with controls, although they were slightly reduced (Fig. 4.11A-C). Moreover, 

partial inhibition did not suppress leader cell formation in the compressed cultures. 

Indeed, measurement of RhoA activity by enzyme-linked immunosorbent assay (ELISA) 

showed that compressive stress did not significantly change the RhoA activity, 

suggesting that the leader-cell formation is independent of RhoA-mediated actomyosin 

contractility (Fig. 4.11D). Furthermore, when actomyosin contractility was completely 

blocked by the nonmuscle myosin II ATPase inhibitor Blebbistatin[36], compressive 

stress was still able to induce leader-cell formation despite compromised cell motility 

(Fig. 4.11C). These results indicate that leader-cell formation can occur in the absence of 

actomyosin contractility; however, the contractile machinery is necessary for migration. 

This is consistent with previous studies reporting that externally-applied force induces 

formation of focal contacts independent of Rho-ROCK-mediated actomyosin 

machinery[37]. Collectively, these findings suggest that compressive stress generated in 

the tumor microenvironment could promote an increased number of leader cells and 

stabilize filopodial protrusions by enhancing cell-matrix adhesions without the 

involvement of actomyosin contractility.  
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Figure 4.11.  Actomyosin contractility reduces compression-induced directional cell 

migration. A, Western blot showing RhoA activation pull-down to analyze the 

transduction efficiency. A-C, Average migration rate obtained from the scratch-wound 

assay for 67NR cells transduced with dominant negative RhoT19N retrovirus (A; n=6), 

treated with Y-27632 (B; n=13), ML-7 (C; n=6) or Blebbistatin (C; n=6) under stress-

free or a compressive stress of 5.8mmHg for 16 hrs and their corresponding 

representative images of 67NR leader cells at the wound edge (*P<0.005 compared with 

the respective control; #P<0.05 compared with the respective control; scale bar, 50um). 

The inhibitors of actomyosin contractility did not completely abolish compression-

induced migration but at a reduced rate (except for blebbistatin). It appeared that leader-

cell formation was not affected. Error bars represent s.e.m. D, Determination of RhoA 

activity in 67NR cells subjected to stress-free or a compressive stress of 5.8mmHg for the 

indicated length of compression time by enzyme-linked immunosorbent assay (ELISA). 
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Results representative of 2 independent experiments, in which 3 samples were pooled 

together, show that compressive stress did not significantly change the RhoA activity, 

supporting the notion that the leader-cell formation is independent of RhoA-mediated 

actomyosin contractility. Error bars represent s.d. 

Discussion 
 
In growing solid tumors, the cancer cells actively experience compressive stress 

generated by uncontrolled proliferation in a confined matrix. These compressive forces 

act at the interface between cells and their neighbors or between cells and the 

extracellular matrix. These cell-cell and cell-matrix interactions transmit these 

mechanical forces and then convert them into various intracellular chemical-signaling 

events [38,39]. We hypothesized that this growth-induced compressive stress could alter 

cell adhesion (to neighboring cells or extracellular matrix), thereby facilitating tumor 

progression such as leader-cell formation and enhanced cell motility (Chapter 2). In this 

study, using 67NR mammary carcinoma cells as a model, we found that compression-

induced migration and leader-cell formation was likely cadherin-independent. Instead, 

compressive stress promoted cell-substrate adhesion, thus enhancing integrin b1- and 

myosin- dependent cell migration. Interestingly, inhibition of integrin b1 and actomyosin 

contractility did not abolish compression-induced leader-cell formation. 

 

Cadherins have been implicated as mechanotransducers interacting with the dynamics of 

microtubules, actin and intermediate filaments for regulation of cell-cell adhesion[40]. In 

addition, mechanical force (intracellular contractile force) has been shown to modulate 
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adhesion strengthening, suggesting that cadherin-dependent cell-cell junctions exhibit 

similar force-dependent behavior [41]. Since previous studies have shown the inverse 

correlation between E-cadherin-mediated cell-cell interaction and cancer cell motility 

[42-45], we speculated that the reduced migration of E-cadherin-expressing cells such as 

MCF10A and MCF7 could be resulted from increased cell-cell adhesion strength by 

compression. We have shown that reduced E-cadherin cell-cell contact by an anti-E-

cadherin antibody increased cell migration in absence of compression. However, the 

compressed cells treated with the anti-E-cadherin antibody still demonstrated suppressed 

cell motility. In addition, forced re-expression of E-cadherin in 67NR cells did not have 

significant impact on compression-induced migration or leader-cell formation. Taken 

together, these findings imply that that cadherin-mediated cell-cell contact is not the 

limiting factor in regulating compression-induced migration behavior.  

 

Other than cell-cell cohesion, cell-matrix adhesion is critical for mediating direct 

interactions of cells with its extracellular environment and/or physical cues and essential 

for cell migration [13,26,46]. While extracellular hydrostatic pressure has been shown to 

increase cancer cell adhesion [4,47-49], we found that compressive stress can also up-

regulate cancer cell-matrix adhesive strength. While those previous studies have shown 

that 30-min extracellular pressure of at least 10mmHg (maximal at 15mmHg) stimulated 

the adhesion of colon or breast cancer cells in suspension to collagen-coated surfaces[50], 

they did not investigate the effect of that stress level on cell migration. In our study, not 

only did we show that continuous compression of adherent 67NR cells at 5.8mmHg 

(equivalent to ~773 Pa, which is close to the level found in the native breast tumor 
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microenvironment [51]) was sufficient to promote their cell-substrate adhesion, we have 

also determined that such stress level enhanced cell migration and increasing the stress 

further would reduce cell survival and impede cell motility significantly (Chapter 2).  The 

disparities in the stress level required to produce cell adhesion response could be caused 

by distinct internal prestress states of the cells prior to mechanical stimulation. The 

cellular tensegrity model proposed by Ingber suggested that the difference in internal 

prestress of a whole cell when adherent and spread on a rigid substrate (in our case) 

versus when it is detached and round (cell suspension) can affect initial cell stiffness and 

thus their sensitivity to externally-applied stress [52-54].  

 

Furthermore, it should be noted that the level of compressive stress to produce maximal 

cell adhesion does not always yield highest motility. Migration potential is a biphasic 

function of the strength cell attachment to matrix or substrate concentration [13,55,56]. 

Too strong cell-substrate adhesion can impede cell retraction and detachment, thus 

preventing the cells from advancing forward. Hence, the reduced motility of 67NR cells 

that we observed under compressive stress beyond 5.8mmHg could be possibly due to the 

cells adhering too strongly to the surface under high stress. Similarly, compression-

suppressed migration in MCF10A and MCF7 cells, independent of cadherin-mediated 

cell-cell adhesion, could be resulted from overly-strong cell-substrate adhesion up-

regulated by compression. Since MCF10A and MCF7 cells intrinsically adhere stronger 

than 67NR cells on uncoated surface in absence of compression (data not shown), 

additional cell-substrate adhesion induced by compression at 5.8mmHg, which was 

shown to enhance 67NR cell migration, could have an negative effect on migration of 
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MCF10A and MCF7 cells. Taken together, our results suggest that the effect of 

compression-induced cell-matrix interaction on cell motility could be biphasic. For 

optimal cancer invasion in vivo, our results suggest a feedback regulation of stress-

dependent matrix degradation and/or apoptosis as a defensive cellular response against 

stress. Hence, some cancer cells could respond to growth-generated compressive stress 

by increasing migration. 

 

With increased cell-matrix interactions in the compressed cultures, we have observed that 

more elongated fibronectin fibrils (and more vinculin-containing streak-like focal 

adhesions) were formed under compressed cells in the direction of migration. Studies 

have shown that cell-generated cytoskeletal tension transmitted through integrins to the 

extracellular matrix (ECM) can selectively reorganize extracellular matrix proteins on 

substrates and assemble them into cell-surface fibrils [57,58]. Moreover, the intracellular 

contractility has been shown to unfold fibronectin to expose cryptic self-association sites 

for fibronectin fibril and matrix assembly[59-61]. In light of compression-induced cell-

substrate adhesion, the streak-like vinculin staining of compressed cultures indicated the 

strengthening of the connection between matrix and the cytoskeleton, which in turn 

enabled the cell to exert force at those focal adhesions [27]. Hence, the tensional force 

exerted by the compressed cells to fibronectin via compression-induced focal adhesions 

or focal complexes [62-65] could enhance formation of fibronectin fibrils. In addition, the 

unfolding of fibronectin could expose more binding sites for integrins, thereby promoting 

formation of cell-matrix adhesion structures.  
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Three common types of adhesion structures have been defined, namely focal complexes, 

focal adhesions and fibrillar adhesions. The focal complexes are small, transient matrix 

contact structure that provides early attachment at the leading edge. If stabilized, they 

will subsequently form focal adhesions, which can in turn transition to fibrillar adhesions 

associated with fibrillar ECM (particularly fibronectin fibrils) in presence of intracellular 

tension [13,66]. In agreement with the findings on fibrillar adhesions from other studies, 

we observed in the compressed cells that fibronectin fibrils were aligned with 

cytoplasmic bundles of actin filamements[67], and vinculin were assembled into a 

fibrillar pattern that was correlated closely with the pattern of fibronectin fibrils beneath 

the surface of the leader cells, which was distinct from focal adhesions[68]. Thus, the 

more diffuse and punctate FAK-pY397 staining pattern in the early-stage compressed 

cultures suggested that compression could induce formation of small nascent focal 

complexes or focal adhesions, which could in turn mature into streak-like vinculin-

containing fibrillar adhesions. 

 

In addition, these three adhesion structures differ in molecular composition, such as 

integrin expression and the levels of tyrosine-phosphorylated proteins (including FAK 

and paxillin). For example, compared to focal complexes and focal adhesions, fibrillar 

adhesions contain abundant tensin, low levels of vinculin, protein tyrosine 

phosphorylation, and a5β1 instead of avb3 integrins [13,66]. Although we did not stain 

the cells for tensin or integrin a5β1, our results showed that the 16-hr compressed 67NR 

cells appeared to have less staining of the phosphorylated paxillin (and FAK) staining 

than the uncompressed cells, and treatment of 67NR cells with anti-integrin β1 antibody 
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reduced compression-induced migration, suggesting that compression might induce 

maturation of initial adhesions into fibrillar adhesions. Furthermore, while actomyosin 

contractility is required for focal adhesions, but not fibrillar adhesions, [69,70], our 

finding that compression-induced leader-cell formation was independent of actomyosin 

contractility further supports the notion that adhesion structures formed by compression 

could be fibrillar adhesions.  

 

Many reports have showed that mechanical stress stimulates cell adhesion via FAK and 

paxillin activation [3,4,47,71] and have implicated FAK and paxillin (integrin signaling) 

as a positive regulator of cell motility [72-79]. In contrast to their established roles, we 

showed by Western blot analysis that expression levels of integrin b1 and paxillin even at 

early time points were not up-regulated in the compressed 67NR cultures, during which 

there was enhanced adhesion and motility. However, recent studies have reported that 

impaired FAK and paxillin signaling in HeLa cells and fibroblasts result in increased cell 

migration [80], and direct binding of paxillin to FAK may not be required for FAK-

directed cell migration [74]. In addition, the role of FAK in generation of cell-ECM 

adhesive forces is time-dependent: FAK increases the initial strength of cell-ECM 

adhesion via integrin activation; but the presence of FAK decreases adhesive forces in the 

long term, steady-state cell-ECM interactions[81,82]. Consequently, the dynamic and 

transient interplay of paxillin and FAK with cell-ECM adhesion and migration could 

complicate the interpretation of the changes in these proteins. Furthermore, independent 

of these signaling pathways, other physical factors such as cell polarization can control 

directional cell migration [25]. As a cell polarizes, the molecular processes at the front 
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and the rear of the cell are different [83]. Hence, the fact that compression can stimulate a 

larger population of cells to polarize and become leader cells (Chapter 3) could also 

suggest that spatial localization of proteins could be more important than their expression 

level in regulating these cellular processes. 

 

In conclusion, using 67NR mammary carcinoma cells as a model, we showed that 

compression promotes formation of new adhesions, which can in turn transition to 

fibrillar adhesions for enhanced cell-matrix adhesions and eventually increased migration 

potential. Hence, blocking integrin binding or actomyosin contractility reduces 

compression-stimulated cell motility (but not leader-cell formation). As adhesion is 

critical for metastasis related events, such as the initiation of cellular motility and 

subsequent invasion into the surrounding tissue [84], our results suggest that mechanical 

stress accumulated during tumor growth is sufficient to enhance cell-substrate adhesion 

and in turn stimulate cancer cell migration, without activating stroma cells to increase 

production of extracellular matrix. This concept would provide implications for 

developing new class of targets for more effective cancer therapy. Furthermore, matrix 

adhesion signals are also essential for regulating other biological processes involving 

mechanical cues such as wound healing[85], tissue maintenance[86,87], and 

morphogenesis [88]. Thus, elucidating the effect of mechanical stress on cell-matrix 

interaction provides a vantage point for understanding its relevance in tissue engineering. 
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Chapter 5: A stochastic model of coordinated cell migration  
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Introduction 

 

Collective cell migration is relevant for many processes in morphogenesis, tissue repair, and 

cancer invasion and metastasis. This mode of migration is different from single cell migration in 

that cells remain physically and functionally connected during movement and the cell cohort 

polarizes into “leader” cells that guide “followers” at their rear [1,2].  

 

Different in vitro experimental models have been used for the study of collective migration 

mechanism. One of the common one is the 2D scratch-wound assay, which allows polarization 

and protrusions, force generation and mechanisms of cell-cell coadhesion to be studied during 

the movement of cell monolayer[3-5]. Existing continuum mathematical models of scratch 

wound assay are generally based on reaction-diffusion equations. Specifically, Fisher equation – 

a nonlinear parabolic partial differential equation - has been prevalently used to account for 

constant diffusive migration (random cell motility) in one spatial dimension and proliferation 

described by logistic growth [6-8]. 

€ 

dn
dt

= D d2n
dx 2

+αn(1− n
n0
),      where n (x, t) is the cell density at time t at a given distance x from 

the wound edge, α is the proliferation rate of a cell and no is the initial cell density. The Fisher 

equation models the cell moving front exhibited by the cell population.  

 

While the continuum approaches describe population-scale properties, important insights into 

cell-scale properties can be gained by examination of the behavior of individual migrating cells 

using discrete models such as cellular automata (CA)[3,9-11]. Cellular automata can be 

constructed on square, triangular or hexagonal grids. Each grid site is occupied by only one cell 
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and the simulated cells modify their behavior according to environmental variables and pre-

programmed rules. In these CA models, each cell is considered as a homogenous object. 

However, a migrating cell is indeed a highly polarized cell with protrusions formed at the leading 

edge but retraction at the rear. Its cell periphery can experience different interactions such as 

cell-cell coadhesion or cell-open space interface, depending on the local microenvironment. Yet 

no discrete models are currently available to simulate the molecular steps of migration: 

polarization and protrusions, adhesion and rear retraction.  

 

In Chapter 3, we have shown that free-cell perimeter influences formation of leader cells. We 

postulated that in the uncompressed cultures, the process of leader-cell formation depends on the 

geometry of the cell-neighbor contact and the extent of free-cell perimeter; but applied 

compression increases free-cell perimeter due to compression-induced cell distension, thereby 

promoting leader-cell formation. To test the hypothesis that dynamic coordination of free-cell 

perimeter (controlling the formation of protrusions) and cell-cell interactions determines cell 

migration behavior, we developed a preliminary stochastic model to simulate 2-dimensional 

collective migration of cells. The model simulations suggest that (1) cell distension could induce 

leader-cell formation; (2) induction of initial cell protrusions by compression may not be 

sufficient to explain enhanced coordinated cell migration; and (3) compression could induce 

constant, FCP-independent cell migration rate. This model provides us with insights into the 

physical underpinnings governing the collective migration induced by compressive stress. 

Model development 

  

Cell creation – model initialization 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In the model, we first created a grid composed of 100-by-100 blocks, which provides a domain 

for initial cell placement and simulation of cell movement. Before introducing cells to the grid, 

we created a mask to define the initial geometry and size of the muticellular pattern such as 

squares or rosettes used in the micro-contact printing experiments (Chapter 3). In this study, we 

created on the grid surface a square mask containing 15 x 15 (a total of 225) blocks. We then 

introduced cells to the square mask without any cell overlap. Each single cell is assigned with a 

color and is initially composed of 3x3 (a total of 9) blocks (Fig. 5.1). The number and 

arrangement of the blocks within the cell reflect its overall size and shape, respectively. 

 

Figure 5.1. Assignment of cells to the defined square pattern on the grid 

surface. Each square-shaped cell is colored-coded for easy visualization and 
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tracking during movement and each cell initially consists of 3x3 (a total of 9) 

squares.  

 

There is a set of key parameters to describe the state of each cell. The parameters (with 

definitions) are tabulated in Table 5.1.  

Parameter Definition 

Cell ID A numerical integer assigned to each cell 

Cell type An original cell or a daughter cell after proliferation 

Cell location Defined by a n-by-n zero matrix filled with 1 for the 

locations occupied by the cell 

Cell-cell contact The portion of cell perimeter in contact with other 

neighboring cells 

Free-cell perimeter The portion of cell perimeter not associated with 

neighboring cells, open to free space 

Cell frontal length The longest length measured from the center of mass to the 

tip of the cell. 

Cell size Number of squares on the grid occupied by the cells 

Table 5.1: Key parameters for the cell state 

Overview of the simulation 

After model initialization, all cells will be selected in a random order at each time step to 

perform only one of the four actions below: (The rules for each process are described in details 

later.) 
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(1) Cell proliferation: A daughter cell will be split from the original cell. We assumed that 

current-migrating cells will not proliferate. If the cell has already proliferated during the current 

time step, then cell movement (protrusions and translocation) is aborted [12]. 

(2) Cell protrusion/spreading: The cell protrudes at the leading edge without rear retraction until 

the cell doubles in size (i.e. the maximum size set by the user) (Fig. 5.2). We assumed that (i) 

protrusions are stabilized by adhesions, and (ii) each protrusion generates a protrusive force 

measured from the tip of the protrusion to the center of mass of the cell. 

(3) Cell translocation: When a cell reaches its maximum size, the cell starts to move forward. To 

do this, the cell protrudes at the leading edge, and then retracts at its rear (Fig. 5.3). We assumed 

that (i) a cell starts to translocate only when the cell spreads to its maximum size, because we 

speculated that sufficient tensional force generated during protrusion is required to release 

adhesions at the cell rear; and (ii) the rear retraction rate is same as the front protruding rate 

during cell translocation. 

(4) No operation: The cell neither proliferates nor moves. If the cell does not fulfill the 

requirements for cell proliferation, it can perform either no action or protrude/spread or 

translocate (with an assigned probability). See Appendix D for the effect of the action probability 

on the simulation outcome. 

The simulation result is saved as a cell-migration snapshot at the end of each time step. After all 

the time steps are performed, a Quick-Time movie of cell migration is generated. 
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Figure 5.2. The cell protrudes at its leading edge without rear retraction until it doubles in 

size. During cell protrusion/spreading, block addition is performed at the leading edge of the cell 

until the cell reaches its maximum size (18 blocks). To maintain cell shape, block addition has to 

comply with these 2 rules: (1) cell core with a radius of 1.75 blocks is filled; and (2) maximum 

cell frontal length = 3.5 blocks.  
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Figure 5.3. The cell protrudes at its leading edge and then retracts at the rear. During cell 

translocation, block addition (cell protrusion) and removal (cell retraction) are performed at the 

leading edge and rear of the cell, respectively. The specific rules are described in Cellular 

process (I): Cell protrusion/spreading and Cellular process (II): Cell translocation. 

 

Cellular process (I): Cell protrusion/spreading 

Before a cell detaches its rear from neighboring cells for cell translocation to occur, the cell will 

protrude and extend forward. To simulate the cell protrusion/extension, additional blocks will be 

added to the leading front of the cell (i.e. the cell will occupy additional squares on the grid) in 

the direction of migration until the maximum cell size allowed is reached.  
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From our time-lapse experiments (Fig. 2.8A), we observed that the leading cells at the edge of 

the “wound”, whether they were compressed or not, migrated toward open area, suggesting that 

they moved toward the less populated area (density gradient). The leading cells also appeared to 

remain connected with neighboring cells and applied a “pulling force” on them [13]. At the 

same time, due to inherent cellular contractile motions, the neighboring cells could also exert a 

“movement-impeding force” on the leading cells through the cell-cell contacts. In addition, from 

the square micropatterning experiments (Fig. 3.5), the corner cells on the square pattern in the 

uncompressed cultures migrated forward more readily than the edge cells. That the corner cells 

have more free-cell perimeter than the edge cells suggests that the free-cell perimeter affecting 

the rate of cell protrusion (and hence protrusive force) could regulate the cell migration. Hence, 

for each single cell, the direction of migration 

€ 

F
→

 is governed by the directions of both the 

density gradient 

€ 

∇D  and the resultant force unit vector 

€ 

f i
→

 calculated from a force balance 

comprising the three forces (protrusive, movement-impeding and pulling), which will be 

described further later. Applying a different weight factor 

€ 

wi to each force vector

€ 

f i
→

 or 

€ 

∇D  

controls the relative importance of each factor in determining the direction of cell migration.  

 

€ 

F
→

= c wi ⋅ f i
→

∑ + wd ⋅ ∇D        Equation (1) 

where 

€ 

wprotrusive  = 1 + 0.1 * longest protrusive length 

 

€ 

wmvt− impeding  = 0.3 if # edges in contact with neighboring cell < 9, or else = 1 

   

€ 

wpulling  = 2 

 

€ 

wd = free-cell perimeter/ total cell perimeter 
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€ 

c  = 1 

The relative coefficients of each force contribution 

€ 

wi were estimated by trial and error, but with 

rationale. In our model, there are three different forces acting on one cell: (1) positive pulling 

force from a moving cell, (2) protrusive force from its own self, and (3) movement-impeding 

force exerted by another neighboring cell via cell-cell contact. During collective migration, 

leader cells guide the cell cohort to move forward. Therefore, the effect of cell-cell contact force 

(

€ 

wmvt− impeding ) was assumed to be the least among the three forces or the cell cohort would retract 

backward. Meanwhile, as the leading (moving) cells can direct the movement of others, the 

impact of the positive pulling force contributed by migrating cells was assumed to dominate over 

the other two forces. Thus, its coefficient value (

€ 

wpulling ) is larger than that of the other two 

forces. As for the protrusive force, it is always present in migratory cells. Therefore, the 

minimum value of its coefficient (

€ 

wprotrusive) is 1. However, its value also increases with 

protrusion length because force is generated from actin polymerization during protrusion [14]. 

To avoid the value of 

€ 

wprotrusive  from getting larger than that of 

€ 

wpulling , the protrusion length is 

scaled down by a factor of 0.1. Lastly, cells with free edges generally migrate toward less-dense 

area. Therefore, the coefficient of its likelihood (

€ 

wd ) is proportional to fraction of free-cell 

perimeter. 

 

To determine the density gradient

€ 

∇D , the Matlab built-in gradient function is used. At the 

beginning of each time point, the whole grid is divided into equal partitions containing multiple 

squares. The cell density of each partition is determined by summing all the squares occupied by 

cells and then is stored in a new matrix. Applying the gradient function to this new matrix will 

provide a vector map representing spatial distribution of the cells. Thus, at each cell location, the 
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direction pointing toward the least-dense area is determined for the preferred course of cell 

movement 

 

However, the density gradient is not the only factor controlling the direction of cell migration 

because there are cell-cell interactions. Therefore, we also performed a force balance including 

the three forces shown below (Fig. 5.4): (Each of the resultant force vector is normalized to a 

unit vector.) 

1. Protrusive force – this force promoting forward cell movement is generated from 

protrusions by the cell itself. At t=0, the possible number of protrusions formed is 

proportional to the free-cell perimeter of the cell (for the uncompressed case). At t>0, the 

direction of the protrusive force is governed by the shift in direction of the center of mass 

from the previous time point.  

2. “Movement-impeding” force – this cell migration-impeding force comes from any 

neighboring cell, which shares the same cell perimeter with the target cell. To find the 

resultant direction of this force, all the vectors originating from the center of mass of the 

target cell to its edge sharing with other neighboring cells are located and then combined.  

3. “Pulling” force – this force comes from any moving cells in contact with the target cell. 

To determine the resultant direction of such force, all the vectors pointing from the center 

of mass of the target cell to the center of mass of any migrating cells are located and then 

combined.  
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Figure 5.4. Force-body diagram of the cell being modeled. There are three different forces 

acting on the light-green cell: (1) pulling force from the leading cell; (2) protrusive force from its 

self; and (3) movement-impeding force due to cell-cell coadhesion with the rear cell. Applying a 

weight factor 

€ 

wi to each of these unit force vectors and then combining them all together results 

in a resultant force vector (orange, thick arrow), of which the direction controls the protrusion 

direction.  

 

After the direction of migration 

€ 

F
→

 (equivalent to direction of protrusion) is determined, the 

protrusion rate, which depends on free cell perimeter, is given by the following: 

# of blocks added (protrusion rate) = CEILING (free-cell perimeter x block addition constant ), 

where the block addition constant between 0 and 1 is a user-defined parameter that controls the 

protrusion rate (and the cell translocation rate described later).  
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To determine whether the blocks should be added, the following steps are performed: 

(1) Check any free-cell perimeter of the cell. No blocks will be added if the cell has no free-

cell perimeter. Otherwise, go to step (2). 

(2) During block addition, the cell shape has to be maintained.  

a. To avoid the cell from becoming too thin, the blocks will be preferentially added 

within a region of a defined radius around the center of mass of the cell. If this is 

satisfied, go to step 2b. 

b. The blocks are added within (+/-) 45 degree-span from the direction of 

€ 

F
→

 at the 

protruding end of the cell. However, to avoid any cell over-stretching, the frontal 

cell length cannot exceed the defined maximum value after block addition.  

 

Cellular process (II): Cell translocation 

After the cell reaches the maximum cell size due to protrusion/spreading, the cell starts 

translocation to the direction of protrusion. For each cell migration cycle, a cell protrudes in the 

direction of movement, make adhesions, and then retract this rear end[15]. This translocation 

process is simulated in this model by a coordination of two actions: one block is removed from 

the rear end of the cell (i.e. opposite to the migration direction 

€ 

F
→

) for every block added to the 

protruding end. The block addition process is performed in the same manner as described in 

Cellular process (II): Cell protrusion/spreading. 

 

Following addition of a single block, a block is selected for removal from the rear end of the cell 

in the opposite direction of migration. However, the following criteria have to be satisfied: 
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1. The cell cannot be divided into two parts after the removal of the selected block. 

2. In our experiments, we observed that 67NR cells always remained connected with each 

other during cell movement. Hence, the removal of the selected block in contact with a 

third-party cell will automatically cause the third-party to take over the space to ensure 

the cell-cell coadhesion. 

 

Cells can migrate randomly to explore their local environment, or in a particular direction, for 

example during chemotaxis. In our scratch-wound or micropatterning experiments, the cells can 

sense the free space created on one side and preferentially migrate to move away from the cell 

mass. In our model, as the process of cell translocation begins, a persistence time is assigned 

based on the normal distribution (assumed) of persistence times with a mean value of 2 time 

steps (1 hr). (The persistence time for epithelial cell migration varies from ~12 mins to ~1 hr 

[3]).  Hence, during persistent migration, the direction of migration will be remained the same. A 

new direction for 

€ 

F
→

 will be determined only when the persistent time expires. 

 

Cellular process (III): Cell proliferation  

Each cell has the capability to proliferate, provided that the following conditions are satisfied: (1) 

the cell size reaches a size of 18 squares or above; and (2) the cell is surrounded by neighboring 

cells, i.e. the free-cell perimeter is equal to 0. (From the time lapse of 67NR migration, more 

round cells undergoing mitosis were found within the cell sheet.) When these conditions are 

satisfied, the cell will split into 2 new entities (cells). To determine how the cell is divided, the 

following steps are performed:  
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(1) Calculate the aspect ratio of the cell to determine the cell orientation (direction of 

elongation). 

(2) Calculate the center of mass for the cell. 

(3) Cut the cell into 2 halves through the center of mass in perpendicular to the direction of 

cell elongation.  

 

Origin of stochasticity 

The coordinated cell migration is modeled as an interrelation of random/probabilistic processes 

over a period of time. To introduce stochasticity into the model, some indeterminacy in future 

evolution is described by the following: 

(1) an action probability, which allows a cell to perform no action or one of the migration steps 

(protrusion or translocation) during simulation. The effect of an action probability on the 

simulation outcomes is described in Appendix D; 

(2) normal distribution of persistent time, which provides each cell with a randomized persistent 

time based on a probabilistic distribution. Thus, some cells display directionally persistent 

migration more readily than others; 

(3) choice of protrusion/translocation direction: although the protrusion direction is initially 

determined by Equation (1), the selected course of movement can deviate within +/- 45-degrees 

from the pre-determined direction; 

(4) choice of blocks for removal during retraction: a block is randomly selected for removal from 

a generated list of blocks that have shown to satisfy the requirements for removal described 

earlier. 

This introduced randomness causes temporal changes in cell-cell spatial arrangement and cell 
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shape, which result in a distinct spatio-temporal pattern of forces on each cell. This in turn 

affects the cell migration behavior on a longer time scale: some cells are evolved to become 

leader cells. 

Results and Discussions 

 

We first simulated the collective migration of cells initially arranged in a square geometry under 

stress-free condition (Fig. 5.5), which was the base case (analogous to the experimental control). 

In this model, the same set of rules was applied to all cells. There were no pre-assigned 

leader cells in the model. Some cells were evolved to act like leader cells during simulation 

because they had higher extent of free-cell perimeter (e.g corner cells vs. edge cells in a square 

pattern). Since the number of protrusions is proportional to free-cell perimeter, the corner cells 

with more free-cell perimeter would proportionally have more protrusions than the edge cells. As 

a result, the corner cells generated higher tensional stress within cytoskeleton [16] and became 

leader cells. As the cells remained connected with each other during migration, the leader cells 

would pull the other cells during locomotion. 

 
t = 0 

 
t = 10 

 
t = 20 
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t = 30 

 
t = 40 

 
t = 50 

Figure 5.5. Simulation of coordinated migration of cells initially arranged in a square 

pattern under no stress condition. The migration pattern is similar to the experimental control, 

where cells preferentially protrude from the corners of the square pattern than from its edges. 

 

From our experimental study, we found that compression-induced coordinated migration of 

67NR mammary carcinoma cells was geometry-independent, accompanied by cell distension, 

enhanced cell-matrix adhesion, increased formation of leader cells and faster migration rate. To 

determine which model parameter could be affected by compression, we changed one parameter 

of the control case at a time (Table 5.2) and then compared the resultant cell migration patterns 

(Figs. 5.6-5.9) with the control case (Fig. 5.5). In addition, the shape change index, which 

describes the shape distortion of the square pattern due to cell movement (and was previously 

defined in Chapter 3), was calculated for all the simulated scenarios (Fig. 5.10) and then 

compared with the experimental values (Fig. 3.5). 

Changes in model parameters 

(1) Protrusive force is increased by allowing the cell to extend further (i.e. the 
maximum frontal length allowed is doubled, thereby increasing free cell 
perimeter). The simulation result is shown in Figure 5.6. 

(2) Protrusion/translocation rate is kept constant, independent of free cell perimeter 
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(FCP). The simulation result is shown in Figure 5.7. 

(3) FCP-dependent protrusion/translocation rate is doubled. The simulation result 
is shown in Figure 5.8. 

(4) Number of initial protrusions is the same for all cells around the periphery of 
the square pattern, regardless of initial free cell perimeter. The simulation result is 
shown in Figure 5.9 

Table 5.2: What model parameter could be affected by compression?  

 

 
t = 0 

 
t = 10 

 
t = 20 

 
t = 30 

 
t = 40 

 
t = 50 

Figure 5.6. Simulation of the base condition (uncompressed case in Fig. 5.5) with the 

maximum frontal length allowed for each cell being doubled. 
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t = 0 

 
t = 10 

 
t = 20 

 
t = 30 

 
t = 40 

 
t = 50 

Figure 5.7. Simulation of the base condition (uncompressed case in Fig. 5.5) with the 

protrusion/migration rate being kept constant, independent of free cell perimeter (FCP). 

 

 
t = 0 

 
t = 10 

 
t = 20 
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t = 30 

 
t = 40 

 
t = 50 

Figure 5.8. Simulation of the base condition (uncompressed case in Fig. 5.5) with the FCP-

dependent protrusion/migration rate being doubled. 

 

 
t = 0 

 
t = 10 

 
t = 20 

 
t = 30 

 
t = 40 

 
t = 50 

Figure 5.9. Simulation of the base condition (uncompressed case in Fig. 5.5) with the same 
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number of initial protrusions assigned for all cells around the periphery of the square 

pattern. 

 

 
Figure 5.10. Comparison of the shape change index values between the experimental and 

different model conditions. The numerical values on the x-axis represent the model conditions 

described in Table 5.2. Unlike other model conditions (3 and 4), longer cell protrusion length 

(Model condition 1) and constant protrusion/migration rate independent of free cell perimeter 

(Model condition 2) give an value of shape change index closer to that of the experimental 

compressed cultures. The value of shape change index for each of the model conditions is 

averaged by ten simulations. Error bars represent s.e.m. 
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From the simulation results (Figs 5.6-5.10), we found that faster FCP-dependent 

protrusion/translocation rate (Fig. 5.8) and same number of initial protrusions (Fig 5.9) generated 

a cell migration pattern similar to that of the control uncompressed case (Fig. 5.5). In contrast, 

longer cell frontal extension (Fig. 5.6) and constant protrusion/translocation rate (independent of 

FCP) (Fig. 5.7) yielded a migration pattern similar to that of the experimental compressed 

cultures (i.e. cell movement around the periphery of the square pattern). Below is a discussion of 

these interesting findings:  

(1) In the experiments, the compressed cells were much longer than the control cells (Fig. 

3.3). In the simulation, when we doubled the maximum frontal length allowed for the cell 

to extend forward, more branching emerged from the original square patterns, indicating 

that more leaders cells were formed. When the cells extend longer, the proportion of their 

cell periphery in contact with neighboring cells decreases and the free-cell perimeter 

increases. Thus, the extended cells could behave as corner cells of the square patterns. 

This suggests that cell distension could induce leader-cell formation.  

(2) The corner cells usually have higher free cell perimeter than that of the edge cells in a 

square pattern. The experimental observation that leader cells preferentially formed at the 

corners of the square pattern in the uncompressed cultures (Fig. 3.5) suggests that leader-

cell formation is related to free cell perimeter in the absence of compression. However, in 

the compressed cultures, there was no preferential location for leader-cell formation as 

they formed ubiquitously all around the periphery of the square pattern (Fig. 3.5). As 

compression extended every cell around the periphery of the square pattern, the 

difference in the free cell perimeter between the corner and edge cells could be 

minimized. Hence, compression-induced leader-cell formation appeared to be 
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independent of free-cell perimeter. Indeed, in the simulation, constant 

protrusion/translocation rate independent of free cell perimeter (FCP) has generated a cell 

migration pattern close to that in the compressed cultures. This suggests that instead of 

increasing FCP-dependent cell migration, compression might facilitate uniform cell 

migration due to cell distension. 

(3) In the experiments, compression caused initial extrusions of cells at the pattern edge 

(from observation). To determine if such initial extrusion would induce the migration 

behavior observed in the compressed cultures, we initialized each cell with the same 

number of protrusions. Surprisingly, we found that the simulated migration pattern was 

similar to the control case. For the edge cells of the square pattern, the force generated by 

these initial small cell extrusions might not be larger enough to overcome the high cell-

cell contact force of the edges cells. Thus, they still behaved as in the control case. 

These simulation results imply that (i) cell distension could polarize the cells [17], inducing 

leader-cell formation, and (ii) initial cell extrusions induced by compression might not be 

sufficient to enhance coordinated cell migration unless compression facilitates constant cell 

migration independent of free cell perimeter. Based on these simulation findings, when both 

longer cell frontal extension and constant cell migration were introduced into the base control 

case, the compression-induced migration was reproduced in the stimulation (Fig. 5.11A) with an 

R2 value of 0.87 compared with the experimental values (Fig. 5.11B). 
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A 

t = 0 t = 10 t = 20 

t = 30 t = 40 t = 50 
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B  
 

Figure 5.11. Compression could increase cell frontal extension and facilitate constant cell 

protrusion/translocation rate, resulting in enhanced coordinated cell migration. A, When 

both longer cell frontal extension and constant cell migration were introduced into the base 

control case, the compression-induced migration was reproduced in the stimulation. B, Shape 

change index comparison between the experimental and the model in A with an R2 value of 0.87. 

 

To determine the robustness of the model and whether the implications from the previous 

simulation results would be applicable to other geometries, we have also performed the 

simulations on the rosette and circular patterns. From the square pattern simulations, we found 
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that compression could increase cell frontal extension and induce constant, FCP-independent cell 

migration. Therefore, we simulated compressed cell migration in a rosette pattern with these 

changes in model parameters as well. The simulation results from the rosette pattern qualitatively 

matched well with the migration behavior as observed in the experiments for both the control 

and compressed cultures (Fig. 3.6). While leader cells mainly emerged from the tip of the rosette 

pattern in the control (Fig. 5.12), leader-cell formation occurred everywhere around the pattern in 

the compressed case (Fig. 5.13). In addition, the ratio of the migration rate of the edge cells to 

that of the tip cells in the experimental control was consistent with that in the simulated control 

(R2 = 0.999), despite a higher baseline in the model simulation (Fig. 5.12: Last panel). As for the 

compressed cultures, the moving front of the tip cells experimentally demonstrated slower 

movement than that of edge cells, and our respective simulation has also qualitatively captured 

this similar phenomenon. However, the computed migration rate of the model edge cells (by 

tracking the initial and end points of each individual cell) was similar to that of the model tip 

cells instead. This quantitative analysis of the simulated migration contradicted with the 

experimental measurements (determined by measuring the distance travelled by the leading 

front, instead of individual cells) (Fig. 5.13: Last panel). This discrepancy suggests that the faster 

moving front of the compressed edge cells obtained from the experimental measurements could 

be contributed to higher cell proliferation in the more crowded (edge-cell) area. 
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t = 0 

 
t = 10 

 
t = 20 

 
t = 30 

 
t = 40 

 

Figure 5.12. Simulation of collective cell migration in a rosette pattern under stress-free 

condition. The same set of rules used in the square control condition was applied to the 

simulation of coordinated migration in a rosette pattern. Similar to the experimental observation, 

the simulated cell migration demonstrates the emergence of leader cells mainly from the tip of 

the rosette pattern. In addition, the last panel shows that the ratio of the migration rate of the edge 

cells to that of the tip cells in the experimental control is consistent with that in the simulated 

control (R2 = 0.999), despite a higher baseline in the model simulation. 
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t = 0 t = 10 t = 20 

 
t = 30 

 
t = 40 

  

Figure 5.13. Simulation of collective cell migration in a rosette pattern under compression: 

increased cell frontal extension and constant, FCP-independent cell 

protrusion/translocation rate. Similar to the experimental observation (Fig. 3.6), the simulated 

cell migration qualitatively displays (1) leader-cell formation everywhere around the periphery 

of the rosette pattern, and (2) slower movement of tips cells that that of edge cells. However, the 

last panel shows that the computed migration rates of model tip and edge cells are not in 

agreement with that of the experimental values. Please see the main text above for discussion on 

such discrepancy. 
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For the circle case, every cell around the edge should theoretically have equivalent free-cell 

perimeter. Therefore, the cells should be moving outward at a similar rate, maintaining the 

overall pattern in a circular shape in the absence of compression. However, since the cells were 

modeled as squares, the resultant simulation pattern was not a perfect circle. In addition, there 

was no significant difference in the migration pattern between the control (Fig. 5.14) and 

compression (Fig. 5.15) simulations. However, in the experimental cultures, we would expect no 

leader cells in the control case but uniform directional leader-cell formation in the compressed 

case. Thus, the former should have a smoother edge than that of the compressed culture. Yet this 

disparity could not be distinguished by our current preliminary model. 

 
t = 0 

 
t = 10 

 
t = 20 

 
t = 30 

 
t = 40 

 
t = 50 

Figure 5.14. Simulation of collective cell migration in a circle pattern under stress-free 
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condition. The same set of rules used in the square control condition was applied to the 

simulation of coordinated migration in a circle pattern. 

 

 t = 0 
 

t = 10 t = 20 
 

t = 30 t = 40 t = 50 

Figure 5.15. Simulation of collective cell migration in a circular pattern under 

compression: increased cell frontal extension and constant, FCP-independent cell 

protrusion/translocation rate.  

 

Implications and Limitations 

 

Two main limitations remain in the present model: (1) cells are modeled as squares; and (2) it 

lacks a complete description of cell-matrix adhesion, which is important for protrusion 
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stabilization and adhesion disassembly. Nevertheless, the model in general have generated 

simulation results that fit well with the experimental observations (square pattern in Fig. 5.11 and 

rosette patterns in Figs. 5.12-5.13). More importantly, it provides us with insights into the 

physical underpinnings governing the collective migration induced by compressive stress: (i) cell 

distension could polarize the cells [17], thereby inducing leader-cell formation, and (ii) 

compression-induced coordinated cell migration could be accompanied by constant, FCP (free 

cell perimeter)-independent cell migration rate. 
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Chapter 6: Conclusions and future directions 
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Munn, “Compression-induced cell distension and adhesion stimulate coordinated 
migration of mammary carcinoma cells.” Submitted. 
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Conclusions 

Uncontrolled cell proliferation within a solid tumor in a confined space not only creates 

oxidative stress (hypoxia) [1], but also generates mechanical compressive stress [2,3], 

which can influence the tumor cells and modify their interactions with neighboring cells 

and the extracellular matrix. Intratumoral oxidative stress has long been shown to select 

for aggressive cancer cells, enabling the cancer cells to metastasize- to spread to other 

parts of the body[1]. However, whether compressive stress generated by rapid cell 

proliferation can impose similar selection pressure remains unclear. The primary goal of 

this thesis is to answer the following question: can compressive stress generated by tumor 

growth stimulate cancer cell migration? The answer will drive our understanding of 

mechanical impact on solid tumor pathophysiology and open the door to a new class of 

targets for blocking mechanical stress pathways. Furthermore, our finding will highlight 

the need for integrating mechanical cues into current genetic or molecular biology 

approaches for drug screening as a better evaluation of drug efficacy during drug 

development.  

 

To mimic the process by which cancer cells collectively experience compressive stress at 

the tumor margin, where rapid cell proliferation occurs[4,5], we first developed an in 

vitro compression system to apply direct and anisotropic compressive stress to cell 

monolayers and assess its effect on cancer cell motility with a scratch-wound assay 

(Chapter 2). The 2-D scratch-wound assay allows cell-cell and cell-matrix interactions 

that cancer cells would experience under compression to be studied during cell 

migration[6]. In addition, the migration rates of the uncompressed cancer cell lines 
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determined from the scratch-wound assay correlated reasonably with their relative 

inherent motility. Hence, we were confident that the scratch-wound assay provided a 

good measure of the effect of compressive stress on cell motility.  

 

Our experiments showed that moderate compressive stress enhances cell migration in 

mammary carcinoma cells and compression-induced migration is accompanied by cell 

distortion regulated by cytoskeletal changes (Chapters 2). Governed by the principles of 

“tensegrity,” cell shape can govern various cellular processes such as proliferation and 

directional protrusions[7,8]. As cancer cells are more deformable than normal cells[9] 

(also supported by our cytoskeletal immunostaining), they could impart distinct 

mechano-responses. Indeed, differential migratory responses to mechanical compression 

were obtained from various cancer cell lines and normal cells (mammary epithelial cells 

and fibroblasts). For example, while compression enhanced the motility of some 

mammary carcinoma cell lines, the migration potential of fibroblasts was not 

significantly affected (Appendix A). The distinct mechanosensitivities of tumor and 

stromal (mainly fibroblasts) cells could allow the cells to orchestrate tumor progression 

more effectively, as fibroblasts under mechanical stimulation have been reported to 

regulate the production of extracellular matrix [10], of which increasing stiffness 

enhances tumor malignancy. More importantly, we showed that the mechano-response 

was reversible. When the mechanical stress was removed, the migration potential of pre-

compressed 67NR cells that previously demonstrated increased cell motility dropped 

significantly. Hence, compression-induced cancer cell migration is cell-distortion-

dependent, implying that tumor cell motility could be modulated by the compressive 
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stress surrounding them. Indeed, it has been reported that altering the matrix rigidity can 

revert the transformed mammary epithelial cells toward a non-malignant phenotype[11].  

 

Another intriguing result is that compression-induced leader-cell formation is 

independent of multicellular micro-organization (Chapter 3). Using microfabrication to 

control the organization of 67NR cells in a sheet, we demonstrated that emergence of 

leader cells corresponded to the tips or corners of the uncompressed monolayers, while 

externally-applied compression induced leader cell formation everywhere around the 

edge of the pattern. Depending on the cell’s position and the overall shape of the 

monolayer, cytoskeletal tension generated within each cell varies[7]. For instance, the 

corner cells have more free-cell perimeter to interact with ECM for adhesions, and thus 

generate high tractional stress within the sheet[12]. Hence, multicellular spatial micro-

organization could induce internal cell polarization. As a cell polarizes, distinct spatial 

localization of proteins occurs at the front and the rear of the cell for different molecular 

processes [13,14]. In a similar manner, compression-induced cell extrusion could polarize 

the cells [15], and affect the spatial localization of proteins such as Rho-GTPases, 

independent of total expression levels of the cellular proteins. Indeed, while previous 

work has shown that formation of leader cells is dependent on RhoA, which is 

responsible for contractile activity and stress fiber formation [16,17], we showed that 

modulating the activity of Rho-GTPases, such as RhoA, Rac and Cdc42, apparently did 

not affect the morphology of compression-induced leader cells (though migration rate 

was affected). Therefore, our findings suggest that compressive stress generated by tumor 

cells could mechanically polarize the cells for migratory phenotypes toward open spaces. 
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This could be important for local invasion and also intravasation into blood vessels, 

considering that loss of gap junctions within the endothelial lining of the blood vessels 

has been reported in metastatic tumors [18,19].  

 

In general, it is assumed that focal adhesion formation (an indication of cell-substrate 

adhesion) is necessary for cell spreading. However, consistent with the finding of Chen 

et. al. that cell spreading actually controlled the amount of focal adhesions while holding 

the extracellular matrix density constant[20], we showed that (1) compression did not 

significantly increase fibronectin surface density, but (2) compression induced cell 

extrusion (spreading), which led to a larger fraction of fibronectin associated with cell-

substrate surface for enhanced cell-substrate adhesion (supported by immunostaining of  

integrin, paxillin and vinculin) (Chapter 4). Different from previous studies showing that 

matrix rigidity enhances tumor progression[11,21], our results suggest that growth-

induced compressive stress could distort cancer cells and increase their ECM adhesion 

for aggressive phenotypes without activation of stroma cells (fibroblasts) for extracellular 

matrix production.  

 

Although compression did not increase fibronectin surface density, compression-induced 

cell-substrate adhesion could induce cytoskeletal tension, which has been shown to 

unfold fibronectin to expose cryptic self-association sites for fibronectin fibril and matrix 

assembly[22-24]. Hence, consistent with the previous report that persistent movement of 

leader cells results from cell adhesion to fibronectin[25], we found that elongated 

fibronectin fibrils were formed under compressed leading cells in the direction of 



  216 

migration. Meanwhile, as fibronectin fibrils could expose more binding sites for cell 

integrin-matrix interactions, higher intracellular cytoskeletal force could be generated to 

pull the cell sheet forward and thereby enhance coordinated cell migration. Since 

formation of fibronectin fibrils is a cell-mediated process involving interactions with 

integrins and actin cytoskeleton [26], blocking the dynamic interactions between 

fibronectin, integrin and actin cytoskeleton would hinder formation of fibronectin fibrils 

for enhanced coordinated migration. Indeed, when we performed integrin b1 blocking 

and inhibition of actomyosin contractility on 67NR cells, compression-induced 

coordinated migration rate was reduced but the leading edge of the cell sheet remained 

morphologically the same (Chapter 4). Taken together, our findings suggest that changes 

in internal cytoskeletal tension that result from large-scale changes in cell shape (e.g 

compression-induced cell distortion) can lead to enhanced cell-matrix adhesions.  

 

From our experimental study, we found that compression-induced coordinated migration 

of 67NR mammary carcinoma cells was geometry-independent, accompanied by cell 

distension, enhanced cell-matrix adhesion, increased formation of leader cells and faster 

migration rate. To experimentally decouple each parameter from one another and identify 

the factor(s) governing compression-induced collective migration was challenging. 

Hence, we developed a preliminary and simple stochastic model to simulate 2-D 

collective migration of cells initially arranged in a square geometry (Chapter 5). As each 

cell was composed of multiple blocks, its cell periphery could undergo different 

processes, such as protrusions on one side while maintaining cell-cell contact with 

another neighboring cell on a different side. The model simulations suggest that (1) cell 
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distension generated by compression could induce leader-cell formation, (2) initial cell 

extrusions induced by compression may not be sufficient to enhance coordinated cell 

migration, and more importantly, (3) constant cell migration rate independent of free cell 

perimeter (FCP) could be responsible for compression-induced coordinated migration.   

 

Combining both experimental and theoretical approaches, our work suggests that 

anisotropic compression may be able to promote coordinated cell migration (independent 

of the geometric determinant of directional cell protrusions[27,28]) by affecting the free-

cell perimeter and also the number of cell-substrate adhesions, or the rate at which they 

form (Fig. 6.1). This is consistent with the observation from the micropatterning 

experiment that leader cells form at the square corners or rosette tips in uncompressed 

samples, which have greater free perimeter. Thus, more protrusions/adhesions are 

formed, generating tension on the actin cytoskeleton and enhancing force transmission 

and mechano-sensing at the focal adhesions [29]. It is also consistent with the induction 

of leader cells by compression, which forces cell distension, and thus increases free-cell 

membrane available for protrusions and adhesion sites. The compression-induced cell 

distortion can increase cytoskeletal tension, affecting local changes in focal adhesion 

assembly [7,20] and the rate of adhesive contact formation. The resultant cell-matrix 

adhesion induced by compressive stress might facilitate more uniform cell migration, 

resulting in geometry-independent and thus more effective coordinated migration.  
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Figure 6.1. Conceptual model of compression-modulated coordinated cell migration. 

Cells seeded in square islands have different extents of free perimeter, depending on 

location (A). In uncompressed cultures, free perimeter affects leader cell formation (B). 

On average, the corner cells in the square islands have more free cell perimeter than the 

edge cells, and are therefore able to extend more protrusions than the edge cells. The rate 

at which these protrusions form adhesions – or the resulting change in force balance 

within the cell – likely causes their phenotypic change into “leader” cells (C). In our 

system, cell-cell adhesion is maintained, so cells adjacent to the leader cells (either 

behind or on the sides) appear to be pulled in the coordinated migration. As a result, the 
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sheet preferentially extends from the corners of the square pattern. In contrast, when the 

culture is compressed, all cells around the periphery of the island are deformed, or 

extruded, against the surface, into the empty space (D). Similar to the case of the active 

extension of the uncompressed corner cells, cell extrusion or “reaching” directed by 

asymmetric neighbors has the effect of increasing cell-surface contact and formation of 

new adhesion contacts with the substrate. Hence, all cells around the periphery of the 

square pattern become leader cells (E).  

 

In the classical view of metastasis – a process of tumor cells spreading to other parts of 

the body, transformation of epithelial-like tumor cells to become mesenchymal is thought 

to be required for them to migrate as single cells[30]. However, it has been found 

recently that tumor cells can also invade the surrounding environment in clusters or 

strands guided by leader cells (collective/coordinated cell migration) [31]. The work 

presented in this thesis serves as the first evidence of the mechanical impact in cancer 

coordinated cell migration. It suggests that compressive stress generated by proliferating 

cancer cells can distort their cell shapes, enhance their cell-substrate adhesion and 

stimulate formation of leader cells responsible for collective cell migration, potentially 

leading to metastasis. In addition, the phenotypic characteristics of compression-induced 

leader cells are: (1) polarized; (2) enhanced directional migration with extended 

protrusions; (3) stress fiber formation; and (4) increased fibronectin deposition at the cell-

substrate interface. The unsuccessful attempt to identify the regulatory molecule 

controlling compression-induced migration and leader-cell formation apparently implies 

that such compressive stress activates cancer cells via another adaptive mechanism 
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independent of the conventional pathways responsible for migration and adhesion. 

Nevertheless, our work provides novel insight into how physical determinants trigger 

leader-cell formation in coordinated migration, which is relevant in many other 

physiological processes, such as vascular sprouting and wound healing[32,33]. These 

small steps forward in the field of cancer mechano-biology help to propel research in 

discovering mechanical-stress pathways and improved strategies for cancer treatment. 

 

Future Directions 

As a tumor contains both cancer cells and stromal cells including fibroblasts and 

macrophages, it is important to understand the effect of compressive stress on stromal 

cells as well. Although we have shown that mechanical compression did not affect 

fibroblast migration (Appendix A), mechanical stress has been shown to influence the 

production of extracellular matrix by fibroblasts[10]. In addition, we have shown that 

different extracellular matrix/substrate can have distinct effect on leader-cell formation in 

our 2-D in vitro model (Fig. 4.5, B-C). Therefore, it is possible that compression induces 

synthesis or deposition of extracellular matrix molecules by fibroblasts, which in turn 

enhances leader-cell formation in cancer cells. To test this possibility, we will first use 

the current 2D in vitro compression platform to apply mechanical stress to fibroblast 

monoculture and then measure the transcriptional and post-translational changes in 

expression of extracellular matrix molecules or growth factors with gene arrays and 

Western blots, respectively. We can also perform similar experiments to evaluate the 

effect of compression stress on other stromal cells such as macrophages in terms of the 

production of inflammation-associated molecules.  
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With a better understanding of the role of mechanical compression in stroma component, 

we will then determine if the cancer-stromal cell interaction augments compression-

induced migratory phenotypes. To do this, we will co-culture stromal cells such as 

fibroblasts with cancer cells by seeding a mixed population of cancer cells labeled with 

green fluorescent proteins (GFP) and fibroblasts labeled with red fluorescent protein from 

Discosoma sp. reef coral (DsRed) onto the transwell surface. A scratch-wound assay is 

then performed to measure the migration potential of GFP-cancer cells under 

compression. To control the spatial localization of different cell types, alternate rings of 

cancer cells and fibroblasts can be patterned on transwell surfaces by micro-contact 

printing techniques.  

 

If compression-induced migratory response of cancer cells is enhanced in the presence of 

fibroblasts, we will next investigate whether the physical contact between cancer cells 

and fibroblasts is required. We can pre-treat the transwell surface with fibroblasts (which 

will deposit matrix and secrete growth factors) and compress them. After compression of 

fibroblast monoculture, we will collect the conditioned culture medium and remove the 

cells from the transwell surface. Then, cancer cells are seeded on the conditioned surface 

and cultured in the collected conditioned medium for the in vitro scratch wound-

compression experiment. 

 

Active migration of cancer cells is necessary at the initiation of the metastatic cascade, at 

which time the cancer cells leave the primary site and gain access to the circulation, and 
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also at the end of cell invasion when they enter the secondary site[34]. My 2D work has 

shown that compression can enhance migration of cancer cells. Next, we will extend my 

2D work to a 3D in vitro compression model. Development of a 3D model by 

incorporating matrix rigidity and structure into the current 2D model would allow us to 

investigate the effect of compressive stress on invasive potential of cancer cells. In the 

preliminary experiments, we have compressed mammary epithelial cells in the Matrigel 

using the in vitro compression device. Enhanced cell invasion and more pronounced 

fibronectin expression near the migrating cells were observed in the compressed 3D 

cultures. In addition, continuous compression was also required in the 3D model to 

induce those invasive phenotypes (Data not shown). These initial studies suggest that the 

results from my 2D work are still applicable for migration in 3D. However, higher stress 

may be required to yield comparable cell strain on a gel substrate rather than on a rigid 

2D surface. Next, we will introduce cancer-stromal cell interaction into a 3D co-culture-

compression model. Eventually, we attempt to discover the molecular mechanism 

responsible for compression-induced invasive phenotypes using this 3D model. 

 

Toward the end of my PhD project, we have started to develop a preliminary stochastic 

model of coordinated cell migration to explain the experimental results (Chapter 5). In 

the current model, the direction of cell migration was determined by considering all the 

cell-cell interaction forces and self-protrusive forces with the relative contribution of each 

force estimated by trial and error (but with rationale). The current model is able to 

qualitatively reproduce the experimental observations of coordinated migration in both 

the control and compressed cultures. To validate the parameters in the stochastic model, 
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various experiments will be performed, such as determination of various force 

magnitudes by traction force microscopy [35] and optical tweezers, and measurement of 

cell migration persistence time by time-lapse microscopy. In addition, we want to 

introduce into the model a description of the biochemical environment, in which cells can 

secrete growth factors and sense gradients of soluble factors for directional migration. 

Such a model combining both biophysical and biochemical components of the cell 

microenvironment would provide us with insights into their interplay during coordinated 

cell migration. 
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Appendix A 
 
Results 

Porous membranes vs. non-porous surfaces on compression-induced migration 

Despite no forced cell-extrusion through the 0.4um porous membrane in the compressed 

cultures (Fig. 2.2), it is not clear whether the mere presence of pores on the membranes 

could contribute to compression-induced migration in mammary carcinoma cells. In 

Figure 2.3, 67NR mammary carcinoma cells showed the most pronounced increase in 

migration potential under compression. Therefore, we compared the migration response 

of 67NR cells to mechanical compressive stress on a 0.4um porous membrane and a 

nonporous plastic surface. In spite of overall slower migration on the plastic surfaces, the 

cell migration enhanced by compression on 0.4um porous membrane was reproduced in a 

similar manner on the plastic surfaces (Appendix Fig. A1). It should be noted that 

nonporous membranes of the same material as 0.4um membranes should be ideally used 

but they were not found available. Hence, the surface material difference could contribute 

to discrepancies in cell migration enhanced by compression. Taken together, our finding 

confirmed that the presence of pores on the transwell membranes were not accountable 

for compression-induced migration. 
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Appendix Figure A1.  Compression-induced 67NR migration is observed on both 

porous and nonporous surfaces. Average migration rate obtained from the scratch-

wound assay for the 67NR cells subjected to either stress-free (control) or a compressive 

stress of 5.8mmHg for 16 hrs. The cells were plated on 0.4um porous membranes or 

plastic surfaces, respectively (n=6-9; *P<0.05 compared with their individual control). 

Error bars represent s.e.m.    

 

Gene tables for pathwayfocused microarray used in the study  

Two different microarrays (from SABiosciences) were used to study the effect of 

compressive stress on gene expression related to migratory phenotype. They were tumor 

metastasis microarray and extracellular matrix (ECM) and adhesion molecules array. 

Their gene tables are displayed in Appendix Figure A2. The tumor metastasis microarray 

includes genes encoding several classes of protein factors such as cell adhesion, ECM 

components, cell cycle, cell growth and proliferation, apoptosis, transcription factors and 
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regulators and other gens related to tumor metastasis. The ECM and adhesion molecules 

array contains ECM proteins including basement membrane constituents, collagens, and 

genes playing a role in ECM structure such as ECM proteases and their inhibitors. It also 

includes molecules important to cell-cell and cell-matrix adhesions such as 

transmembrane molecules and integrin subunits.  

A  
  
 

B 
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Appendix Figure A2. Gene tables for SABiosciences microarrays. A, Tumor metastasis 

array. B, Extracellular matrix and adhesion molecules array. Additional information can be 

found from SABiosciences website: http://www.sabiosciences.com.   

 

Effect of compressive stress on nuclear localization of betacatenin 
 
Nuclear localization of beta-catenin is one of molecular markers for epithelial-to-

mesenchymal transition (EMT) – a transformation process of an epithelial cell to a 

mesenchymal cell with increased migratory and invasion potentials[1]. In addition, high 

activity of beta-catenin has been shown as a poor prognostic marker for breast cancer 

patients[2]. To examine whether compressive stress induces translocation of beta-catenin 

to nuclei, we fixed the 67NR cells at the end of the in vitro scratch wound-compression 

experiment, and then performed immunofluorescent staining using anti-beta-catenin 

antibody (Clone 14; BD Transduction Laboratories).  
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Appendix Figure A3. Compressive stress does not induce nuclear localization of 

beta-catenin. Immunostaining of beta-catenin (Cy3; red) of 67NR cells at the periphery 

of the cell-denuded area after 20 hours. Fluorescent staining of beta-catenin is localized 
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between cell-cell borders in both control and compressed cultures. No beta-catenin 

staining is found in the nuclei of the compressed cells (n=12; scale bar, 10um). 

 
 
Effect of compressive stress on fibroblasts 
 
As a tumor grows in a confined matrix, the stroma (mainly consisted of fibroblasts) of the 

tumor also gets compressed. To gain insight into the effects of compressive stress on 

normal cells, we compressed normal fibroblasts (CRL-2575 from ATCC) and performed 

in vitro scratch wound assay. Interestingly, compressive stress did not affect the 

migration rate of normal fibroblasts. 

 

Appendix Figure A4.  Compressive stress has no significant effect on fibroblast 

migration.  Average migration rate obtained from the scratch-wound assay for normal 

fibroblasts (CRL-2575) subjected to stress-free (control) or a compressive stress of 

5.8mmHg for 16 hrs using the device described in Figure 2.1 (n=9). Error bars represent 

s.e.m. 
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Appendix B 
 
Results 

Compression-induced lamellipodial protrusions in LS174T colon carcinoma cells 

The human colon cancer cell line LS174T was obtained from Dr. R. Bresalier (Henry 

Ford Hospital, Detroit, Michigan).  The cells were cultured in DMEM supplemented with 

10% fetal bovine serum (FBS), and incubated at 37°C with 5%CO2.  
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Appendix Figure B1. Compression induces lamellipodial protrusions in LS174T colon 

carcinoma cells. Representative images of control (left side) and compressed LS174T cells 

(right side) closing the “wound” after 16 hrs.  The top panel shows the wound closure of 

LS174T-GFP cells under 16-hr stress-free (control) or compressive stress of 5.8mmHg, 

visualized by fluorescent microscopy. The cells were then fixed for phalloidin staining for 

actin microfilaments (bottom panel; red: actin microfilaments; blue: nuclei) and imaged by 

confocal microscopy. The compressed cells at the leading edge showed increased formation 

of lamellipodia indicated by the yellow triangles. Scale bar, 200um (top) and 10um (bottom). 

 
 
Fluorescent images of the fibronectincoated patterns created with 
polydimethylsiloxane (PDMS) stamps 
 

 
Appendix Figure B2.  Fibronectin-coated patterns created with PDMS stamps.  

Rhodamine-conjugated fibronectin mixed in equal parts with unconjugated fibronectin 

was used to create fibronectin-coated patterns by adsorbing the protein on a PDMS 

pattern, and transferring it onto the transwell membranes. Using this stamping procedure, 

the 67NR cells could be patterned on fibronectin-coated areas, generating different 

geometric patterns, such as circular voids (left) or rosette-void areas (right). Scale bar, 
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100um. 
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Appendix C 
 
Methods 

Inhibition of cadherinmediated cellcell adhesion 

To disrupt the calcium-dependent cell-cell adhesion mediated by cadherins, a chelating 

agent, ethylenediaminetetraacetic acid (EDTA), at various concentrations (1, 3, 5, 8, 

10mM) or calcium-free medium were used but in vain, because divalent ions are 

important for both cadherin-based and integrin signaling. As a result, when too high 

concentration of EDTA (>3mM) or calcium-free medium was used, clumps of cells 

started to detach from the culture plates after 6 hours. However, too low concentration of 

EDTA (≤1mM) could not segregate the cells effectively. Similarly, calcium-depleted 

medium affect 67NR cell spreading and cell viability. 

 

To determine the optimum concentration for the E-cadherin blockade experiment, the E-

cadherin antibody effect on cell migration was titrated at concentrations ranging from 1 

to 10ug/mL, using the scratch-wound assay. The wound closure rate increased with the 

antibody concentration, and the optimum concentration was determined when a plateau 

was reached.  

 

Screening of integrins responsible for fibronectininduced migration 

To determine the optimum concentration for blocking integrin function, we cultured 

67NR cells on fibroenctin-coated surface in the presence of various integrin antibodies 

(β1, β3, αIIb, αv, and α6) at three different concentrations (10, 50, and 200 ug/mL) and 

performed the scratch-wound experiment. The αv integrin antibody did not have any 
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effect on wound closure rate at any concentrations. Despite the reduced wound closure 

rate, the αIIb or α6 integrin antibodies at a concentration of 200ug/mL might cause non-

specific blocking because some cell debris was observed (data not shown). Therefore, we 

decided to use the concentration of 50ug/mL, which is a typical concentration shown in 

literature.  

 

Results 

Treatment of colon carcinoma cells with anti-E-cadherin antibody 

A  
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Appendix Figure C1. Loss of E-cadherin-mediated cell adhesion has no effect on 

LS174T or LiM6 colon carcinoma cell migration.  A, Representative images of LS174T 

and LiM6 cells with reduced cell-cell adhesion after treatment with 1ug/mL of E-cadherin 

blocking antibody (SHE78-7). In absence of E-cadherin blocking antibody, each cell border 

was hardly identified because of the adheren junctions formed between cells (Scale bar, 

100um). B, Average migration rate of LS174T and LiM6 cells treated with 1ug/mL IgG2a 

(non-treated: n=4-5) or 1ug/mL of E-cadherin blocking antibody (SHE78-7: n=4-6) and 

exposed to 0 (control) or 5.8mmHg compressive stress for 18 hrs. Blocking E-cadherin-

mediated cell adhesion caused LS174T and LiM6 cells to segregate, but did not significantly 

influence their motility, either under stress-free or compressed conditions. Error bars 

represent s.e.m. 
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Synthetic RGD peptides and anti-fibronectin antibody 

The primary sequence motif of fibronectin for integrin binding is a tripeptide, Arg-Gly-

Asp (RGD) [1]. Synthetic peptides containing the RGD motifs have been used 

extensively as inhibitors of integrin-ligand interactions in studies of cell adhesion and 

migration [2,3]. However, in our study, the two peptides (RGDS and RGDTP) at 

concentrations up to 1mM did not significantly reduce migration of 67NR cells on 

fibronectin-coated surfaces (Appendix Fig. C2). It has been shown that the affinity for 

short peptides containing the RGD sequence varies significantly among these integrins 

[1]. For example, the area in the vinicity of the RGD site (synergy site PHSRN) is 

required for high affinity binding with integrin α5β1, but not with integrin αvβ3 [1]. 

Therefore, if integrin α5β1 is involved in compression-induced migration, short synthetic 

peptides might not be effective to block the integrin function. 

 

In another experiment using antibody to fibronectin, which has been shown to inhibit cell 

attachment to 2D fibronectin by 95% [4], fibronectin-mediated cell migration appeared to 

be dose-dependent in a bell-shaped curve (Appendix Fig. C2). We speculated that at low 

concentrations, the anti-fibronectin antibody could decrease cell-cell adhesion mediated 

by fibronectin, resulting in increased migration. However, increasing antibody 

concentrations could eventually hinder cell-fibronectin interactions and in turn negatively 

affect cell migration. 
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Appendix Figure C2. Blocking fibronectin-integrin interaction with RGD peptides 

or an antibody to fibronectin does not necessarily reduce fibronectin-induced 

migration. A, Average migration rate of 67NR cells seeded on fibronectin-coated surface 

and either non-treated (n=9) or treated with indicated concentrations of RGD peptides or 

anti-fibronectin antibody (n=3) over 16 hours. Blocking RGD sequence on fibronectin 

using two different sequences of RGD short peptides has no significant effect on 

fibronectin-induced migration. Even at very high concentration (1mM), the effect is 

minimal. The dose effect of anti-fibronectin antibody on 67NR cell migration follows a 

bell-shape response. (**P<0.05 and *P<0.005 compared to the non-treated control.) Error 

bars represent s.d. B, Representative images of 67NR cells either non-treated or treated 

with (1000uM RGDS peptides or 1:50 dilution of antiserum against fibronectin). There 

are no significant changes in 67NR cell morphology after culturing them with RGDS 

peptides or anti-fibronectin antibodies, suggesting that the treatment does not affect the 

cell attachment to fibronectin substrate. Scale bar, 100um. 

 
 
Effect of compressive stress on expression of focal adhesion kinase (FAK) 
 
Focal adhesion kinase (FAK) is a cytoplasmic tyrosine kinase that colocalizes with 

integrins at focal adhesions. Phosphorylation of FAK at Tyr-397 upon cell adhesion 

allows FAK to regulate tyrosine phosphorylation of downstream substrate such as 

paxillin[5]. Previous studies have shown that FAK signaling modulates cell 

adhesion[6,7]and migration [8]. Appendix Figure C3 shows that compressed 67NR cells 

appeared to have lower level of FAK(Y397) phosphorylation than that of the control 

cells, despite enhanced cell migration induced by compressive stress. However, a 
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previous report has demonstrated that cell polarization induced by shear stress is more 

important than the total level of FAK(Y397) phosphorylation for directional cell 

migration[5]. Similarly, in our study, compression-induced cell polarization (Chapter 3) 

could play a dominant role in modulating directional cell migration rather than the FAK 

signaling. 

   

Appendix Figure C3.  Compression appears to reduce the phosphorylated level of 

focal adhesion kinase (FAK). Western blot analysis of total and phosphorylated (Y397) 

levels of FAK in 67NR cells subjected to stress-free or a compressive stress of 5.8mmHg 

for the indicated length of compression time. Data representative of 2 independent 

experiments in which 3 samples were pooled together. The compressed cultures 

expressed lower fraction of phosphorylated FAK after 16-hr compression. Error bars 

presents s.d. Primary antibodies used were: anti-FAK-pY397 (clone 18; 1:500 dilution; 

Millipore); total FAK (polyclonal; 1:1000 dilution; Millipore); b-actin (clone AC-14; 

1:5000 dilution: Sigma).  
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Appendix D 

Effect of action probability on cell migration 

At each time step, each non-proliferating cell could choose to perform no action, or either 

protrude or translocate, based on an action probability. Using the base condition, we 

experimented with different values of the action probability to determine its effect on cell 

migration. The action probability did not affect the overall migration pattern, but the overall 

migration rate was lower (Appendix Fig. D1, A-D). In addition, when the probability was set at 

0.5 or lower, about 42% of the cells did not move (Appendix Fig. D2). In order to have more 

cells involved in migration simulation while introducing some randomness, we set the 

probability at 0.7.   
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Appendix Figure D1, A: Simulation of collective migration under stress-free condition with 

an action probability of 1. 
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Appendix Figure D1, B: Simulation of collective migration under stress-free condition with 

an action probability of 0.7. 
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Appendix Figure D1, C: Simulation of collective migration under stress-free condition with 

an action probability of 0.5. 
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Appendix Figure D1, D: Simulation of collective migration under stress-free condition with 

an action probability of 0.3. 
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Appendix Figure D2: Histogram of migration rates for simulations in Appendix Figure D1. 
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