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1. Introduction

We aim to address the overarching challenge to understand why some breast cancers become metastatic.

Metastasis is enabled by cell migration during which cancer cells navigate through and negotiate space

within the extracellular matrix (ECM). During metastasis, cancer cells can dynamically switch migration

modes and these transitions between modes may significantly contribute to the invasive properties of

tumors. To directly address the overarching challenge, we hypothesize that bidirectional and mechanical

interactions in the cell-ECM system regulate the migration mode switching of breast cancer cells, which

ultimately determines the metastatic potential of breast tumors. We will employ a combination of

quantitative experiments, automated algorithmic data analysis, and computational modeling. Our project

has two specific aims:

Aim 1: To quantify how breast cancer cell migration mode transitions are determined by extracellular matrix 

properties and mechanotransduction pathways. 

Aim 2: To determine how the invasiveness and migration mode transitions of disseminating breast cancer 

cells depend on collective extracellular matrix remodeling and tumor geometry. 

2. Keywords

Cancer, metastasis, migration, morphology, migration modes, modeling

3. Accomplishments

What were the major goals of the project?

The major goals of this project are to quantify how breast cancer cell migration mode transitions are

determined by extracellular matrix properties and mechanotransduction pathways and to determine how

the invasiveness and migration mode transitions of disseminating breast cancer cells depend on collective

extracellular matrix remodeling and tumor geometry.



Aim 1: To quantify how breast cancer cell migration mode transitions are determined by extracellular matrix 

properties and mechano-transduction pathways 

Major Task 1: To quantify  the  ECM  micromechanical  control  of  migrational mode transitions 

Milestone of Major Task 1: establish how ECM micromechanical rigidity and anisotropy modulate the 

migration mode transition rates of breast cancer cells of different subtypes. 

Major Task 1 is 60% accomplished. 

Major Task 2 To identify main molecular  pathways  that  regulate  cell  migrational mode transitions 

Milestone of Major Task 2:  establish how mechanosensing pathways modulate the migration mode 

transition rates of breast cancer cells. Examine the pathways with different subtypes of breast cancer cells 

Major Task 2 is 50% accomplished 

Major Task 3: Development of a comprehensive cell motility model 

Milestone of Major Task 3: develop a validated cell motility model that can be validated using experimental 

data and that can generate experimentally testable predictions. 

Major Task 3 is 60% accomplished 

Aim 2: To determine how the invasiveness and migration mode transitions of disseminating breast cancer 

cells depend on collective extracellular matrix remodeling and tumor geometry 

Major Task 4: To determine individual cell migrational mode transitions in disseminating tumor organoids 

Milestone of Major Task 4: establish the spatial-temporal pattern of cancer cell migration mode transitions 

disseminating from tumor organoids. Test the effects of ECM micromechanics remodeling in modulating 

cell migration mode transitions in these dissemination processes. 

Major Task 3 is yet to begin 

Major Task 5: Development of a computational model for collective ECM remodeling and tumor organoid 

invasion 



Milestone of Major Task 5:  validate an efficient computational model for collective ECM remodeling and 

tumor organoid invasion 

Major Task 5 is yet to begin. 

 

What was accomplished under these goals? 

 

During the past reporting period, we made progress towards both specific aims. In one published report, 

Kim et al, The mechanics and dynamics of cancer cells sensing noisy 3D contact guidance, 

Proceedings of the National Academy of Sciences, 118 (10), 2021, we examined how contact guidance, 

which is directly linked to the prognosis of cancer patients, modulates cancer cell morphology and motility, 

and is. Under physiological conditions, particularly in the three-dimensional (3D) extracellular matrix (ECM), 

the disordered assembly of fibers presents a complex directional bias to the cells. It is unclear how cancer 

cells respond to these noncoherent contact guidance cues. In this study, we combined quantitative 

experiments, theoretical analysis, and computational modeling to study the morphological and migrational 

responses of breast cancer cells to 3D collagen ECM with varying degrees of fiber alignment. We 

quantified the strength of contact guidance using directional coherence of ECM fibers, and found that 

stronger contact guidance causes cells to polarize more strongly along the principal direction of the fibers. 

Furthermore, we found that sensitivity to contact guidance was positively correlated with cell aspect ratio, 

with elongated cells responding more strongly to ECM alignment than rounded cells. Both experiments and 

simulations showed that cell–ECM adhesions and actomyosin contractility modulate cell responses to 

contact guidance by inducing a population shift between rounded and elongated cells. We also found that 

cells rapidly change their morphology when navigating the ECM, and that ECM fiber coherence modulates 

cell transition rates between different morphological phenotypes. Taken together, we found that subcellular 

processes that integrate conflicting mechanical cues determine cell morphology, which predicts the 

polarization and migration dynamics of cancer cells in 3D ECM.  

 

In a second study, Ghabache et al, Coupling traction force patterns and actomyosin wave dynamics 

reveals mechanics of cell motion, in second review at Molecular Systems Biology, We used traction 

force microscopy and fluorescent labeling of actin and myosin to quantify and correlate traction force 



patterns and cytoskeletal distributions in eukaryotic cells that move and switch between keratocyte-like fan-

shaped, oscillatory, and amoeboid modes. We found that the wave dynamics of the cytoskeletal 

components critically determine the traction force pattern, cell morphology, and migration mode. 

Furthermore, we developed a mathematical model that is able to recapitulate the traction force patterns 

and that uses the experimentally determined spatio-temporal distributions of actin and myosin forces and a 

viscous cytoskeletal network. Our results suggested that cell motion can be generated by friction between 

flow of this network and the substrate.  

What opportunities for training and professional development has the project provided? 

As part of this project, Mr. Christopher Eddy, a graduate student at Oregon State University, was trained in 

carrying out experiments and analyzing data. Furthermore, this project offered him training in writing 

scientific manuscripts. In addition, Dr. Ghabache and Dr. Karmakar, post-doctoral researchers at UC San 

Diego, were supported by this grant and were able to further develop their modeling and analysis skills. 

Finally, all participants were given the opportunity to improve their presentation skills during our group 

meetings.  

How were the results disseminated to communities of interest? 

One study has been published in a prestigious, peer-reviewed journal (Kim et al, The mechanics and 

dynamics of cancer cells sensing noisy 3D contact guidance, Proceedings of the National Academy of 

Sciences, 118 (10), 2021) while another is currently under second review in Molecular Systems Biology 

(Ghabache et al, Coupling traction force patterns and actomyosin wave dynamics reveals mechanics of cell 

motion). Dr. Rappel described the results of these studies in two invited talks, one at the annual 

Biophysical Society meeting and one at the annual Society for Mathematical Biology conference. 

Obviously, both conferences were virtual. Dr. Sun described the results of these studies in two virtual 

invited seminars. One at Oregon Health and Science University, and another one at the Physical Science 

Oncology Center of University Pennsylvania.  

4. Impact



What was the impact on the development of the principal discipline(s) of the project? 

Our results, reported in Kim et al, 2021, provide insights into cancer cell metastasis in realistic 3D extracellular 

matrices (ECMs). The spatial organization of ECM fibers biases the polarization and migration of cancer cells, 

a phenomenon known as contact guidance, which is directly linked to the clinical outcome of cancers. In 

physiological conditions, ECM fibers do not align perfectly in parallel. We identify the cell's aspect ratio as an 

integrated biomarker that determines its sensitivity to contact guidance cues. We also find that the level of 

ECM alignment modulates transitions between cells of differing morphology. Taken together, we show that 

cells integrate complex mechanical cues to determine their morphodynamics, thereby controlling polarization 

and migration in 3D ECM. 

In our recently submitted report (Ghabache et al, 2021), we develop a computational model that can address 

how motile cells can use and switch between different modes of migration. This model is critically compared to 

quantitative experimental data, including data from traction force microscopy and fluorescent labeling of actin 

and myosin. We show that this model can reproduce the experimental data and can provide further insights 

into the correlation between signaling and force generation. Specifically, we show that cell motion is critically 

dependent on the flow of the cytosolic actomyosin network and that friction between this flow and the substrate 

can generate the required traction for movement.  

What was the impact on other disciplines? 

Our project is highly disciplinary and involves, aside from cancer biology, the field of cell biology and 

mathematical modeling. It will thus have an impact on these disciplines. For cell biology, for example, our 

experimental studies provide deeper insights how signaling and external environments can affect cell 

morphologies and cell migration. These insights should be applicable to other cell migration systems. 

Furthermore, our mathematical models developed as part of this project can be extended to address different 

cell biology problems.  

What was the impact on technology transfer? 

Nothing to report 

What was the impact on society beyond science and technology? 

Nothing to report 

5. Changes/Problems

Changes in approach and reasons for change 

Nothing to report 

Actual or anticipated problems or delays and actions or plans to resolve them 



Due to the COVID-19 pandemic, the lab shut down for 4 months, followed by a partial opening with only limited 

capacity (approximately 30%). This partial opening continues up to the present day. In addition, many research 

supporting functionality, such as shipping of reagents, staff hiring, facility access, and equipment maintenance 

were seriously impacted. As such, even with our best effort to address the challenges, we expect delays in the 

research output. 

We are adherent to the local government policies in terms of resumption of research operation. If the pandemic 

continues to delay the full re-opening of facilities, we expect further and unavoidable delays. However, and 

hopefully with the pandemic in control, we will resume to normal research activities as soon as it is possible. 

Changes that had a significant impact on expenditures 

Nothing to report 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select 
agents 

Nothing to report 

Significant changes in use or care of human subjects 

Nothing to report 

Significant changes in use or care of vertebrate animals. 

Nothing to report 

Significant changes in use of biohazards and/or select agents 

Nothing to report 

6. Products

Publications, conference papers, and presentations. 

Journal publications.  

Kim, J., Cao, Y., Eddy, C., Deng, Y., Levine, H., Rappel, W. J., & Sun, B. (2021). The mechanics and 
dynamics of cancer cells sensing noisy 3D contact guidance. Proceedings of the National Academy of 
Sciences, 118(10). acknowledgement of federal support: yes 

Elisabeth Ghabache, Yuansheng Cao, Yuchuan Miao, Alex Groisman, Peter N. Devreotes & Wouter-Jan 
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under review in Molecular Systems Biology, acknowledgement of federal support: yes 
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