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The objective of the presented research is to examine the relationship between the 

cellular microenvironment and biochemical response of metastatic cells. Clinically 

recognized as a trait of cancer progression, the cellular microenvironment can have 

variable and distinct mechanical properties that are processed via cellular 

mechanosensing, resulting in a cellular biochemical response. A range of studies 

investigating the interactions between the cellular micromechanical environment and the 

cell’s molecular response during disease progression have been made, yet remain absent 

of quantitative characterization of many of these coordinated responses. The fundamental 

inquiry that drives the following research attempts to elucidate how a cell perceives the 

physical microenvironment and converts that signal to a biochemical response. With the 

goal of providing insight to such responses, the presented research seeks to elucidate the 

following questions: (1) What are the integrated effects of ECM stiffness, ECM 

architecture, and breast cancer cell metastatic potential on cell migration? (2) How does 

endogenous tissue transglutaminase (tTG) cross-linking of the ECM scaffold effect ECM 

mechanical properties? (3) How does the architecture and stiffness of the extracellular 

matrix (ECM) effect the systems-level cellular migration and signaling response? (4) 
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What are the integrated effects of ECM architecture and the targeted knockdown of 

integrin β1 and MT1-MMP on cellular metastatic potential? The presented research 

utilizes an interdisciplinary approach, integrating experimental mechanics, biochemical 

analysis, cellular biology techniques, covalent chemistry, and various microscopy 

techniques, to investigate these events. In short, cancerous cells are cultured atop or 

within synthetic collagen type I ECMs of varying mechanical stiffness and structure. 

These cells are subsequently analyzed by molecular analysis and immunoassays, 

including quantitative PCR, Western blotting, and gelatin zymography, to acquire 

measures of the cellular response to perturbations of micromechanical environment. 

Time-lapse microscopy experiments and subsequent image analyses enable observations 

of cellular migratory potential through synthetic ECMs. Results indicate that cooperative 

synergy between ECM properties, cell-matrix adhesion, and pericellular proteolysis drive 

cell migratory potential of highly invasive tumorigenic cell populations. Collectively, 

these findings contribute to the cancer biology and mechanobiology fields by 

systematically extending current insights of matrix mechanics, cellular signaling, and 

cellular migratory potential in cancer.   
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1a,b). The cells were released from the collagen gels using Collagenase I 

(Gibco) and were reacted indirectly against MT1-MMP/Goat anti-Ms 

IgG AlexaFluor 647 (C). Geometric mean fluorescence intensity (MFI) 

measurements are shown. Values represent those relative to negative 

controls. Values are means±s.e.m of three individual experiments. (D) 

Flow Cytometry analysis of Integrin β1, FAK C20, and MT1-MMP 

subunits onPC-3 cells cultured on 2.0 mg/mL collagen type I matrices 

pre-treated with 0.00084 units tTG to compare cell behavior for cells 

treated with the integrin β1inhibitor, anti-CD29 4B4 antibody (Beckman 

Coulter), The cells were released from the collagen gels using 

Collagenase I (Gibco). The cells were reacted directly against Integrin 

β1-FITC and indirectly against MT1-MMP/Goat anti-Ms IgG 



 xxvii 

AlexaFluor 647 and FAK C20/Goat anti-Rb IgG-PerCP. Geometric 

mean fluorescence intensity (MFI) measurements are shown. Values 

represent those relative to negative controls. Values are expressed as 

means±s.e.m of three individual experiments ...............................132 

Figure 8.1 Proposed scheme of intracellular signaling coordinated by integrin β1and 

MT1-MMP during cell migration through the ECM. ....................144 

  



  1 

Chapter 1: Introduction to cancer   

Fundamentally defined, cancer refers to diseases characterized by the growth of 

abnormal cells that have limitless potential to divide and invade surrounding tissues 1, 2. 

Such growth draws parallels to Darwinian evolution that suggest successive genetic 

changes confer growth advantages to the subjected cell population. These genetic 

mutations may derive from prolonged exposure to environmental stimuli or genetic 

inheritance3, 4. Conferred growth advantages coupled with increase in population size 

places cancer as the second leading cause of death in the United States, responsible for 

25% of all deaths in the U.S. as of 20115. As cancer diagnosis and death rates increase, 

scientific understanding of cancer at present is unable to address observed medical 

quandaries. 

Both benign and malignant cancers present themselves as solid tumor masses 

where malignant cancers re-occur and are able to establish distant metastases. Established 

tumor cell populations are detectable by physical examination, biomarker presentation, 

and a number of clinical imaging techniques. The migratory potential of metastatic cells 

is believed to harness deregulated signaling pathways that are detectable by various 

biochemical analyses. This dissertation presents the impact of the micromechanical 

environment on cellular signaling processes of epithelial-derived cancers. 

1.1 CLINICAL PRESENTATION OF CANCER 

The identification of a tumor cell and mass are imperative for patient diagnosis 

and course of treatment. Yet, the verification of discontinuous tumor cell growth, or 

metastases, is the only decisive evidence for categorizing a neoplasm as benign or 

malignant. The tumorgenic state of a cell is determined via cytological examination that 

classifies the cell state based on two characteristics: cell proliferation and differentiation.  
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1.1.1 Progression of the cancer state  

Metastasis of tumor cells occurs through a multi-step cascade of sequential 

growth advantages between cell and tumor cells6-8. A tumor is a mass of cells that is used 

to define a benign or malignant neoplasm. A neoplasm, or new growth, is indicative of 

cellular growth that is abnormal for the surrounding tissue. Such proliferation can 

increase in cell number to become hyperplastic tissue. Consequently, if organ or tissue 

size increases due to hyperplasia, the classification of tissue state defers to hypertrophy. 

Lastly, if the cell differentiation state becomes abnormal, the diagnosis confers to 

metaplasia. The aforementioned progression states refer to cancer progression only if 

they are characteristic of a poorly differentiated cancerous cell type. Non-cancerous 

tissue abnormalities include hyperplastic tissue in which increase in cell number is a 

result of an inciting stimulus, such as hormone dependent hyperplasia. A common 

neoplastic growth, such as the benign nevus (pigmented mole), is composed of well-

differentiated and well-organized cell growth that represent normal parenchymal cells of 

the organ. In particular environmental situations, these abnormalities may result in lethal 

tumors if they secrete lethal levels of hormones, cause atrophy to the surrounding tissue, 

or exhibit abnormal characteristics such as those observed in a hyperplastic nevus.  

The cytology of cancer tissue is also classified based on the differentiation state of 

the observed cell type. As a cell incurs genetic changes its differentiation state often 

decreases, indicative of poor patient prognosis.  Dysplasia refers to abnormalities in cell 

differentiation whereas severely undifferentiated cells confer anaplastic classification. 

Cytology of malignant tumors also extends to classification based on the invasive 

potential of the metastases. Cancer progressions are determined by variations in cell 

differentiation and proliferation, tissue organization and invasion sites. Two invasive 

classifications include carcinoma in situ, where the neoplasm is confined to the epithelial 
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layer and has yet to breach the basement membrane, and invasive carcinoma, a case 

where a neoplasia has breached the basement membrane and disseminated the 

surrounding matrix. 

1.1.1.1 Categories of Cancer  

A cell that is classified as cancerous may arise from one of numerous locations in 

the body. These are loosely characterized as originating from one of two general cell-

types: epithelial and non-epithelial. Epithelial cancers derive from epithelial cells that 

have altered cellular phenotype through the epithelial-mesenchymal transition (EMT). 

Arising from these transitions are carcinomas, the most common human cancers2. 

Malignant cancers arising from non-epithelial tissues originate from connective 

tissue. The major classes of clinically observed non-epithelial cancers include sarcomas, 

derived from mesenchymal cell types, hematopoietic cancers, such as lymphoma and 

leukemia, and neuroectodermal tumors, often derived from early embryonic tissues 

(blastomas). 

1.2 Acquired attributes of cancer  

The past and present progress of basic and clinical cancer research have 

contributed immensely to understanding the mechanisms and acquired traits common to 

most forms of all observed cancers2. To this end, the realms of cancer research were 

simplified into six “Hallmarks of Cancer” by Hanahan and Weinberg to delineate the 

capabilities of tumor progression. Pertaining to cancer cell growth and tumorgenicity, 

these traits include [1] evasion of apoptosis, [2] self-sufficiency in growth signals, [3] 

insensitivity to growth suppressors, [4] enabled replicative immortality, [5] induced 

angiogenesis, and [6] activation of tissue invasion and metastasis (Fig. 1.1)5. 
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1.2.1 Growth signals, suppressors, and cell death 

1.2.1.1 Regulation of growth  

In normal cell populations, maintenance of tissue  homeostasis through cell 

growth, anti-growth, and apoptosis relies on regulation of growth-stimulatory or 

inhibitory signals from the cellular microenvironment. The vital cell-cell and cell-ECM 

signals are carried by proteins; upon binding of mitogenic growth signals to 

transmembrane receptors on the cell surface, a series of intracellular signaling cascades 

are initiated to ultimately activate a proliferative state2, 5. Whereas normal cells require 

stimulatory signals to initiate proliferation, cancer cells have bypassed this dependence 

by autonomously mimicking normal growth signaling5. In culture, untransformed cells 

exhibit growth regulation through contact inhibition or density-dependent regulation, 

which permits proliferation until population saturation is achieved leading to cell 

quiescence. In contrast, transformed cell lines lack contact inhibition restrictions, 

proliferating until growth nutrients are depleted in culture9. Elimination of contact 

inhibition in cell culture reflects a likely in vivo growth regulation mechanism that is 

abolished in malignant transformations. Deregulation of exogenous growth signaling 

dependence permits abnormal behavior by disrupting tissue homeostasis. Anti-growth 

signals in normal cells either drive cells into a temporary quiescent state (G0) or into a 

permanent postmitotic state ceding proliferative potential5. Alternatively, normal cell 

inspection mechanisms are able to initiate the programmed cell death program, apoptosis, 

upon detection of genomic damage or metabolic disruption2. To thrive in an environment 

with diffusible growth inhibitory factors, cancer cells actively evade these signals, 

successfully disseminating their mutated population. Aberrations to normal cell 

regulation permit cancer cells to enter into a hyperplastic state, characteristic of both 

early and late-stage diagnosis. 
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1.2.1.1 Growth factor receptors  

Advancing from a quiescent to proliferative growth state in normal cells requires 

mitogenic growth signals, disseminated by soluble growth factors, adhesion molecules, 

and ligands found in the extracellular matrix, to transmit signals intracellularly. Growth 

signal autonomy in cancerous cells is achieved by effectively mimicking normal growth 

signals via one of three tactics: over-expression of transmembrane signaling receptors, 

alteration of intracellular processing of growth factor derived signaling, or independent 

synthesis of growth factors known as autocrine stimulation5, 10. Deregulation of growth 

signaling pathways occurs in the majority of all investigated human cancer cell types. 

Examples include upregulation of the epidermal growth factor receptor (EGFR) in brain, 

breast and stomach cancers, truncation of EGFR, which enable perpetual signaling in a 

number of cancers, and structural alterations to the signaling protein ras leading to self-

sufficiency of mitogenic signaling independent of upstream effectors in 25% of all human 

tumors5. Tyrosine kinase domains enable a number of growth factor receptors to 

propagate extracellular signals into the cell. These include platelet-derived growth factor 

receptor (PDGFR), insulin receptor (IGF-1R), fibroblast growth factor receptor (FGFR), 

and vascular endothelial growth factor receptor (VEGFR). Tyrosine phosphorylation by 

regulatory kinases, such as the src protein, activates these proteins to disseminate 

proliferative signals to downstream effectors.  Upon binding by a growth factor to the 

extracellular domain of EGFR, the Src kinase-like intracellular domain of the receptor 

phosphorylates a number of cytoplasmic proteins to initiate cell proliferation2.  

1.2.2 Anti-growth and cancer cell immortalization  

Homeostasis of a healthy cell population in vivo is maintained by both regulation 

of cell growth and cell death. Regular patrolling of cell health detects aberrations such as 

metabolic disorders or genetic damage transmitted through a multi-step signaling cascade 
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that signals the entry of cells to a non-proliferative, protective state of cellular senescence 

or programmed death known as apoptosis2. 

1.2.2.1 Senescence and Apoptosis  

The proliferative capacity of cellular populations meets a threshold upon 

induction to one of two growth arresting sensors: senescence or cell death. Cellular 

senescence, the permanent arrest of cells into a non-proliferative state, is a preventative 

process protecting cells from neoplastic transformation11. The proliferation limit leading 

to senescence or cell death is regulated by telomeres, tandem hexanucleotide repeats 

found at the ends of chromosomes, shortening progressively over cell propagation 

cycles11, 12. Erosion of telomeres elicits a DNA damage response by p53 senescence. 

Approximately 90% of human cancer cells overcome the arresting signaling response by 

expressing significantly elevated levels of telomerase, the DNA polymerase responsible 

for adding telomeric repeats to the ends of eroding telomere ends, as compared to 

relatively low expression levels in normal human cells2, 5, 12. Clinically, upregulation of 

telomerase activity enables tumorigenic cells to evade telomere shortening and, 

ultimately, senescence or apoptosis12. 

For many cell types, adherence to the ECM is critical for survival. Interruption of 

adherence renders the cell susceptible to various degradative processes resulting in 

apoptosis, the process by which cells are removed from tissues during growth and 

development. Cellular adherence to the matrix can be disturbed by a number of 

physiological processes that include inflammation, tumorgenesis, and wounding13. 

Apoptosis elicited by cellular detachment from the matrix is referred to as anoikis13, 14. 

Signaling molecules, such as FAK, PI3-kinase, and the proteins of the Ras/MAPK 

cascade, are involved in adhesion formation, maintanence, and turnover and have been 
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implicated in triggering anoikis13, 15. Cancer induced deviations to the apoptotic signaling 

cascade prove favorable to inflating the population of neoplastic cells. Many 

chemotherapeutic treatments are designed to induce apoptosis, thus defects in the 

apoptotic machinery deem cancer cells resistant to such therapy16. Circumventing the 

apoptotic machinery by tumor cells is achieved by the down-regulation in expression of 

pro-apoptotic proteins (tumor suppressors) or by over-expression of anti-apoptotic 

proteins (oncogenes)16. Most cell types rely on patrolling by the pro-apoptotic p53 protein 

to alert downstream effectors, namely caspases, which execute signaled cell death upon 

receipt of jeopardizing signals such as genomic instability or cell stress2, 5, 12, 17. Mutant 

alleles of p53 have been frequently detected in the most commonly occurring cancer 

types, suggesting that cancer initiating cells partially interfere or eliminate p53 function2, 

16. 

1.2.3 Cancer Progression  

Dissemination of cancer cells throughout the body relies on a number of factors to 

carry cells from a primary tumor site to distant metastases. Molecular interactions and 

mechanical impacts progress the metastatic progress (Fig. 1.2) which requires the 

breaching of the basement membrane into the circulatory system via intravasation, 

circulation through the blood stream, followed by arrest and extravasation at a secondary 

site to proliferate at the new site of metastases7. 

1.2.3.1 Angiogenic switch  

In order for success of the metastatic cascade, new tumor sites must establish and 

maintain nutrient flows. The formation of new blood vessels, or angiogenesis, within new 

tumor masses is imperative for nutrient availability to proliferating cell populations. The 

ability to vascularize a tumor mass is known as an angiogenic switch, necessary for 
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sustained growth and development for macroscopic tumor cell populations. Requiring a 

series of signaling processes, the activation of the angiogenic switch is limited by key 

regulators of vessel growth, such as the vascular endothelial growth factor (VEGF) and 

fibroblast growth factors (FGF), stimulating vascularization of endothelial cells2, 18. 

Stored as soluble factors in the ECM, the inert forms of growth factors are cleaved by 

proteases, both releasing and activating these molecules to enable stimulation of 

surrounding cells5, 19. Balancing anti-angiogenic and pro-angiogenic signaling events 

results in successful neo-vascularization of tumor masses, a critical step in the metastatic 

cascade. 

1.2.3.2 EMT  

Invasive capabilities and the establishment of new metastases require a migratory 

cancer cell population to acquire unique migratory capabilities unlike cells present at 

primary tumors2. To become motile, the epithelial-like characteristics of cancer cells are 

lost, enabling acquisition of mesenchymal-like behavior in a process known as the 

epithelial-mesenchymal transition (EMT). EMT is observed in a number of tissue 

remodeling processes including wound-healing and embryonic progression2. Epithelial 

cells form cell–cell junctions between cells via cell-surface receptors, including cadherin 

and integrin adhesion molecules. The EMT demands numerous changes of a cell that 

alters expression of genes including transcription factors, integrins and proteases to 

confer increased cell mobility and decreased cell adhesion via E-cadherin cell-cell 

contacts20. Mesenchymal-like cell traits grant invasive properties to tumorgenic cells, 

permitting cells to remodel tissue environments until new sites of metastases are settled. 
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1.2.3.3 Invasion and Migration mechanisms during metastasis  

The movement of metastatic cancer cells is known to harness a number of 

migratory mechanisms requiring the input of signaling processes initiated by the cell21-23. 

Invasion and metastasis of cells allows tumorgenic cells to escape nutrient limiting areas. 

In order to metastasize, tumorigenic cells must migrate through the ECM, and thus, 

rapidly assemble and disassemble adhesions such that sufficient mechanical traction is 

produced to propagate the cell through the ECM without impeding migration. Cancer cell 

migration is heavily dependent on actomyosin-dependent contractility, integrin signaling, 

and focal-contact formation24. Modes of migration are categorized by motility 

mechanisms: mesenchymal, amoeboid, or collective cell migration25-27. Cells displaying 

mesenchymal motility have well-established cell polarity and elongated spindle-like 

morphology. Migration mechanisms rely heavily on proteolysis of the ECM and 

propogation by actin-rich protrusions20. 

Mesenchymal 

During cancer cell migration, the formation of protrusive structures, such as 

lamellipodia, invadopodia, and filopodia, are regulated by actin polymerization 

and depolymerization28. Cellular protrusions at migratory edges enable formation 

of focal contacts composed of integrin β1 clusters that enable actomyosin 

contractions to propogate into the ECM20, 24, 29. The most notable effectors of 

mesenchymal motility are proteases released by the cells into the ECM. Matrix 

metalloproteases (MMPs) and urokinase-type plasminogen activators (uPAs) 

degrade the ECM to allow cell movement through dense tissue2, 20. 

Amoeboid 

It is estimated that up to 40% of carcinomas undergo EMT to migrate. Of the 

remaining metastatic tumor populations, many are believed to harness amoeboid-
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like motility, akin to rounded Rho- and ROCK-dependent modes of migration20, 29. 

Similar to lymphocyte gliding movements, amoeboid migration holds few and 

weak interactions with the substrate, due to limited expression of β1 and β3 

integrins, generating movement via cortical filamentous actin27. Additional 

utilization of shape-driven migration allows cells to deform around and 

circumnavigate the ECM, potentially leading to higher migration speeds as 

compared to other migration methods27. 

Collective cell migration 

Collective cell migration, or the movement of whole cell clusters, has been 

observed in a number of cancer types20, 30. Using a mode of migration similar to 

mesenchymal motility, migrating sheets of cells utilize the front margin as a 

leading edge to pull rearward cells forward. Due to specialized assembly of 

cortical actin filaments, cell-cell adhesion along cell junctions permits formation 

of a multicellular contractile body generating traction forces for movement. 

Collective movement can confer migratory and survival advantages by protecting 

the interior cell mass from assault by immunological or exogenous defenses24. 

1.3 CELLULAR TRANSFORMATION AND CANCER INDUCTION  

The transformations of asymptomatic cell populations to those bearing 

malignancies are known to require multiple assaults to the cellular genetic framework. 

Individually bearing little semblance to completely transformed phenotypes, each 

alteration to the cell may occur via a number of mechanisms and pathways.  
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1.3.1 Tumor viruses  

In the early 1900’s, tumor viruses were first identified to have transforming 

potential in chickens. Propagating a carcinogenic, sarcoma-inducing agent, the Rous 

Sarcoma Virus was the first display of a viral tumor-transforming agent in vitro2. Since, 

viruses such as papillomas (human papillomavirus) and the Epstein-Barr Virus have been 

directly associated with tumorgenic transformation of healthy cell populations2, 31. 

1.3.2 Oncogenes/tumor suppressors 

One of the many contributions the discovery of tumor viruses revealed to the 

cancer biology community included the identification of gain-of-function oncogenes, 

genes with cellular transforming potential, and proto-oncogenes. Proto-oncogenes are 

normal genes that acquire the ability to function as an oncogene upon genetic assault by a 

virus, mutation, or exogenous DNA damaging agents5. Oncogenic autonomy often 

mimics normal growth signals, conferring molecular advantages to the cell via alteration 

to intracellular signaling circuitry, transmembrane transducers, and extracellular growth 

signals5. Aberrations to growth signaling pathways via oncogenes, such as mutant ras or 

HER2 genes, deregulate proliferative capacities and survival potential of cellular 

populations to enable exponential growth of tumorgenic cells12. As upregulation of 

growth-enabling genes propagate aberrant cell populations, inactivation of gatekeeper 

genes also contributes to such growth. Tumor suppressor genes, known as growth 

suppressors, regulate antigrowth signals to maintain cell populations. Cancerous cells 

often display loss-of-function or loss-of-heterozygosity genes (such as the Rb gene) 

contributing to evasion of apoptosis and deregulated cellular proliferation. 
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1.3.3 Mutations/carcinogens  

Allelic variations and mutations caused from errors in mitotic recombination 

contribute to cancer pathogenesis are but a few of the mechanisms leading to tumorgenic 

transformation.   

1.3.3.1 Endogenous/exogenous  

Cells readily defend genomic information from endogenous biochemical 

processes such as depurination, depyrimidination, deamination, or transitional mutations 

to nucleic bases of DNA2. Misrepairs of such point mutations in genomes confer allelic 

mutants, such as p53, present in tumor cells.  Genomic assault by exogenous mutagens 

may prove destabilizing should genomic repair mechanisms fail to correct tumor causing 

aberrations. Free radicals from ionizing radiation (X-rays) and reactive photons from 

ultraviolet radiation (sun or artificial bulbs) can alter DNA by causing breaks in the 

double helix or inducing formation of pyrimidine dimers2. Incidence of cancerous cellular 

transformation caused by exogenous mutations occur due to prolonged exposure to 

environmental agents. Lifestyle choices associated with increased disease incidence 

include cigarette consumption, obesity, and UV exposure, behaviors that increase 

intracellular free radical reactive photon concentrations over time. 

1.3.3.2 Host defense/correction  

The cellular defense to genomic assault has evolved in both physical shielding 

and biochemical repair of the genome. Melanin pigments in keratinocytes provide a 

physical shield to the nuclei, preventing UV assault from accessing the nucleic contents2. 

Once DNA and genomic codes have been compromised, a mammalian cells utilizes 

repair proteins, such as mismatch repair enzymes and glycolysases, to restore normal 

base structures. If base-excision repair or error-prone repair polymerases fail to 
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incorporate correct bases, these point mutations are passed through generations and may 

present themselves as inherited defects causing carcinogenesis2. Inherited defects from 

failed repair mechanisms include xeroderma pigmentosum and an increased risk of skin 

and squamous cell cancers as well as germline mutations of BRCA1 and BRCA2, 

increasing susceptibility to breast and ovarian carcinomas. 

 

Cancer incidence and progression occurs through a complex mechanism 

involving environmental factors, lifestyle choices, cellular evolution, sustained genomic 

damage, and generational propagation. Homeostasis and dynamic equilibrium of cellular 

processes is compromised in tumorgenic populations, which demand continued 

investigations to mechanisms behind cancer incidence and progression.   
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1.4 FIGURES 

 

Figure 1.1 Unique Attributes of Cancer Cells. Alterations to metabolic and behavioral 
functions of normal cells can lead to the development of tumorgenic cell 
populations. As outlined by Hanahan and Weinberg5, such tumorgenic 
transformation relies on at least six alterations to normal cell actions. These 
include cell evasion to apoptosis, self-sufficiency in growth signals, 
insensitivity to ant-growth signals, limitless replicative potential, ability to 
invade and metastasize surrounding environments, and sustain angiogenesis. 
Figure adapted from Hanahan and Weinberg5. Recent additions to this list 
include tumorigenic cell characteristics of deregulated metabolism, 
instability of DNA, evasion of the immune system, and chronic 
inflammation at sites surrounding local tumor sites12. 
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Figure 1.2 Metastasis Progression. The growth and dissemination of cancer throughout 
the body relies on cell growth and vascularization of a primary tumor, 
intravasation of cells into the blood stream, dissemination of cells through 
the circulatory system, arrest and extravasation of cells at a distant site, and 
establishment of a secondary tumor. Figure taken from Steeg et al. 20038. 
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Chapter 2: Cancer and Interactions with the Cellular 
Microenvironment 

As the extracellular matrix (ECM) provides growth factors and anchorage 

dependence necessary for cell proliferation, it also provides regulation of cellular 

metabolic machinery through its mechanical scaffold2, 32. Responsive to ECM 

composition and mechanics, tissue and cell morphogenesis alters the intracellular 

cytoskeleton to modulate cellular signaling and metabolism33, 34. Cancer cell growth and 

tumor formation exhibit dependency on ECM stiffness by resisting cellular traction 

forces, promoting integrin clustering, disrupting cell-cell adhesions, and raising cellular 

tension to reorganize the matrix2, 35, 36. The ECM as a mechanical regulator of cell 

behavior emphasizes the complexity of molecular mechanotransduction during neoplastic 

transformation. The mechanical properties of the ECM as they govern heterotypic 

signaling and intracellular mechanotransduction will be explored in this chapter. 

2.1 THE ECM  

Regulated by extracellular effectors, the invasion of tissue matter by migratory 

cells requires synergistic intracellular activities. These interactions occur within the 

extracellular matrix (ECM) and a specialized ECM, the basement membrane, which 

separates the epithelial and stromal layers2, 37. The ECM and the basement membrane are 

composed of polysaccharides, such as hyaluronic acid, and fibrous proteins, such as 

glucosaminoglycan (GAG), collagen, laminin, and fibronectin37. Secreted by occupying 

cells, these ECM components accumulate in localized areas to form a highly permeable 

network permitting both molecular diffusion and aggregation of growth factors 

influencing migration through 3D environments38-40. The physiological characteristics of 

the ECM underscore the importance of incorporating ECM-like mimics into system-level 
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investigations of cancer metastasis. The progression of carcinoma relies on genetic 

manipulation of opportunistic cells into various states of dedifferentiation to capitalize on 

normal stromal cells, such as fibroblasts and endothelial cells, providing the means to 

remodel and synthesize ECM components5, 39. The two-parts of a typical epithelial tissue 

includes the basal lamina, which contains closely neighboring epithelial cells and the an 

ECM-rich stroma composed of fibroblast, lymphatic and blood vessels, and immune 

cells40. 

2.1.1 The basal lamina  

Epithelial tissues consist of a one-cell thick epithelium, a fibrous basal lamina or 

basement membrane layer, and surrounding connective tissue. The mature basal lamina is 

a 40-120 nm flexible layer of highly organized fibrous proteins including collagen type 

IV, laminin glycoproteins, and heparin sulfate proteoglycans37, 41. Components of the 

basal laminae are actively synthesized by epithelial cells present atop the basal lamina 

layer as well as from cells, mostly fibroblasts, within the surrounding matrix. Generally 

defined by its anatomical location, the basal lamina is present at junctions between the 

parenchymal cell membrane and connective tissue as present in organ tissue, surrounding 

skeletal muscle cells, and underlying the epithelial layer 2, 37, 41. Not only serving as a 

structural support for organized tissues, the basal lamina functions to determine cell 

polarity, acts as a filter system (kidney glomerus), provides means for cell migration and 

differentiation, as well as organization to scaffolding proteins in neighboring plasma 

membranes (Fig. 2.1)37. 

2.1.2 Connective tissue  

Forming the scaffold of the vertebrate body via cartilaginous and bone tissue, 

connective tissue components are secreted mainly from residing fibroblast cells. The 
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diversity of connective tissue arises from the relative abundance of particular fibrous 

matrix components secreted from specialized fibroblasts, such as cartilage formation 

from chondroblasts37. Structural integrity of connective tissue is maintained by collagen 

fibrils that resist tensile forces whereas resistance to compressive forces imposed on the 

ECM are mediated by GAG networks. 

2.2 CANCER PROGRESSION AND ECM STIFFNESS  

Inclusive of cellular differentiation, regulation of growth, and migration, the 

behavior of a cell population is regulated by ECM composition and mechanical properties 
33, 40. Regulation of intracellular cytoskeletal tension induces mechanical modifications to 

the ECM, in turn providing the landscape for cell adhesion, morphology, and signaling. 

Manifested as compressive, shear, or tensile stress, the ECM experiences changes in 

normalized deformation to cell movement (Fig. 2.2) 37, 40, 42. 

Soft biological tissues, such as the ECM and basement membrane, are viscoelastic 

materials that deform directly in response to an applied stress42. This response is 

determined from the mechanical characteristics of both elastic solids and viscous fluids; 

though elastic solids assume their original state following deformation under stress, 

viscous fluids resist shear flow and exhibit strain linearly as a function of time. As a 

viscoelastic solid, the degree of the ECM’s deformation in response to a cell-stimulated 

load is determined by its fibril composition, porosity and stiffness40, 43. In vitro 

experiments performed with 3D matrices composed of collagen type I or Matrigel™ 

indicate that ECM structure effects migration speed and proteolytic activity of migratory 

cancerous cells43-47 through regulation of protrusion activity and matrix deformation48, 49. 

The migration speeds of cells exhibit dependence on cell traction and adhesion forces, 

which vary with matrix composition and density43, 50.  
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2.2.1 Tissue structure 

The development and homeostasis of tissues occurs via dynamic regulation of 

physical forces and mechanotransduction upon a cell2, 34. Investigations of physiological 

phenomena span macroscopic to molecular interactions, including organ function, 

dynamic regulation of tissue maintenance, cellular traction forces, and force generated by 

enzymatic molecular motors51, 52. The response of a cell to an environmental cue occurs 

via physical alteration of cell structure due to forces generated from cell-ECM 

adhesions34, 53; the conversion of this physical signal into biochemical response elicits a 

concerted molecular response, a process readily manipulated by cancerous cells54. To 

describe the molecular mediators and the mechanical state of tissue structure, the discrete 

mechanical model, tensegrity, predicts the cellular response to mechanical stresses34. The 

tensegrity model identifies a prestressed structural network whose resting tension is 

sustained by elements resisting compression55. Generated in the actin cytoskeleton, 

cellular prestress or internal tension is balanced by internal microtubule struts that resist 

compression and ECM adhesions51.  

2.2.2 Collagen  

Constituting approximately 25% of the total protein mass in mammals, collagen is 

a major component of bone and connective tissues37. A protein necessary for proper 

physiological function, extensive studies have identified over 20 types of collagen37. In 

skin and bone, type I collagen is most abundant. In connective tissues, collagen types I, 

II, III, V, and XI are expressed at various levels. Once secreted into the ECM by 

fibroblasts, collagen fibrils aggregate to form α-chain triple helices that arrange into long 

rope-like structures spanning micrometers in length and 10-300nm in diameter in mature 

tissues37. Structures formed by collagen α-chain fibril formation and aggregation are 

visible by electron microscopy and light microscopes, respectively37. 
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2.3 CELLULAR INTERACTIONS/ANCHORAGE DEPENDENCE  

Focal adhesion generation upon cell-ECM engagement transmits forces across 

complexed integrins that are converted into chemical and electrical signals within the 

cells. Force transmission occurs across cytoskeletal complexes and subsequently changes 

local or distal cytoskeletal force balance51, 52. In this model, integrins act as nanoscale 

transducers by propogating forces generated from extracellular inducers to intracellular 

cytoskeletal domain acceptors. Cytoskeletal acceptors, bundles of compressive 

microfilamentous actin known as stress fibers, allow cells to resist compression generated 

at focal adhesion sites34, 56. 

2.3.1 Cell adhesion and Intracellular Signaling Pathways  

Cell-cell and cell-ECM interactions serve as gateways for mechanical and 

molecular signaling during cellular regulation. Through rapid turnover of cell adhesions, 

cancerous cells efficiently manipulate host cells and the residing matrix for migratory and 

growth advantages5, 6. Non-tumorgenic cells form cell-cell junctions via cadherin and 

integrin cell-surface receptors forming adherens junctions to mechanically anchor 

cytoplasmic actin cytoskeletons of a cell to neighboring cells or to the ECM57. Rapid 

assembly and disassembly of cell adhesions during migration create mechanical traction 

to propagate the cell through the ECM without impeding migration.  

As integrins are the primary regulators of cell-ECM communication, cadherin 

mediated adhesions moderate epithelial cell-cell communication via Ca2+ dependent 

transmembrane domains (Fig. 2.3)58, 59. Cadherins have been observed to promote tumor 

invasion via downregulation of epithelial cadherins in epithelial and breast carcinomas. A 

related class of N-cadherins are oppositely shown to be upregulated in tumor cells 

promote motility and invasiveness of breast carcinoma cells with basal expression levels 

of E-cadherin60. Concerted cadherin regulation promotes adhesion of tumorgenic cells to 
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endothelial cells, which facilitates cell migration6. Static cadherins junctions elicit 

dynamic intracellular interactions between cadherins and catenins to transmit mechanical 

signals to the cytoskelton. For example, as the actin filament network is mediated by α-

catenin linkages to cadherin-catenin complexes via actin binding, β-catenins directly 

interact with the cytoplasmic domain of cadherins61. Recent studies implicate that stable 

β-catenin expression contribute to tumor formation in nude mice, identifying the 

involvement of β-catenin in the epithelial-to-mesenchymal cell transition that is 

imperative for tumorgenicity61.  

2.3.1.1 Integrins  

Cell growth, in both in vitro Petri dishes and in vivo tissues, relies on secretion of 

ECM components to adhere to the surrounding surface2, exhibiting anchorage 

dependency. The necessity for cell tethering to a surface indicates the ability of cells to 

sense their environment, which occurs through a family of proteins known as integrins45, 

62. This family of proteins received the name “integrin” as they integrate extracellular 

cues to intracellular signaling pathways. The extracellular facing ligand-receptor head of 

the protein transmits signals through a transmembrane domain that elicits an intracellular 

response21, 63. Composed of heterodimeric α and β units, 18α and 8β subunits have been 

identified to date, which can form 24 heterodimeric integrin combinations capable of 

binding unique types of ECM ligands2, 19. 

As integrins lack intrinsic catalytic activity, they are activated upon engagement 

with the ECM, which commences two-way signal transduction; this occurs via outside-in 

signaling upon extracellular ligand binding and inside-out signaling to relay intracellular 

signals to the exterior of the cell (Fig. 2.3)62. Mechanical and chemical stimulated cues 

activate intracellular signaling pathways permitting actions such as reorganization of the 



  22 

cytoskeleton and cell migration (Fig. 2.4)63, 64. Ligand binding events signal integrin 

clustering at ECM adhesion sites to integrate the cytoskeleton, via reorganization of actin 

filaments, with signaling complexes tethering the cell to the surrounding ECM (Fig. 

2.5)45. The biophysical implications of integrins in cell survival, differentiation, and 

migration13 ignited research into the role of these proteins in physiological aberrancies 

and maintenance of tissue integrity54, 62. Signaling mediated cell responses from integrin 

engagement is complex and requires extensive future investigations that may elucidate 

mechanisms critical for cancer progression. 

2.3.1.2 Focal Adhesions  

Integrin mediated signaling between the ECM and an engaging cell regulates cell 

proliferation and the activation of downstream effector molecules through formation of 

focal adhesions63. Tumorgenic cells may interact with the basement membrane and the 

ECM via integrin transmembrane receptors that mediate cell adhesion, growth, and 

migration. Integrins interact with several ECM components, including collagen via α1β1 

and α1β2 integrin dimers, fibronectin, and laminin. Several studies have shown that an 

increase in integrin α1β2 expression promotes cell adhesion to collagen and cell 

migration through 3D collagen matrices65, 66. The ECM and the intracellular actin 

cytoskeleton are linked via integrins at sites called focal adhesions, which stimulate a 

series of intracellular signaling events that influence cellular differentiation and 

proliferation62, 67. Identified as a prominent mechanical regulator of cell motility and 

tumor metastasis, focal adhesions reside at the intracellular actin foci of engaged integrin 

proteins. Focal adhesion kinase (FAK) protein associates with a number of cytoskeletal 

proteins to comprise the majority of the focal adhesion complex upon engagement21 and 

transduces growth factor-dependent signals to the cell interior68; FAK subsequently 



  23 

initiates signaling cascades recruiting proteins within the src-family kinases (SFKs)62. 

Activated FAK provides high affinity binding sites for the Src family of kinases, effectors 

that are involved in intracellular signaling cascades that regulate differentiation62, 69, 70. A 

non-receptor tyrosine kinase, Src is known to regulate a number of cellular processes 

including cell spreading via phosphorylation of paxillin 71, 72. A protein tyrosine kinase, 

FAK protein acts as an adapter for numerous signaling pathways. Formation of focal 

adhesion complexes stimulates the autophosphorylation of FAK Y397, a critical 

mechanistic connector for signaling processes 63, 67, 73that permit subsequent signaling 

initiation from additional FAK tyrosine residues including 407, 576, 577, 861, and 92568. 

Recent systems-level studies of FAK regulation implicate a pivotal role in providing 

tumorgenic cells with a migratory advantage68.  

Investigations of focal adhesion cycling and the distribution of mechanical stress 

on a matrix have shed light on the deregulations of intracellular signaling in 

pathophysiological aberrancies74. Recent studies using static three-dimensional ECM 

mimics reveal that FAK is required for the formation and translocation of complexes 

necessary for the formation of fibrillar adhesions75, 76. Additionally, actin remodeling 

through cycling of Rho GTPases stimulates protrusion and polarization of the cell 

membrane via lamellipodia and filopodia to provide forward movement 28, 68, 74, 77. The 

dynamic response of the cellular microenvironment via FAK-mediated cycling of 

fibronectin and fibrillar adhesions of the matrix76 exhibits feedback regulation of cellular 

mechanosensing. Related models implicate the mechanical regulation of FAK activity 

from matrix composition and architecture49, 78. The phosphorylation and downstream 

signaling of FAKY397 is elevated in both breast cancer and fibroblast cell lines cultured 

in high density collagen matrices as compared to those cultured in low density matrices79, 

80. Ultimately, increased FAK activation causes elevations in concomitant Rho and 
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MAPK signaling pathways promoting cellular migration and EMT, hallmark transitions 

of tumorgenic cells68, 69. 

2.3.1.3 The Jak/Stat Pathway 

Integrin induced signaling pathways that transduce external cell signals to 

modulate gene expression and regulation of FAK signaling are also absorbed by other 

downstream pathways, such as the JAK/STAT pathway. This pathway is dynamic in its 

ability to target genes and regulate proteins, such as FAK. 

For efficient cell migration and proliferation, target genes within a cell must be 

activated for transcription. The JAK/STAT pathway has been established as a key signal 

transduction pathway that transmits stimuli from extracellular moieties and 

transmembrane receptors to the cell nucleus in order to regulate gene expression. Upon 

binding of growth factors or cytokines to membrane-associated receptors, the Janus 

kinase (JAK), a nonreceptor tyrosine kinase, is localized to the cytoplasmic face of the 

receptor where it creates sites for phosphotyrosine protein binding. JAK proteins 

subsequently phosphorylate any localized signal transducers and activators of 

transcription (STATs) at tyrosine residues within the SH2 domains of STAT, causing 

STAT transcription factors to dimerize, translocate to the nucleus, and initiate 

transcription of target genes2, 81. The JAK/STAT signaling cascade is regulated by cellular 

suppressors, namely the suppressors of cytokine signaling (SOCS), which interfere with 

JAK binding to membrane-associated receptors or with STAT phosphorylation to 

effectively terminate signal transduction initiated by growth factors or cytokines82. The 

SOCS-1 and SOCS-3 genes have been implicated in inhibition of cell growth and 

differentiation as they promote the degradation of FAK in healthy kidney cells81. 

However, investigations of hepatocellular carcinoma cell lines identified a suppressor of 
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SOCS-3. Such suppression promotes the phosphorylation of STAT3 to encourage cell 

growth and increases the phosphorylation of FAK, promoting cell migration81.  

2.4 CELL MIGRATION  

In addition to acting as a biochemical signaling regulator of cell differentiation, 

proliferation, and migration5, integrins act as mechanical regulators of physiological 

processes that include wound healing21, 57 and cancer43, 83. Migration of cells during these 

processes maintains equilibrium between cellular protrusion of the leading edge and 

retraction of the rear cell-body through constant feedback between membrane adhesion 

complexes and intracellular signals83. Cell-matrix adhesion complexes maintain cell 

polarity by activating cell-ECM binding events intracellularly via integrin recruitment 

and activation at the leading edge.  Binding to ECM components permits binding of the 

cytosolic integrin-β tail to the actin network via paxillin, vinculin, and talin binding 

proteins28, 74, 84. The intracellular activation of the cytoskeletal network via integrin 

signaling allows growth of actin stress fibers through actin-related protein (Arp) 2/3 

complex-dependent actin polymerization85 and cortactin-dependent actin network 

branching25, 28, generating traction forces across focal adhesions86. Association of actin 

stress fibers to the ECM via focal adhesion complexes allows the cell to maintain ECM 

contact as the rear cell body is retracted along the ECM27, 87, 88. The forward migration of 

the cell overcomes resistive traction forces of the ECM, thereby releasing intact focal 

adhesions and allowing associated proteins to recycle at a newly formed leading edge 

protrusion86, 87. Cell polarity is maintained through focal adhesion sensing of the ECM83 

via integrin clustering-dependent activation of phosphatidylinositide 3-kinase (PI3K), 

Cdc42 and Rac, a Rho GTPase49, 83, 85. 
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2.4.1 Cytoskeleton  

The cytoskeleton provides the structural framework of eukaryotic cells, defining 

cell shape and polarity to provide adequate forces for cell survival89. Cell migration relies 

on spatial organization and interaction with the local environment as well as from 

chemotactic factors. The resulting multi-step process leading to cell migration is initiated 

by the formation of membrane protrusions driven by local polymerization of membrane-

associated actin filaments28. Fundamental to cell migration, the function of the 

cytoskeletal network is critical to cell migration during many physiological 

developmental and repair processes including chromosomal spindle formation during 

mitosis, embryogenesis, wound healing, tissue homeostasis, and angiogenesis. Elaborate 

intracellular systems regulate the assembly and disassembly of the cytoskeleton network 

through constant modification of three cytoskeletal filaments – microtubules, 

intermediate filaments, and actin90. 

2.4.1.1 Microtubules  

With an average 24 nm in diameter, the hollow tube-like microtubule structures 

are the largest of cytosolic filaments that are formed from protofilaments of tubulin 

subunits90. Radiating from microtubule organization centers called centrosomes, 

microtubules determine cell shape and polarity and are also the fundamental component 

of cilia and flagella91. Assembly and disassembly of microtubules via dynamic 

polymerization and depolymerization of tubulin subunits are integral in the formation of 

the mitotic spindle during cell division as well as forming byways for intracellular 

transport91. The critical function of microtubule networks during cell proliferation has 

identified these structures as targets for chemotherapeutic agents92. With the target to 

impede growth of tumorgenic cell populations, therapeutics such as taxol and paclitaxel 

function to impede tubulin assembly and polymerization92, 93. 
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2.4.1.2 Intermediate Filaments   

Providing mechanical support to the plasma membrane and nuclear envelope, 

intermediate filaments form a crisscross network across the cell. Via attachment to 

desmosomes, the intermediate filament network contributes to cell-cell and cell-ECM 

communication. Intermediate filaments are 10 nm diameter ropelike structures that are 

assembled from a diverse family of proteins preferential to the surrounding tissue90. 

Protein subunits such as vimentin and cytokeratins are readily used as protein markers for 

epithelial and non-epithelial carcinomas94. Elevated and co-expression of intermediate 

filament protein constituents is believed to confer selective advantage of tumor cells to 

interpret ECM-derived signals94. 

2.4.1.3 Actin  

The unique shape a cell acquires relies on the organization of actin filaments that 

mediate cytoskeletal attachment to the membrane90. Actin microfilaments (F-actin) are 8 

nm diameter double helical filaments composed of dimeric α- and β-tublin subunits 

known as globular (G-) actin90. Like microtubules, actin filaments provide mechanical 

structure to the cell and play a key role in cell motility through the dynamic assembly and 

disassembly of F-actin. Formation of ECM adhesions activate Rho proteins to stimulate 

formation of actin-myosin complexes89, recruitment of Rac proteins to the cell periphery 

for lamellopodia formation, and Cdc42 recruitment for induction of filopodia 

protrusions95. The organization of highly ordered F-actin network assembly is initiated by 

nucleation proteins, the WASP family of proteins, Cdc42 and Arp 2/396, whereas ECM-

regulated actin reorganization is signaled by Rho GTPases85 for formation of protrusive 

membrane structures involved in ECM degradation and cell migration.  
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2.4.1.4 Actin Regulated Intracellular Signaling Pathways 

The Rho family of GTPases, or guanine triphosphate binding proteins, is 

conformationally regulated via binding of GDP or GTP. The binding of GTP activates 

these proteins to permit interaction with downstream effector proteins97, 98. The ability of 

Rho GTPases to hydrolyze GTP are catalyzed by GTPase activating proteins (GAP) and 

guaninenucleotide-exchange factors (GEFs)98. Of the Rho GTPases, RhoG, Rac, and 

Cdc42 are required for the protrusion formations of filopodia and lamellipodia. Briefly, 

Rac and Cdc42 target the WASP family of proteins, which influence Arp2/3 activity, 

promoting actin polymerization at the leading edge of a migrating cell63. In mammalian 

cells, there are two subfamilies of WASP proteins, WASP and WAVE, known as the 

WASP family verprolin homologous protein. There are two known WASP proteins, 

WASP and N-WASP, a neural WASP, and three WAVE proteins, WAVE1, WAVE2, 

and WAVE328. Regardless of the designation, the WASP families of proteins integrate 

upstream protein signals, such as those from Cdc42, to elicit activity of Arp2/3, an actin-

associated complex that permits actin filament nucleation and branching28, 97. In 

tumorgenic phenotypes, the expression of WASP proteins and Arp2/3 complexes has 

been implicated in malignancy28, 99. Additionally, the presence of both Cdc42 and Rac are 

required for the migration and invasion of tumorgenic cells in three-dimensional collagen 

matrices59, 63. Cdc42 is active at the leading edge of the cell and regulates cell polarity by 

regulating where and when lamellipodia form97. This particular polarization by Cdc42 is 

associated with phosphoinositides (PI3Ks), PtdIns(3,4,5)P3, or (PIP3), and PtdIns(3,4)P2, 

or (PI(3,4)P2), as well as the deregulating phosphatase, PTEN97. The PI3K molecules are 

highly polarized at the leading edge of cells that have been exposed to a chemoattractant, 

such as PDGF, platelet derived growth factor, or EGF. These extracellular factors bind to 

cell-surface receptors to elicit an intracellular signaling cascade. Proteins within this 
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cascade, such as FAK and RTK, are often overexpressed in carcinogenic cells63. Thus, 

tumorgenic cells utilize extracellular effectors to regulate Cdc42 and PI3K activation in 

order to stimulate lamellipodia formation and cell migration.  

Alternatively, Rho proteins are known to contract and promote the assembly of 

actomyosin fibers to pull the trailing edge of the cell in the forward direction of 

migration63. Actomyosin is a complex of actin and myosin, where one head of a myosin 

molecule binds to an actin filament so that it is organized towards the barbed end of actin. 

The other head of myosin binds to a second actin filament to produce a resilient tug-of-

war system that elicits a contraction when signaled100. The formation of the actomyosin 

fibers requires the activity of two additional Rho effector molecules, Rho kinase (ROCK) 

and mammalian diaphanous (mDIA). ROCK promotes the phosphorylation of myosin 

light-chain protein (MLC) by inhibiting MLC phosphatase (MLCP); this phosphorylation 

of MLC promotes actomyosin contraction, a crucial event for cell movement63. The Rho-

ROCK regulation of actin polymerization and activity has too been implicated as having 

an active role in promoting migration of tumorgenic cells. Namely, the expression and 

activity of both Rho and ROCK are required for tumor cell migration via amoeboid 

movement through 3D matrices29, 49, 63. 

Additionally, ROCK expression, independent of Rho activity, has been shown to 

have a facilitating role in carcinoma cell penetration of the host mesothelium101. The 

regulation of structural proteins is integral in mediating cell migration through the ECM.  

2.4.1.5 Cortactin  

Cortactin is a cytoskeletal protein that has been observed to be overexpressed in a 

number of cancers and confers highly vigorous migratory capacity to tumorgenic cells 

including those of esophageal squamous carcinomas, head and neck squamous 
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carcinoma, breast, gastric, colorectal, and ovarian cancers102. Cortactin contains two 

distinct binding sites, one for Arp 2/3 binding and a second for regulatory binding 

proteins such as those from the src family of kinases102. The Arp 2/3 complex mediates 

cytoskeletal actin assembly by nucleating branched actin filament networks that confer 

structural support to the cytoplasm and generate forces involved in cell movement102, 103. 

Via interaction with WASP proteins, cortactin is believed to promote Arp 2/3 nucleation 

and stabilize branched actin networks. The importance of the src-kinase binding domain 

of cortactin has been implicated in cortactin overexpression studies that increase 

metastasis of breast cancer, esophageal squamous carcinoma, and hepatocellular 

carcinoma cells102. During migratory events, cortactin has been identified as an 

intermediate regulator of lamellipodia formation induced by growth factors. Cortactin is 

an imperative factor in propelling cell migration as it promotes cellular adhesion 

formation at the leading edge of cells and is able to maintain established lamellipodia 

structures 102, 104. Cortactin localization to the leading edge of migratory cells occurs 

immediately prior to the secretion of matrix-degrading proteases, as visualized by live-

cell imaging102, 105. In particular, trafficking of matrix metalloproteinases (MMPs) relies 

on cortactin in a several cancers, including head and neck squamous carcinoma cells106. 

2.5 CELL INVASION OF THE ECM 

Cellular migration through the ECM is reliant on a number of processes that occur 

both intra- and extracellularly. Tumorgenic cells are efficient in sensing the architecture 

of the extracellular matrix scaffold to elicit intracellular signaling so that they can 

overcome migratory restraints of the matrix57.  
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2.5.1 Matrix Metalloproteases 

Matrix metalloproteases (MMPs) exhibit upregulation of expression and activity 

in almost every type of human cancer, nominating this family of proteins as 

chemotherapeutic targets107. MMPs are Zn2+ and Ca2+ dependent endopeptidases capable 

of promoting cell migration through the ECM via hydrolytic degradation of ECM fibrils. 

MMPs are synthesized by cells as pro-MMPs, or inactive zymogens, which are activated 

extracellularly by serine proteases or other active MMPs107, 108. The MMPs are divided 

into subfamilies based on their specificity for ECM ligands (Table 2.1)107. The MMP 

subfamilies include collagenases, gelatinases, matrilysins, and stromelysins. More 

recently, MMPs have also been divided into classes based on their structure; thus far, 

three membrane-type MMPs (MT-MMPs) and five secreted MMPs classes have been 

identified107. In addition to promoting cell migration, MMPs are also instrumental in 

indirect acceleration of migration by cleaving inactive growth factor precursors from 

cells and by activating survival factors57. For example, the cleaving of insulin growth 

factor binding protein (IGF-BP) by MMP increases the cellular concentration of free IGF, 

which is associated with tumor cell proliferation and migration2, 107, 109. 

2.5.1.1 MMPs and Cancer  

In aggressive carcinomas, it has been observed that primary tumor masses secrete 

aberrant amounts of proteases, such as MMPs, that may degrade components of the 

basement membrane to mechanically construct new motility pathways or mobilize 

various growth factors107. Migration is the first step of cancer cell invasion, which 

requires the detachment of cancer cells from the matrix and from neighboring cells. 

Particular MMPs are secreted by cancer cells, such as MMP-7, whereas others are 

expressed by stromal cells of the tumor. Stromal cells, which often consist of endothelial 

cells, inflammatory cells, fibroblasts, and myofibroblasts, secrete MMP-2 and -9 in 
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response to ECM and intracellular stimuli107. Such signals include secretion of growth 

factors, interleukins, and interferons by tumorgenic cells that act as paracrine stimulators 

of stromal cells to promote MMP secretion. Particularly, xenograft studies using animal 

models show that highly malignant cells have reduced migratory capacity when MMP-9 

expression is reduced, whereas normally benign cells adopt an invasive phenotype when 

MMP expression is upregulated110. MMP activity is regulated by tissue inhibitors of 

metalloproteinases (TIMPs). Elevated levels of TIMPs have been implicated in poor 

prognosis of cancer patients as they contribute to matrix remodeling during tumor cell 

migration. Of the four TIMPs identified, TIMP-1 and TIMP-2 are implicated in aiding 

tumor cells evade apoptosis and, conversely, inhibiting tumor growth. Additional 

evidence constructs a role for TIMP-1 in promoting angiogenesis via upregulation of 

VEGF, a key factor involved in angiogenesis107, 111. TIMP-3 and TIMP-4 are believed to 

serve as markers for cell differentiation and as active regulators of ECM homeostasis111. 

As previously mentioned, cell-adhesion molecules such as cadherins and integrins are 

substrates of MMPs. The cleavage of adhesion molecules is directly correlated to the 

epithelial to mesenchymal cell transition as well as the migration and invasion of the 

ECM by cells of most identified cancer types12, 110, 112, 113. 

2.5.2 Actin protrusions and migration  

The initiation of migration and invasion requires cellular production of cell-cell or 

cell-ECM adhesions coupled with the alteration of cell body morphology to produce a 

leading edge, often characterized by podosome formation. During cell migration into 

tissues, cells invade surrounding tissues via matrix extruding structures, such as 

lamellipodia, invadopodia, and filopodia, whose formation are regulated by actin 

polymerization and depolymerization. These structures are named based on their 
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functional, morphological, and structural characteristics28. Concurrent recruitment of 

MMPs to the site of invadopodia formation is necessary for cellular protrusions to invade 

the surrounding environment107. Actin-related proteins necessary for invadopodia 

formation, such as cortactin, are associated with MMPs during invasive events. In studies 

investigating cell migration through 3D fibronectin matrices, the expression levels of 

MMP-2, -9, and plasma level expression of MT1-MMP were directly correlated with 

cortactin expression. Concurrent studies performed on cells of head and neck squamous 

cell carcinoma showed that the migratory capacity of the cells becomes inhibited with the 

knockdown of MMPs, similar to observations from cortactin knockdown cells, 

implicating the coupling of MMP expression with actin assembly and disassembly during 

ECM degradation and cell migration106. Protrusive cell structures are formed according to 

actin signaling and in response to migratory cues. 

2.5.2.1 Protrusive structures: Lamellopodia, Filopodia, and Invadopodia 

Composed of a dendritic network-like array of actin filaments, lamellipodia are 

sheet-like protrusions that form at the leading edge of a migrating cell allowing 

attachment to a substrate, generating the initiating forces to pull a cell mass forward28. As 

a cell begins forward movement, a cytoplasmic extension from the cell surface protrudes 

in the direction of movement; this lamellopodia formation recruits proteases to the 

leading edge of the cell for ECM degradation97. In contrast, filopodia are thin rod-like 

bundles of actin also present at the leading edge of a cell to allow further exploration of 

surrounding ECM28, 97. To effectively produce the stiffness necessary to advance a 

filopodia protrusion through the matrix the intracellular pressure at the forward edge of a 

migrating cell increases as a result of dynamic reorganization of filopodia97. Invadopodia 

form ventral protrusions at the membrane and are composed of a variety of active 
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proteins including adhesion molecules, actin regulatory proteins, and matrix degrading 

proteases97, 114-116. Overexpressed in malignant cancer cells, it is suggested that 

invadopodia are frequently utilized in highly aggressive carcinomas to enable invasion 

and migration through the tumor stroma for intravasation of blood vessels28, 49, 80, 98. 
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2.6 TABLES 

 

Table 2.1 Matrix Metalloprotease Families. Matrix Metalloproteases (MMPs) have been 
classified both by their substrate specificity and by their structure. The most 
studied MMPs in regards to cancer cell migration are listed based on their 
substrate specificity116. Figure taken from Srivastava, Zaman 201119. 
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2.7 FIGURES 

 

Figure 2.1 The Cell Microenvironment. The organization of the extracellular matrix in 
animal tissues is typically composed of the basal lamina and underlying 
connective tissue. The basal lamina is formed from a mesh-like arrangement 
of extracellular matrix proteins2 to act as a mechanical regulator between the 
epithelial and connective tissue layers. Illustration adapted from Alberts, 
200737. 
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Figure 2.2  Cell-ECM interactions. The mechanical properties of the extracellular 
matrix (ECM) are determined by the architecture, degree of fiber cross-
linking, and composition of the ECM, which imposes mechanical stresses 
that are experienced by cells within the ECM. Black arrows indicate the 
direction of mechanical stresses applied to a cell body; blue arrows represent 
the reaction forces exerted by the cell body. Shear, compressive, and tensile 
stresses are forms of stress experienced by soft biological tissues. Stress is 
computed as a force per unit area that supports a load and is typically 
reported in units of Newton per square meter (N/m2), or equivalently, 
Pascals (Pa). Figure taken from Srivastava, Zaman 201119. 
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Figure 2.3 Illustrations of Integrin and Cadherin Adhesions. (A) Extracellular 
engagement of integrin β subunits with matrix ligands elicits localization of 
signaling and mechanical anchorage proteins to the intracellular side of the 
activated integrin complex, known as a focal adhesion. A number of well 
studied focal adhesion proteins including focal adhesion kinase (FAK), and 
c-Src, as well as paxillin, vinculin, talin, actin, and α-actinin anchorage 
proteins are depicted. (B) Cell-cell engagement via extracellular domains of 
cadherin proteins elicits localization of signaling and mechanical anchorage 
proteins to the intracellular side of the activated cadherin. A number of well-
associated proteins c-Src and α-catenin, β-catenin, and actin anchorage 
proteins are depicted. 
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Figure 2.4 Generalized Scheme of the Signaling Cascades Relevant to Cancer Cell 
Migration in 3D Environments. Extracellular stimulation of transmembrane 
receptors such as integrins and growth factor receptors transmit signals into 
the cell. Intracellular signaling cascades enable the cell to respond in a 
number of fashions including replication of cellular material, protein 
synthesis, cell migration, and cell proliferation5,10,20. Figure taken from 
Srivastava, Zaman 201119. 

 
 
 
 
 
 
 

 



  40 

 
 

Figure 2.5 Scanning Electron Micrograph of a prostate cancer cell interacting with 
surrounding collagen type-I matrices. A fixed prostate cancer cell (PC-3) 
was embedded within a 3D collagen type-I matrix, fixed, stained and 
visualized. 
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Chapter 3: ECM Mimics and synthetic systems  

For many, many decades, it has been known that tissue growth and repair occurs 

in response to mechanical forces originating from an array of contributing sources117. 

These include external mechanical forces such as gravity90, and internal forces such as 

shear stresses on vessels from blood flow and compressive loads absorbed by articular 

cartilage and bone117. Resultant tissue reactions to such forces elicit remodeling and 

altering tissue stiffness via dynamic cell responses43, 117 impacting intracellular 

mechanical and biochemical properties as they are processed by the cytoplasm 118. In fact, 

the first observations of intracellular mechanics and Brownian motion were noted in the 

seventeenth century during observations of Vorticella ciliates propelling through aqueous 

medium.118 Though inquiring minds were refuted by technological limitations of the 

seventeenth century, the allure of deciphering methods with which cellular processes bear 

the laws of mechanics remained prevalent throughout generations of scientific 

exploration and persists in the minds of many present day scientists.  

As speculation and inquiry to the physical phenomena of cell mechanics evolved, 

theoretical models for cellular structure were fractured between sol-gels, homogeneous 

gels, plastic fluids or viscoelastic materials118. Modern models evolved to collectively 

consider elasticity, plasticity, and viscosity that, together, have given rise to models that 

combine discrete mechanical elements, viscoelastic continuum, and viscoelastic fluids to 

name a few118. Importantly, however, is the consideration of the cellular ability to control 

its mechanical properties through molecular response and feedback loops as it processes 

extracellular signals. To this end, a significant proportion of modern mechanobiology 

research is dedicated to investigating the outside-in and inside-out relationships between 

the cell and its residing environment. Such collaborations among the fields of 
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biochemistry, molecular biology, mechanics and systems biology allows for elucidation 

of cellular mechanotransduction, the process by which cells convert mechanical stimuli to 

a biochemical response. As Chapter 1 presents current understandings and challenges of 

cancerous cell aberrations and Chapter 2 further outlines the complexities of cell-ECM 

interactions, the following chapter will present the methodologies with which the cellular 

mechanical environment is inspected.  

3.1 NATIVE AND SYNTHETIC ECMS  

In vivo, cells are known to migrate through three types of ECM that are often 

recapitulated in vitro to study cell behavior. These three cellular environments consist of 

loose connective tissue, dense connective tissue, and thin acellular layers of the basement 

membrane44. In a typical epithelial tissue, the tissue layer consists of two parts: one which 

contains closely-neighboring epithelial cells on a basement membrane and the other that 

holds an ECM-rich stroma surrounding lymphatic and blood vessels, immune cells, and 

fibroblasts40. Animal tissue ECMs are composed largely of polysaccharides and fibrous 

proteins, such as glucosaminoglycan (GAG), collagen, laminin, and fibronectin2, 37. 

Translation of this physiologically relevant system to in vitro settings has been achieved 

through assembly of synthetic hydrogel mimics that strive to maintain native ECM 

composition, architecture, and mechanics86, 119, 120. Though synthetic in vitro 

methodologies do not recapitulate the entirety of complex in vivo interactions, 

investigations utilizing synthetic ECM mimics continue to provide valuable insights to 

the mechanisms behind mechanobiology and tumor cell behavior.  

3.1.1 Architecture   

Mammalian cell culture has provided a unique platform to investigate cell 

biochemistry and pathophysiology outside of the host. Conventional studies using cell 
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culture platforms have utilized two-dimensional (2D) substrates, such as glass or tissue 

culture polystyrene. Though essential to establishing current understanding of biological 

phenomena, 2D cell culture formats fail to recapitulate significant elements present in 

native cell environments 22, 121. Elements such as mechanical forces and structural 

obstructions present in three-dimensional (3D) in vivo environments are absent from 2D 

in vitro systems, rendering the latter system inherently restricted regarding cellular 

mechanics.  

During migration, cell bodies encounter biochemically distinct environments in 

different tissue types. Though 2D systems most closely recapitulate physiological 

surfaces akin to single-cell think epithelia found observed on the inner lining of blood 

vessels2, 117, the mechanical environment of 2D systems is disparate from that observed in 

native environments. Migration through 3D interstitial tissues, as observed during 

angiogenesis122, wound repair120, 123, and tumor cell metastasis5, 43, 119, exhibits the cellular 

ability to mitigate biomechanical resistance and interactions with the impeding ECM. To 

this end, many researchers have elected to utilize ECM mimics for in vitro studies, 

permitting more pertinent studies to physiological conditions. Indeed, pioneering studies 

have highlighted the significance of growth surface dimensionality on cell behavior in a 

number of cell models. Landmark investigations demonstrated the development of human 

breast epithelial cells into tumor-like cells when propagated on 2D substrates; however, 

the behavior of these transformed cells reverted to normal epithelial growth when grown 

in 3D environments119, 121. Additionally, chondrogenesis of embryonic stems cells 

cultured in 3D bodies is enhanced as compared to those grown in 2D monolayers121, 124. 

The disparities presented in stem cell differentiation and oncogenesis from 3D models 

highlight the significance of mechanical properties on cell behavior. Most evident of the 

deviating mechanical characteristics is substrate rigidity: native mammary stroma ranges 
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in elastic moduli from 102-103 Pa36 whereas plastic surfaces of traditional 2D growth 

surfaces exceed 109 Pa32. To investigate cell-matrix interactions in a more compliant 

environment, naturally and synthetically derived matrices are frequently used mediums. 

Characteristics of the ECM components influence the ability of structural 

molecules to bind growth factors, enzymes, and other signaling molecules. multiple 

cancer-cell migration studies have shifted from using two-dimensional strata to utilizing 

3D substrates, such as collagen type I or type IV, and Matrigel™, a basement membrane 

mimic composed of laminin, collagen type IV and proteoglycans125. In 3D environmental 

models, cells are suspended among hydrogel solutions prior to lattice polymerization120, 

126 or are plated atop of pre-polymerized matrices (Fig. 3.1)120. A 2.5D culture format is 

adopted when cells are cultured between a preformed gel and a deposited hydrogel to the 

apical surface of the cell48. As compared to 2D planar culture environments, the 

aforementioned culture systems provide adequate mediums in which cells can exert 

stresses to promote tissue remodeling, differentiation, and morphogenesis as 

characteristic of in vivo conditions40. 

3.1.2 Constituents  

Creation of native-like ECM environments in vitro requires simplification of 

physiological ECM complexities. Researchers have engineered synthetic matrices from 

derived polymers to recapitulate mechanical characteristics of the matrix. These 

scaffolding polymers include polyacrylamide (PA)127, polyethylene glycol (PEG)128, and 

polyglycolic acid (PGA)129. Alternatively, ECM scaffolds can be generated from 

biological materials, such as collagen types I and IV, elastin, fibrin, and hyaluronic 

acid129. ECM fibril constituents are commercially available in various forms: collagen 

type I extracted from solubilized rat tail tendon is available in concentrations ranging 
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from 1-15mg/mL whereas Matrigel™, a heterogenous solution secreted from Engelbreth-

Holm-Swarm (EHS) mouse sarcoma cells, is comprised of collagen type IV, entactin, and 

laminin fibrils130. To suit the specific needs of a research inquiry, synthetic and biological 

ECM scaffolds can be modified to control temporal properties. For example, the 

structural integrity of a scaffold can be manipulated to resist structural degradation via 

incorporation of a non-degradable polymer backbone or, conversely, MMP-sensitive 

peptides can be incorporated to promote cell-mediated degradation of the ECM129, 131, 132. 

Incorporation of fibronectin derived Arg-Gly-Asp (RGD) peptides is frequently utilized 

to encourage integrin-based binding of cells to modified PA and PEG scaffolds133-135. 

3.1.3 Mechanical Analysis of ECM substrates 

3.1.3.1 AFM  

Quantitative mesoscopic analysis of polymeric materials can be obtained via force 

measurement techniques such as atomic force microscopy (AFM) and optical tweezers. 

Using a cantilever attached to a piezoelectric driver, the AFM cantilever tip is moved 

vertically from a sample surface such that the tip displacement is measured via a reflected 

laser beam reflected back to a split photodiode136. AFM and similar techniques, such as 

instrumented indentation137, are readily used to quickly map and quantify probe-contact 

areas of compliant hydrogels137-139. 

3.1.3.2 Rheology  

In addition to stress, the ECM experiences changes in strain, or normalized 

deformation, in response to cell movement. The degree of a material’s deformation in 

response to a load is determined by its composition and organization140. For example, 

elastic solids easily return to their original state following deformation under stress, 

whereas viscous fluids exhibit strain and stress as a function of time and resist shear flow. 
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Soft biological tissues are considered viscoelastic materials and deform directly in 

response to an applied stress140. The numerous investigations of dynamic interactions 

between the ECM and cell populations not only probe molecular responses but also 

employ mechanical tests under variable loads on synthetic and naturally derived ECM 

substrates43, 64, 80, 141, 142. Examples of such mechanical tests record compressive, shear, and 

tension stresses on artificial matrices143. 

3.1.3.3 Quantitative analysis of substrate stiffness  

Rheological measurements of polymeric or hydrogel substrates can be determined 

following polymerization via oscillatory shear tests, such as cone-and-plate, concentric 

cylinder, or parallel plate rheology143, 144. From oscillatory torque, the elastic modulus 

(G’) and the loss modulus (G”) are determined as functions of angular frequency. 

Laboratory tests using various dynamic stress rheology techniques on hydrogel substrates 

reveal that, under small oscillatory shear, the energy storage, or resistance, corresponds to 

the substrate’s polymer network rather than the viscous resistance to shear strain of the 

fluid phase143. Purely elastic solids exhibit a loss modulus of approximately zero, 

reflecting no viscous dissipation by the substrate. Conversely, purely viscous fluids hold 

a storage modulus of zero as the material lacks energy storage144. Thus, hydrogel 

substrates with disparate elastic storage and loss moduli during dynamic frequency 

sweeps reflect stiffness values of polymer networks. 

Under small oscillatory shears, G, the shear modulus, is defined: 

  

! 
! 

G(t," 0) =
#(t)
" 0

     (3.1) 

where the shear stress magnitude at time t is σ(t) and the constant shear strain amplitude 

is γ0. The function of oscillatory shear stress, τ, is defined by the oscillatory stress 
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amplitude, τ0, frequency, ω, and a general phase shift from the stress response, δ143. The 

shear stress is calculated by the sine function: 

              

! 

"(t) = "0 sin(#t +$)      (3.2) 

By substituting Eq. 3.1 into Eq. 3.2, both the elastic storage modulus, G’, and the loss 

modulus, G”, can be derived as a function of oscillatory shear stress, τ(t): 

 

! 

"(t) = # 0 G'($ )sin$t +G"($ )cos$t[ ]       (3.3) 

where 

! 

G'= "0
# 0
cos($),         (3.4) 

! 

G"=
"0
# 0
sin($)         (3.5) 

Equations 3.1-3.5 describes materials that exhibit linear viscoelasticity, where the shear 

stress exerted upon the material is proportional to the strain experienced by the 

substrate143. 

3.2 EXTERNAL STIMULI/ECM EFFECTS ON CELL BEHAVIOR  

Components present in ECM scaffolds contain chemical and physical cues that 

direct cell behavior including cell activation, proliferation, and migration, synthesis of 

basement membrane components, and proteolytic degradation of impeding ECM 

components129. The success of these interactions heavily relies on soluble and 

immobilized growth factors (GFs) and the ECM architecture. 

3.2.1 Chemical Cues  

Extracellular matrix pore architecture provides directional cues for cell migration 

but also acts as a binding site for a variety of effector molecules and soluble growth 

factors such as hepatocyte growth factor (HGF), transforming growth factor-β (TGF-β) 
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and vascular endothelial-cell growth factor (VEGF). The porosity of the matrix affects 

the ability of such growth factors to diffuse through the environment; therefore, the 

arrangement and assembly of structural components of the ECM influences the local 

concentration gradients of such molecules40. This may also promote cell proliferation. 

Growth factors tethered within the ECM are often bound in their inert forms; upon 

cellular stimulation, growth factors are cleaved to their active state, which enables 

binding to and stimulation of signaling pathways in neighboring cells2. Through 

increased local binding of an autocrine growth factor to the matrix, controlled amounts of 

the signaling molecule can be accessed for more efficient signaling. Conversely, 

paracrine factors that bind to the matrix can diffuse slowly to adjacent cells to optimize 

signaling fluxes40. 

3.2.2 Mechanical Cues  

The arrangement and density of ECM fibers contributes to cell migration and 

adhesion by determining matrix pore size and ECM sensitivity to cellularly secreted 

proteolytic enzymes. The cytoskeletal network allows cells to respond to changes in 

mechanical properties of the surrounding matrix by varying intracellular tension. In 

response to changes in cellular tension, the ECM consequently undergoes mechanical 

remodeling40, 140. Alterations of cellular tension not only influence cellular behavior, but 

also induce modifications to the mechanical properties of the ECM. These mechanical 

changes manifest as compressive, shear, or tensile stress40, 140. In addition to stress, the 

ECM experiences changes in strain, or normalized deformation, in response to cell 

movement. The degree of a material’s deformation in response to a load is determined by 

its composition and organization140. Most importantly, however, the changes in ECM can 

induce changes of intracellular mechanical properties. Systems-level studies have 
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provided contrasting views of the cellular response to 2D and 3D environments. 

Investigations utilizing collagen type I as both a 2D substrate and 3D matrix show that 

the actin cytoskeleton of cells from PC-3 prostate cancer cell line differs dramatically 

when cells are cultured on 2D or 3D environments and that the intracellular mechanical 

state of cells in 3D matrices of increasing stiffness and decreased pore size is variable, 

exhibiting increased intracellular effective creep compliance, Je, and decreased relative 

intracellular stiffness, G’p, relative to cells in 2D environments145. The viscoelasticity of 

the ECM is affected by its porosity, stiffness, and material composition, which have been 

shown to affect cell movement43, 120. Experiments conducted in 3D Matrigel™ matrices 

indicate that the composition of the ECM, namely ligand density and matrix stiffness, 

impacts the migration speed and proteolytic activity of HT-1080 fibrosarcoma cells and 

DU-145 prostate carcinoma cell lines. With a smaller matrix pore size due to increased 

matrix stiffness and ligand density, prostate cancer cell migration was found to be 

dependent on proteolytic activity of cellularly secreted enzymes. Systems-level studies 

conducted with 3T3 fibroblast cells cultured in acrylamide substrates show that cells 

preferentially exhibited accelerated protrusion formation on more rigid 2D substrates; 

more rigid environments promoted the spreading area of a single cell to 25% more than 

that observed on less rigid substrates146. The cell migratory preference for rigid substrates 

is referred to as “durotaxis”146. The rigidity of the matrix not only accelerates cell 

migration, but also alters cell traction forces that promote angiogenesis, an upregulated 

feature of many cancers5, 147. Studies conducted with human umbilical vein endothelial 

cells (HUVEC) embedded within 3D fibrin gels suggest that cell traction forces that are 

dependent on ECM stiffness affect the initiation and maintenance of capillary 

morphogenesis as fewer capillary-like processes form in stiffer matrices147. Collectively, 
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these various studies implicate that cell migration is not only impacted by forces exerted 

on and exerted by cells, but also dependent on ECM stiffness and porosity. 

3.2.3 Contact Cues  

The mammalian cell body utilizes actomyosin-driven shape change during 

migratory processes regulated by a number of cellular and mechanical parameters27. The 

structural organization of the ECM, including characteristics such as stiffness, ligand 

density, and orientation27, 38, directly influence the actomyosin cytoskeleton such that the 

cell may determine migratory strategies through the encumbering ECM. The 

consequences of contact guidance, known as the role of the ECM on cell behavior, have 

been well characterized during cell migration and differentiation148. The assembly and 

position of 3D matrix components can provide directional cues at the cell-matrix 

interface at a nanoscale range to promote cell morphology transformation, characterized 

by aligned spindle morphology to matrix ligands149. Molecular signals transmit 

topographical cues from heterogeneous ECM landscapes, which include pore size, fibril 

arrangement, and ridges in the ECM150 as distinguished during cellular mechanosensing. 

Micropatterning-based studies probing the influence of ECM topography on 

directionality of cell migration indicate uniaxial cell migration corresponds to fibril 

orientation and density151 on myosin contractility and microtubule coordination149. Further 

investigations of the response of cancerous cell lines on micropatterned surfaces of 

varying topography reveal malignant cells disperse within topographic confines152 and 

remain directionally persistent during migration153. Together, these studies indicate that 

cancerous cells usurp ECM topography for traction and persistence during migration, 

facilitating tissue invasion for tumorgenesis. 
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3.3 CELL-ECM ADHESION COMPLEXES  

In vitro mammalian cell culture provides the means to investigate cellular 

interactions in a system outside of the body. Since the establishment of the HeLa cell line 

in 1951, cell culture has served as an indispensable tool to observe biochemical and 

molecular cell-cell and cell-environmental interactions. As experimental observations 

from in vitro growth environments must be carefully interpreted, such studies provide 

excellent means to probe independent variables associated with illness and disease, such 

as cancer. Growth control of cell lines in cell culture exhibits dependence on regulation 

of endogenously present nutrients and growth factors9. Survival and propagation of cell 

lines in culture relies on a number of components that include 1) growth media, a cell-

line specific optimized synthetic mix of amino acids, carbohydrates, salts and vitamins, 

2) serum, which supports survival of cells via supplement of growth factors, hormones, 

enzyme cofactors and lipids, and 3) the growth environment. Substrate growth response 

is variable among cell lines154. The physical growth environment for optimal growth of 

cell lines occurs at a temperature range from 35.5-37.5°C, 5% CO2, 95% relative 

humidity, and maintain a pH of 7.2-7.4 as regulated by the media154.     

3.3.1 Cell adhesion to the matrix  

As previously described in section 2.3.1, cell adhesion to the substrate surface 

elicits integrin mediated focal adhesion formation to connect the ECM with intracellular 

signaling and cytoskeletal complexes. Integrin clustering and causative stress fiber and 

cellular extension formation enables cellular forces to exert upon the substrate, 

facilitating cell migration54, 62. Force-generating cytoskeletal components transmit internal 

tensile forces, known as the contractile traction force, to the ECM via focal adhesions155. 

Cell-substrate adhesions occur at both the forward and rearward ends of the cell to 

facilitate forward migration through a substrate. Focal adhesions (FAs) formed at the cell 
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front persist as cell-ECM anchors until the cell body has migrated over the FAs such that 

the FAs reach the cell rear86, 156. 

3.3.2 Cell traction forces  

Cell traction forces, as generated and exerted by cell-adhesion complexes, display 

dependence on FA formation and size155. Internal tensile forces originating from the actin 

cytoskeleton, known as cell traction forces, are transmitted to the substrata via focal 

adhesion complexes155 and provide a dynamic balance throughout the cell body for 

efficient migration. Migratory cells generate two distinct types of traction forces: 

protrusive and contractile forces86. As displayed in figure 3.2, protrusive forces extend 

from actomyosin polymerization during the forward extension of podosomes86, 155. Forces 

capable of propelling a cell body forward are known as contractile forces that rely on 

myosin-motors for generation of force86. During cell migration, the intracellular 

contractile forces transmitted to the substrate are dissipated among the system due to 

disruption of adhesion157 complexes and deformation of the cell86. Observations of 

fibroblast motility indicate that at maximal migration speeds of 1µm per minute, the 

traction generated by fibroblasts is approximately 20000 µdynes86 with 3nN of traction 

force per adhesion complex54. Resistance originating from substrate during migration, 

such as viscous drag of approximately 0.1 µdyne in fibroblasts, is overcome by 

contractile forces86 providing dynamic balance of traction between the rear and front 

attachments of the cell. 

3.4 CROSSLINKING COLLAGEN MATRICES 

Biologically based ECM scaffolds are typically composed of collagen type I or 

IV, fibrin or Matrigel™. The ability to tune biophysical properties of matrices is limited 

to altering matrix protein density, altering heterogeneity of matrix components, and 
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cross-linking of matrix fibrils. In vitro cross-linking of matrix fibrils can be achieved 

through chemical fixations including addition of aldehydes, epoxides, and quinines129, 

physical methods such as dye-mediated photooxidation and UV light129, and enzymatic-

mediated cross-linking utilizing lysyl oxidase158, 159 and tissue transglutaminases160 as 

cross-linking agents. Biophysically tuned hydrogels decouple matrix stiffness from 

matrix adhesion-ligand density permitting in vitro examination of physiologically 

relevant interactions. 

3.4.1 Tissue Transglutaminase cross linking  

Tissue transglutaminases (tTG) are a family of enzymes that post-translationally 

modify proteins via site-specific deamidation, amine incorporation, or via catalysis of the 

acyl transfer reaction between a primary amine (including the ε-amino group of a 

peptide-bound lysine) and a peptide-bound glutamyl residue161. Of the nine tTG genes 

identified, eight code calcium-dependent catalytically active enzymes. Having diverse 

functions, all of the tTG enzymes share the same amino acid sequence at the catalytic 

region and all lack the N-terminal secretion peptide. Transglutaminases are found in 

major compartments of the cell (nucleus, plasma membrane, and cytosol) as well as in the 

ECM. Tissue transglutaminase type 2 (tTG2) functions heavily in apoptosis, cell 

adhesion, cell-survival signaling, and matrix stabilization. Widely distributed in the 

extracellular matrix and throughout cell compartments, external secretion of tTG2 is not 

efficient due to the absence of the N-terminal signal, yet induction of cellular stress 

increases accumulation of extracellular tTG2162. Calcium dependent induction of tTG2 

catalyzes protein kinase, protein disulfide isomerase, GTPase, ATPase, and 

transamidation reactions in a number of cell processes including cell differentiation, call 

adhesion, and activation of apoptosis161. In studies, metastatic cancer cell lines, such as 
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MDA-MB-231, display elevated expression of tTG2, conferring anti-apoptotic and cell 

survival advantages as well as increased motility through the ECM161. Several ECM 

proteins including collagen types I, II, IV, VII, and XI, fibronectin, osteonectin, and 

osteopontin serve as substrates for tTG2 transamidation reactions161. tTG2 induced 

crosslinking of the ECM promotes additional deposition of ECM components and 

adhesion of periphery cells to the matrix. The modification of type I collagen by tTG2 

leads to increased fibril formation of the matrix, increased collagen stability to MMP-1, 

decreased activation of MMP-2 and MT1-MMP, giving rise to the formation of large 

collagen type I bundles that confer increased tensile strength to remodeling tissue161. 
 
 

3.5 VARIABLES 
 

Variable  Units (SI)  Description 

G’   Pa   elastic modulus 

G”   Pa   viscous modulus 

G   Pa   shear modulus 

σ   Pa   shear stress magnitude 

γ0   unitless  oscillatory shear strain amplitude 

τ   Pa   oscillatory shear stress 

τ0   Pa   oscillatory shear stress amplitude 

ω   s-1   frequency 

δ   unitless  phase shift 
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3.6 FIGURES 

 
 
 
 
 
 
 
 
 

 

Figure 3.1 Illustration of in vitro multi-dimensional growth environments. In traditional 
cell culture, cells adhere upon a two-dimensional (2D), flat substrate. When 
cells are either grown atop a three-dimensional (3D) substrate or adhere to 
the surface of the underlying tissue culture dish, the growth environment is 
referred to as 2.5D. In traditional 3D growth areas, cells are suspended 
within the 3D substrate with the condition that substrate thickness exceeds 
the diameter of a residing cell. 
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Figure 3.2 Illustration of Cell Traction Forces during Migratory Events. During cell 
migration, cell adhesion to the substrate elicits focal adhesion formation at 
the cell surface, effectively signaling the intracellular cytoskeletal network54. 
Force-generating cytoskeletal components transmit cell traction forces 
(CTF), or internal tensile forces, to the ECM via focal adhesions to facilitate 
forward cell movement117. Leading-edge protrusions coordinated with 
rearward contraction of the cell overcome focal adhesion-ECM adhesive 
forces producing a forward net force enabling cell migration204. Figure 
adapted from Lauffenburger 1996204. 
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Chapter 4: Cell Motility in Experimental Systems 

Ever since the first observation of cell motility in 1863163, 164, extensive 

investigations of cell migratory events have revealed dynamic signaling processes from 

both extracellular mechanosensing and intracellular signaling. In the most simplified of 

mechanisms, cell migration is recognized as a cellular action resulting from polarized 

extension and contraction cycles with coordinated regulation of adhesion and release 

from the surrounding matrix164. The presence of cell migration persists during all stages 

of human life97, contributing to tissue differentiation and maintenance through unique 

mechanisms determined by environmental and mechanical cues. Regulation of cell 

behavior by matrix cues has been observed in numerous cell types including hepatocytes, 

keratinocytes, and endothelial cells. During tissue repair, leukocytes trespass ECM 

barriers to exit circulatory systems and enter ailing tissue in response to wound signals97. 

Conversely, epithelial keratinocytes exhibit restraint in such invasion as they maintain 

growth within boundaries of epithelial basal layers and evade terminal differentiation165. 

Upon reception of exogenous cues, cells polarize to extend protrusions in the direction of 

migration via distinct motility patterns. 

4.1 MODES OF MIGRATION   

As previously mentioned, cell migration occurs via a multi-step process that 

integrates polarization of a cell edge (1.2.3), formation of protrusive structures (2.5.2.1), 

regulation of adhesions (2.3.1), and dynamic reassembly at the rear of the cell (3.3.2), 

that enables successful movement83, 97, 166. In this section, the biophysical characteristics of 

actomyosin-mediated movement, as mentioned in section 1.2.3.3 of this dissertation, are 

further explored (Fig. 4.1)166.  
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4.1.1 Mesenchymal  

The exploration of cell migration through 3D matrices has elucidated hallmarks of 

mesenchymal migration including relatively slow migration speeds (0.1-1µm/min), high 

adhesion-based traction forces, and spindle-like morphology166, 167. The cell-traction 

forces necessary for migration are propagated through the actin cytoskeleton via matrix-

integrin adhesions to enable actomyosin contraction and rearward retraction28, 168. As 

mentioned previously, mesenchymal migration utilizes dynamic actin polymerization; the 

branching of actin filaments confers intrinsic cell polarity, permitting the formation of 

cell protrusions97, 98, 169. In 3D models, F-actin rich protruding pseudopods are shown to 

extend along matrix fibrils, providing sites of focal adhesion formation and traction 

forces166. Such studies have established a five-step model of mesenchymal migration, 

characteristic of fibroblasts. These steps include i) adhesion formation and pseudopod 

extension through the matrix, ii) traction force generation at focal adhesion sites, iii) 

cellular mediated proteolysis of the ECM at focal adhesion sites, iv) contraction of the 

actomyosin cytoskeleton, and v) retraction of rear attachments28, 97, 166, 168. Though 

fibroblasts are benchmark models for this migration mode, many other cell types utilize 

mesenchymal migration, including neural crest cells, smooth muscle cells, and 

dedifferentiated cancer cells170. 

4.1.2 Amoeboid  

Single cell migration that exhibits rapid membrane blebbing and crawling is 

termed amoeboid migration169. This cellular locomotion exhibits non-adhesive, non-

proteolytic morphological adaptations enabling a cell to squeeze through matrix pores as 

it negotiates a migratory trajectory through the matrix24, 168. Amoeboid migration relies on 

cellular polarization by the actomyosin cytoskeleton permitting expansion, via actin 

polymerization, and contraction of the network to generate cell propulsive forces169, 171. 
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These force-generating actions actively protrude the plasma membrane, a distinction of 

amoebic motility known as cell blebbing172-174, produced from actomyosin expansion of 

pseudopodia extensions below the leading edge of the cell. The converse action of cell 

contraction is driven from hydrostatic pressure gradients generated from myosin II 

activity169, 175. Briefly, tension of the cellular cortex, a specialized cytoplasmic layer of 

actin and myosin proteins that lies under the plasma membrane2, is maintained by myosin 

motors173. Myosin II-mediated sliding of actin filaments incites local increases of 

hydrostatic pressure to promote detachment of the cellular tail cortex from the substrate 
176. Additionally, the imbalance of intracellular tension induces flowing of the cytosol 

away from elevated pressure pockets, producing herniations of the plasma membrane 

known as the hallmark radial bleb expansions37, 90, 169, 173, 175. In sum, the amoebic mode of 

migration requires synergistic coordination of morphological adaptation to ECM 

architecture and regulation of actomyosin-generated pressure for rapid cell motility. 

4.1.3 Collective  

Studies of individual cell migration have provided important information 

regarding the cellular response to biochemical signaling and ECM mechanical 

perturbations, establishing key principles of extension and contraction migration, 

chemotaxis, and durotaxis164. The execution of a number of physiological processes 

depends not on the migration of a single cell, however, but rather on the migration of 

collective cell groups. Collective cell migration is defined as the movement of two or 

more cells that maintain cell-cell junctions while migrating along a 2D surface or within a 

3D matrix30, 177. These migratory clusters of cells retain cell-cell junctions, maintain 

supracellular organization of the actin cytoskeleton, and modify the impeding matrix to 

protrude within or along tissue for tissue repair, morphogenesis, and tumor invasion30, 46, 
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164, 178. As collective cell migration is contingent on both chemical and physical 

interactions among cells comprising migratory clusters as well as extensive cell-ECM 

interactions, processes such as chemotaxis and ECM remodeling are significant to this 

mode of migration. Mechanical contact between cells and the ECM requires dynamic 

interactions of transmembrane adhesion receptors on the cell surface177. As observed in a 

number of investigations, homotypic cell-cell interactions rely on E-, VE-, and N-

cadherins in tumorigenic cell clusters to mediate binding between cells179, 180. 

Simultaneous cycling of cell-ECM attachments mediated by focal adhesions and integrin 

β1 proteins22, 43 facilitates local degradation and remodeling of the ECM to accommodate 

the rear migrating cell cluster164, 177. 

4.2 CHEMICAL AND ENVIRONMENTAL CUES  

As mentioned in the previous sections, cells utilize diverse locomotion processes 

as they migrate along 2D and within 3D systems, integrating biophysical and 

biomechanical parameters present in the growth environment. Though these processes 

accede to unique migration modes, they all follow common environmental response 

principles pertinent to cell migration. Taxis is the general directional cell response to 

stimuli181, whereas non-directed locomotion under stimuli is referred to as kinesis182. 

Directional locomotion, taking form as chemotaxis, haptotaxis, and durotaxis, refers to 

cell motility drawn to magnetize towards or evade a stimulus182. This section will present 

the various modes of taxis and kinesis pertinent to cell migration. 

4.2.1 Kinesis  

Cellular locomotion according to kinesis exhibits a random locomotion in which 

the axis of the motile cell is not oriented in respect to the stimulus. The exhibited random 

motion can be observed in two conditions of motility183. First, cell movement may occur 
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in non-directed locomotion, where movements occur in arbitrary directions with respect 

to a cell’s surrounding182. Secondly, the course of migration may proceed in straight-line 

segments separated by turns, known as the random walk model182, 184. The degree to 

which kinesis is induced by a stimulus is dependent upon stimulus intensity and, 

accordingly, results in discrete reactions. To this end, a number of kinesis modalities have 

been identified. Chemokinesis occurs if the observed frequency of speed or persistence of 

cells migrating at random varies based on the presence of a chemical stimulus182, 185. 

Similarly, kinesis in which stimulus intensity determines i) migration speed or migratory 

events is known as ortho-kinesis or ii) cell persistence is known as klino-kinesis182, 183, 186, 

187. 

4.2.2 Chemotaxis  

Chemotaxis is used to describe a directional cellular response to a chemical 

stimulus from the macroenvironment182. Chemotactic movement can be described as 

positive or negative if cell movement is towards or away, respectively, from the 

stimulus185. Perturbation of normal chemotactic regulation may be detrimental to the 

organism, as observed in tumorgenesis as cancer cells manipulate chemical cues to leave 

a primary tumor site and intravasate25, 174. Pioneering work utilizing Dictyostelium 

discoideum, an amoeba, and an established mammary cancer cell line, have implicated 

the role of phosphatidylinositol (3,4,5,)-triphosphate (PIP3) as a cellular compass, 

localizing to the cell edge nearest in the direction of the inciting stimulus to activate the 

reorganization of the actin cytoskeleton174, 188. Other studies implicate focal adhesion 

kinase (FAK) as a regulator of fibroblast migration in response to chemotactic, 

haptotactic, and durotactic stimuli; FAK-deficient fibroblasts fail to respond to stimuli, 

yet reintroduction of FAK rescues tactic response189. Motile cells encounter growth 
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factors (GFs) during migratory events through the ECM. GFs including epidermal growth 

factor (EGF)188, 190, insulin-like growth factors (IGFs)191, vascular endothelial growth 

factor (VEGF)192, and transforming growth factor β1 (TGFβ1)193 have all been identified 

as imposing chemoattractant gradients that are associated with tumor cell invasion and 

migration185. The cell response to chemotactic signals drives many physiological 

processes and is, undoubtedly, a key determinant in tumor cell invasion, intravasation, 

and metastasis25.  

4.2.3 Haptotaxis  

Intact ligands comprising the ECM mediate cell attachment via the detection and 

binding of cellular adhesions to recognition domains on fibrous ligands. As evident in 

contact-guidance principles of cell migration148, cell attraction to nondiffusible ECM 

substratum is termed haptotaxis194, 195. Haptotactic responses of cancerous cells to the 

presence of serum spreading factors196, thrombospondin197, ECM ligand molecules198 have 

been shown to be positively correlated with cell migration propensity. Significant to cell 

migratory patterns along a substrate, the spatial distribution of cellular adhesion ligands 

within substrata have been shown to impact the direction of migration199. 

4.2.4 Durotaxis  

The determination of a cell movement event, direction, and speed are can be 

guided by a number of factors, including physical interactions between the cell and 

substrata146. Physiologically, tissue formation and maintenance requires elastic substrates 

that are capable of resisting sustained pushing and pulling forces imposed by cell-

substrate adhesions200. The elasticity and resistance from weakly yielding matrices elicits 

intracellular cytoskeletal rearrangements to promote migration towards or away from the 

stiffness gradient. Durotaxis, a subcategory of mechanotaxis, refers to the motile response 
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of a cell along a rigidity gradient200. The movement of fibroblasts to favorable regions of 

stiffer matrices exhibits an increase of traction forces and cell spreading146. As observed 

in cancerous cells, the response to matrix rigidity can change, permitting invasion and 

migration to new regions200, 201. Investigations with mammary breast carcinoma cells lines 

implicate that a cellular preference for stiffer matrices is related to increased cellular 

ability to locally deform the ECM and align collagen fibrils, promoting contact 

guidance148 and cell contractility as mediated by Rho/ROCK signaling49. 

4.3 METHODS OF ANALYSIS  

The evolution of the random walk model began with the investigations of pollen 

molecule motion patterns by the botanist Robert Brown in 1828202. Random patterns of 

irregular motion, known as Brownian motion pioneered research throughout the early 

twentieth century184 culminating in the development of the random walk theory. 

Biophysical events, such as binding of cellular adhesion molecules to the substrata, 

transmit motile forces to impact cell speed and stochastic changes in migration 

direction182, 199. As discussed previously (section 3.3), cell-ECM adhesion formation and 

turnover permit cell motility via dynamic regulation of traction forces. Over time, 

migrating cells follow the persistent random walk model as determined by directional 

persistence time, P, and the root-mean-squared cell speed, S, where persistence time 

refers to the average time lag between significant directional changes of cell 

movement203. As cell movement has been observed to persist in the same direction during 

short time intervals, migration over long time scales incur random changes in migratory 

direction and exhibit mean squared displacements (MSD), <d2>, a measure of the average 

distance traveled by a particle within a system, proportional to time, t 182, 199. Trajectories, 

persistence and cell speed over time have been modeled extensively43, 64, 199, 204. As the cell 
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travels within a substrate, these models assume that cell velocity, v, decays exponentially 

with time, as modeled by the velocity autocorrelation function: 

! 

Gv (") # v(t +")$ v(t)        (4.1) 

where τ represents a sequential time step in the time series. Eq. 4.1 takes the form 
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upon correlating time steps, τ, with cell speed, S 199. 

Using such observations of cell migration, the displacement of a cell, as measured 

from cell tracks, during a measured time interval can be related to both S and P 199. This 

MSD over time, d2(t), establishes a relationship between S and P and statistical cell track 

lengths. The MSD can be computed from the following equation: 
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When substituted into Eq. 4.2 and integrated, Eq. 4.3 becomes: 
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providing a relationship between cell tracks and cell movement over time43, 199, 204. 

4.4 VARIABLES 

 

Variable  Units (SI)  Description 

P   s   persistence time 

S   m/s   cell speed 

d   m   cell displacement length 

t   s   elapsed time 

v   m/s   cell velocity 

τ   s   time step/time constant 
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4.5 FIGURES 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.1 Modes of Cell Migration. Mesenchymal motility is characterized by a spread 
cell morphology, regular cell surface protrusions resulting from dynamic 
actin-cytoskeleton reorganization, focal adhesion contact to the ECM, and 
relies of pericellular proteolysis during cell migration. Amoeboid motility is 
distinguished by a rounded cell morphology, cell blebbing, and proteolytic 
and adhesion independent migration. Collective cell migration exhibits cell-
cell and cell-ECM adhesion and proteolytic activity at the forward-edge of 
the cell mass during migration. 
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Chapter 5: Cell Migration and Cellular Transforming Potential: matrix 
mechanics  

The transformation potential of mammary epithelial cells (MEC) from wild type 

to a malignant breast cancer phenotype harnesses a number of molecular mechanisms 

associated with aberrant expression of cellular biomarkers. To elucidate the cellular 

biophysical traits associated with this transformation, the following studies employed 

breast cancer progression cell line models, 3D collagen type I matrices and time-lapse 

confocal microscopy. The cancer progression series utilizes well-characterized MCF10A 

MEC cells overexpressing ErbB2, 14-3-3ζ, or dually expressing both biomarker proteins. 

Vector, non-transformed, cells were used as controls. Results from cell motility assays 

indicate that ErbB2 overexpression confers higher migration speeds whereas 14-3-3ζ 

hampers cellular migratory ability on 2D substrates as compared to control samples. In 

3D substrates, dual overexpression of ErbB2 and 14-3-3ζ facilitates cell migration, as 

exhibited by cell migration speed. In addition, elevated matrix stiffness of 3D collagen 

type I hydrogels can significantly alter motility of single overexpression variant cells, 

whereas increased 3D matrix stiffness imposes less hinderance on cell migratory ability 

in cells overexpressing both ErbB2 and 14-3-3ζ. Lastly, the presented studies show that 

sensitivity of cell migration speed to matrix architecture was greatest in ErbB2 

overexpressing cells whereas cells overexpressing 14-3-3ζ exhibited the least sensitivity 

to matrix architecture. Collectively, these results suggest that cell motility during breast 

cancer progression consists of dynamic interactions between matrix mechanics and 

cellular transforming potential. 
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5.1 INTRODUCTION 

As the progression of breast cancer is frequently associated with clinical 

presentation of the stiffening of mammary gland tissue, elucidating the coordinate 

interactions of breast cancer metastatic potential with the cellular microenvironment is 

critical for the successful development of effective breast cancer treatments. Though 

strides towards revealing the complex molecular mechanisms underlying breast cancer 

progression have been made205, 206, quantitative characterization of the accompanying 

biophysical parameters is necessary for complete representation of these mechanisms. 

The mechanical properties of the extracellular matrix (ECM) have been shown to impact 

the migratory and invasive potentials of cancer cells43, 146, 207. Significant to the 

physiological progression of metastasis, cell motility through the ECM harnesses 

dynamic regulation of cellular signaling pathways, many of which are deregulated in a 

number of cancers5, 208. To date, few in vitro investigations have probed the systems level 

relationship of breast cancer disease progression, matrix mechanics, and cell motility, 

particularly within physiologically relevant three-dimensional matrices.  

With recent advances in molecular analysis, the identification of breast cancer 

biomarkers significant to malignant diagnoses reveals the dynamic evolution of the 

disease and lends insight to the relationship between biomarker presentation and disease 

progression. The overexpression of ErbB2 (HER2/neu) and 14-3-3ζ biomarker proteins 

in clinical samples has been associated with poor patient prognoses of those diagnosed 

with breast cancer208, 209. In this vain, in vitro studies perturbing expression of these 

proteins craft cellular features similar to those present in clinically observed cases210 

enabling in vitro studies of these cellular aberrations. A transmembrane receptor tyrosine 

kinase in the epidermal growth factor receptor family of proteins, ErbB2 mediated 

signaling regulates a number of cellular processes including cell growth, proliferation, 
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and differentiation210. In vitro studies utilizing ErbB2 transformed mammary epithelial 

cells (MECs) display luminal filling and hyperplasia in three-dimensional (3D) cultures, 

but do not exhibit migratory advantages from ErbB2 overexpression211, 212. 

ErbB2 is a readily investigated protein associated with breast cancer and has been 

identified as a promising therapeutic target213. In clinical studies, ErbB2 overexpression is 

evident in 50% of early stage non-invasive breast cancers (ductal carcinoma in situ)214; 

however, highly invasive and metastatic late stage breast cancers exhibit such 

overexpression in approximately 25% of breast cancer cases215. Additionally, the 

conferred ability of ErbB2 overexpressing cells to resist particular cancer therapies is 

used as determination of breast cancer clinical classification211. Inconsistent expression 

profiles of ErbB2 in clinical observations calls for additional research probing the 

molecular mechanisms associated with breast cancer progression and ErbB2 expression.  

The family of 14-3-3 regulatory proteins are ubiquitously expressed in eukaryotic 

cells and involved in a number of cellular regulatory processes, including cellular stress 

response, malignant transformation216, and cell survival/anti-apoptotic mechanisms217. 

Overexpressed in over 40% of biopsies from patients with malignant breast cancers208, 

14-3-3ζ is associated with a number of regulatory functions within the cell216. 

Particularly, overexpression of the 14-3-3ζ protein in MECs has been shown to confer 

cellular resistance to anoikis218 as well as contributing to epithelial-to-mesenchymal cell 

transitions to enable malignant transformation64, 211, 218. Though the overexpression of 

either ErbB2 or 14-3-3ζ alone presents oncogenic features to mutated cells types, 

individual upregulation of these proteins does not sufficiently transform cells in vitro. 

Studies investigating these proteins in vitro indicate that coordinate overexpression of 

ErbB2 and 14-3-3ζ advances progression of non-invasive carcinoma to invasive cancer, 
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results that are further supported with clinical observations in patients with advanced 

stages of breast cancer211.  

Considering both past and emerging correlations between molecular signatures 

and metastatic progression of breast cancers as well as the significance of the 

extracellular matrix among cellular interactions, fundamental investigations of such 

malignant transformation within a physiologically-relevant substrate are necessary to 

further elucidate cellular transforming potential in vivo.  In this study, fundamental 

questions regarding cell-matrix interactions of partially and fully transformed MECs are 

quantitatively investigated. Specifically, these investigations seek to elucidate the 1) 

responsiveness of MEC motility to 3D substrates, 2) the effect of MEC transformation on 

such a response, and 3) the significance of matrix architecture on migratory ability of 

transformed MECs. Utilizing 3D collagen type I matrices, the principal structural 

component of mammary stroma, and time-lapse confocal microscopy, the 

aforementioned studies permit quantitative analysis of MEC transforming potential 

contributing to current insights of cancer mechanobiology. Results indicate that cellular 

transforming potential couples with matrix stiffness to determine migratory abilities of 

MECs. 

5.2 MATERIALS AND METHODS 

5.2.1 Cell culture 

Motility experiments were performed on stable sublines that were established as 

described previously from the noncancerous, human-derived MCF10A MEC line 

(provided by Dr. Robert Pauley of the Karmonos Cancer Institute, Detroit, MI). Cell lines 

were maintained in DMEM/F12 growth media219 at 37°C, 5%CO2. 
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5.2.2 Collagen matrix preparation and characterization 

At the time of experimentation, adherent monolayer MCF10A cell cultures were 

stained with 10µM fluorescent Cell Tracker™ Orange CMPMR (Molecular Probes) cell 

stain per manufacturer’s directions and subsequently trysinized using 0.25% 

Trypsin/0.53mM EDTA (Cellgro, Manassa, VA).  

Two-dimensional substrates were created by diluting high concentration Type I 

collagen to 2 mg/mL with 0.01 M HCl containing 20 μL of ethanol-dialized 2.0 μm 

carboxylated, yellow-green fluorescent polystyrene tracer beads (Molecular Probes, 

Carlsbad, CA). 1.5 mL of the solution was deposited into the well of a 35 mm glass 

bottom dish and allowed to incubate at room temperature for 1 h. Following this period, 

the solution was aspirated and rinsed twice with 1xDPBS, leaving only the bead-

impregnated collagen coat adhered to the glass bottom surface. Dishes were stored at 

37°C, 5% CO2 for 45 min until fluorescently labeled cells were deposited into the dishes.  

Three-dimensional matrices were formulated from high concentration Type I 

collagen (BD Biosciences, San Jose, CA), which was diluted to two concentrations of 2 

and 4 mg/mL. Equal parts collagen and neutralizing solution (100 mM HEPES buffer in 

2xPBS at pH 7.3) were mixed with 20 μL of ethanol-dialized 2.0 μm carboxylated, 

yellow-green fluorescent polystyrene tracer beads (Molecular Probes, Carlsbad, CA) and 

5 x 105 Cell Tracker™ Orange CMPMR labeled cells suspended in growth media to 

achieve the desired final concentration79. 1.0mL of each matrix solution was evenly 

deposited across the surface of a 35 mm glass bottom dish (MatTek, Ashland, MA). 

Matrix solutions were allowed to gel for 90 min at 37°C, 5% CO2, after which 2 mL of 

DMEM/F12 growth media was deposited atop the 3D matrices.  
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5.2.3 Cone-and-plate rheology 

Matrix stiffness was quantified in terms of bulk elastic modulus, G’, of the 

collagen gel. Gel stiffness was measured with a Physica MCR 300 rheometer (Anton 

Paar, Ashland, VA) operating in cone & plate mode, stressed at 0.5 μN·m oscillatory 

torque over a frequency (ω) range of 0.1 – 10 Hz. Measurements of elastic modulus for 

each gel concentration were averaged and then fit to a power-law equation of the form,  

    G′ = αωβ + δ 

at ω = 1 Hz.  

5.2.4 SEM 

Three-dimensional matrices were visualized using scanning electron microscopy 

(SEM). Briefly, following matrix polymerization, gels were fixed and stained using 

tannic acid, gluteraldehyde, and osmium tetroxide (TAGO) fixation. One percent tannic 

acid and 0.8% gluteraldehyde were suspended in 0.2 M cacodylate buffer; 1 mL of this 

solution was used to fix each 1 mL gel sample for 2 h at room temperature. Gels were 

rinsed twice with 500 mL of 0.2 M cacodylate buffer for 15 min each. Each sample was 

then post-fixed with 1 mL of 2% OsO4 prepared in 0.2 M cacodylate buffer for 1 h at 

4°C. Subsequently, samples were dehydrated using ethanol exchange; each exchange 

occurred in 15 min increments at room temperature using the following gradient: 1 x 

50%, 1 x 75%, 1 x 90%, and 2 x 100% absolute ethanol. Samples were then subjected to 

HMDS exchange; each exchange was performed for 10 mins using the following gradient 

scheme: 2 x 50% ethanol/50% HMDS, 2 x 100% HMDS. Samples were finally sputter 

coated with a 15 nm layer of Pt/Pd and visualized using a Zeiss Supra 40 VP Scanning 

Electron Microscope. 
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5.2.5 Cell tracking 

For the 2D matrix assay, 2 x 105 fluorescently labeled cells suspended in 1.5 mL 

of growth media were deposited atop the coated glass bottom dish and incubated for 6 hrs 

prior to imaging. Time-lapsed image z-stacks of total thickness 25 – 30 μm were 

collected as described for the 3D matrix assay. For the 3D matrix assay, cells were 

imaged following a total incubation period of 6 h within the matrices. Time-lapsed image 

z-stacks of total thickness 120 – 150 μm were collected every 10 min for a total of 4 h at 

a magnification of 20X using the LSM 5 Live microscope (Carl Zeiss, Thornwood, NY). 

Z-stack images were collected at intervals of 1.65μm, as computed by the LSM software. 

During imaging, cultures were housed within a microscope-mounted incubation chamber 

maintained at 37°C, 5% CO2. 

5.2.6 Motility analysis 

Following image collection, cell trajectories and extracellular bead trajectories 

were generated using the spots detection andposition tracking features of Imaris image 

analysis software (Bitplane, St. Paul, MN). Extracellular tracer beads were used to track 

overall sample drift during imaging. Cell speed was calculated as the total cell track 

length divided by the total time over which each cell was recorded in the image field of 

view. At each time interval, the incremental cell trajectory was adjusted by the sample 

drift (computed as the average displacement vector of all tracer beads during the given 

time interval), which occurred during the same time interval. Thus, sample drift is not 

reflected in the reported values of average cell population speed and population 

persistence time. Population persistence time was determined by fitting the adjusted mean 

squared cell displacements 

! 

d2(t)  to the persistent random walk model, 
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correlation coefficient for random walk curve fitting was R=0.90.  

5.3 RESULTS 

To thoroughly explore the relationship between breast cancer cell transformation 

potential and migratory capabilities with respect to matrix mechanics, the studies 

presented herein analyzed the a well-characterized breast cancer progression series 

established from the MCF10A cell line. The transforming potential of cell sublines was 

previously determined according to growth traits and morphological features during the 

formation of acinar structures in 3D culture211. The MCF10A sublines (Fig 5.1) used in 

the presented studies include 10A.vec – a non-transformed control cell line, 10A.ErbB2 – 

a hyperplastic, partially transformed cell-line that overexpresses ErbB2, 10A.14-3-3ζ – a 

morphologically abnormal, depolarized, and partially transformed line overexpressing 

14-3-3ζ, and 10A.ErbB2.ζ – an invasive, fully transformed line overexpressing both 

ErbB2 and 14-3-3ζ proteins. 

5.3.1 Effect of transforming potential on cell motility on 2D matrices 

Cell motility of transformed MECs was investigated as cells migrated atop 2D 

substrates, representative of the MEC layer that lines the inner surface of the ductal 

basement membrane. Such an environment represents the environment in which 

tumorgenic cells invade the underlying collagen type I stroma in vivo. On 2D substrates, 

cells overexpressing ErbB2 only exhibited the highest migration speeds, <S>, as 

compared to vector control, 14-3-3ζ overexpressing cells, or dual overexpression 

(ErbB2.ζ) (Fig 5.2 A). The cell lines overexpressing 14-3-3ζ migrated with the slowest 

speeds. Such migration patterns reflect motility observed through transwells that has been 
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reported previously. These studies report that MCF10A ErbB2 transformed cells migrate 

through transwells with the fastest speeds, followed by ErbB2.ζ, and last by 14-3-3ζ 

transformed cells211. Of investigated cell lines, persistence time, P, of non-transformed 

cells was highest in non-transformed cells (Fig. 5.2 B).  

5.3.2 Effect of transforming potential on cell motility within 3D matrices 

Cell motility of transformed MECs was investigated as cells migrated through 3D 

substrates, to assess the significance of matrix architecture representative of the in vivo 

collagen type-I stromal layer in which tumorgenic cells have invaded (Fig. 5.3). Within 

compliant matrices (G’=104 Pa) (Fig. 5.4 A), cell motility analysis shows notable effects 

of transforming potential on migratory ability of MECs. Non-transformed control MECs 

(vec) exhibited the slowest migratory speeds, whereas fully transformed cells (ErbB2.ζ) 

exhibited fastest speeds (Fig. 5.4 A). Partially transformed cells (ErbB2 and 14-3-3ζ) did 

not display significant change in migration speeds as compared to control populations 

(Fig. 5.4 A).  

Matrices with relatively higher stiffness (G’=391Pa) (Fig. 5.4 B) exhibited a 

migratory response variable from that observed in compliant matrices. Where fully 

transformed (ErbB2.ζ) cell populations maintained highest migratory speeds through 3D 

collagen type-I matrices, partially transformed lines migrated at significantly slower 

speeds than control or fully transformed cells (Fig. 5.4 B). To assess the variation in 

migratory speed potentials of cell populations cultured in each of the matrix conditions, 

cell motility is displayed as a percent decrease of migration speed according to cell 

transformation (Fig. 5.4 C-D). Such representation indicates that, of transformed 

populations, fully transformed cells exhibit the least sensitivity of migration speeds to 

matrix stiffness. Additionally, the shift in mobility of cells cultured on 2D substrates 
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compared to those cultured within compliant 3D matrices (104 Pa) not only validates that 

cell motility decreases in 3D (Fig. 5.4 C), but that cells overexpressing ErbB2 exhibit the 

greatest sensitivity (94%) to change in matrix architecture from 2D to compliant 3D 

matrices (Fig. 5.4 D).  

To evaluate the directional persistence during cell migration, persistence times of 

cell migratory tracks were calculated from migration data. In compliant matrices, the 

minima persistence time of migratory cell populations was present in fully transformed 

(ErbB2.ζ) cells (Fig. 5.4 E). In matrices of higher stiffness, cell populations transformed 

for 14-3-3ζ overexpression exhibited the lowest persistence time (Fig. 5.4 E), whereas 

control cells displayed the highest persistence time. 

5.4 DISCUSSION 

Cell migration is influenced by a number of extracellular and intracellular factors 

that include matrix architecture and mechanical properties207, pericellular proteolysis27, 

environmental growth factors220, cell adhesion221, and intracellular signal processing. 

Additionally, recent studies have shown particular interest in the relationship between the 

cell and extracellular matrix (ECM) as it relates to cell motility during cancer 

progression21, 166, 207. Though molecular hallmarks and consequential signaling 

mechanisms that underlie cancer progression have been readily revealed in recent 

investigations208, 217, the biophysical attributes of such cells have been far less 

investigated.  

Breast cancer metastasis requires cell migration from a primary tumor mass 

through the underlying mammary stroma to a distant site, a process that both hinges on 

the migratory potential of cells and correlates with stiffness of collagenous mammary 

tissue222. Though poor clinical prognoses of breast cancer patients are often reflected in 
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stiffening of mammary tissue, the relationship between the ECM and motility on 

tumorgenic breast cells is poorly understood. The significance of these interacting 

parameters is further confounded by the stage of breast cancer and alterations to 

molecular signaling as tumorgenicity progresses. To investigate the interplay between 

tumorgenic transforming potential of mammary epithelial cells (MECs), cell motility, and 

extracellular mechanical properties, we utilized time-lapse confocal microscopy to obtain 

the migration speed and persistence of motile cell populations on 2D and within 3D 

collagen type-I substrates. Via examination of cell motility of a breast cancer progression 

series derived from a single parental MEC line, our studies permit comparison of cell 

kinesis in samples with varying transforming potential. 

As mentioned in section 2.1 of this dessertation, the in vivo extracellular 

microenvironment is a heterogenous milieu that includes proteoglycans, fibrous structural 

proteins, and biochemical signaling molecules, where the significance of each depend on 

the degree of cancer progression. In this study, the motility of MECs through non-

impeding collagen type-I substrates was investigated. In investigations utilizing 2D 

matrices, the experimental substrate reflects an environment analogous to that of early 

stage cancer cells that harness enhanced motility along the inner ductal membrane during 

initial invasion into underlying mammary stroma (Fig. 5.1). In comparison, the 3D 

experimental matrices are physiologically comparable to MECs that have invaded the 

local ductal membrane and may migrate through the stroma (Fig. 5.1). Cells measured for 

cell migration were tracked as single cells as opposed to cell clusters, permitting control 

of the degree and type of cell-ECM adhesion; thus, we can infer that the tracked MECs 

utilized integrin β1 to establish cell-ECM attachments. 

Utilization of both 2D and 3D substrates for cell motility studies permits broad 

studies of MEC motility. Mutations causing overexpression of cell-surface proteins in 
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MECs, such as ErbB2, have been associated with increased proliferative capacity and 

early stage onset of breast cancer, namely ductal carcinoma in situ (DCIS)211, 212. From 

clinical studies, the matrix environment of early stage breast cancers more closely 

resembles 2D matrix architecture then that of 3D matrix architecture219. In these 2D 

studies, MECs overexpressing ErbB2 migrated with the fastest speed, followed by 

decreasing speeds of non-transformed cells, ErbB2.ζ cells, with 14-3-3ζ yielding the 

slowest migratory speed (Fig. 5.2 A). The reduced migration speed of 14-3-3ζ cells 

relative to the other investigated populations implicates that 14-3-3ζ mediated 

downregulation of E-cadherins211, 218 in this mutated cell type may hold a lesser effect on 

cell motility on 2D substrates than that within 3D matrices. Additionally, the high 

persistence of non-transformed cell population relative to the others used in this study 

indicates that cellular transforming potential may confer less directional stability for cells 

migrating on 2D substrates (Fig. 5.2 B). Reflecting in vivo environmental considerations, 

such increased sensitivity to mechanical cues derived from matrix topography may confer 

invasive advantages for cells to breach the basement membrane. 

Studies herein utilizing 3D collagen type-I gels implicate an alternative response 

to the cellular microenvironment from those observed on 2D substrates. The results from 

this study suggest that within compliant matrices (G’=104 Pa), both transforming 

potential and morphological features impact cell migratory abilities. In these matrices, 

fully transformed MECs (ErbB2.ζ) exhibited the fastest migratory speeds, <S>, as 

compared to other cell populations (Fig. 5.4 A). Diverging from patterns observed in 2D 

experiments, the persistence times of migratory ErbB2.ζ cells through compliant matrices 

(Fig. 5.4 E) indicates less directionality as compared to cells of single overexpression 

profiles. As displayed in figure 5.4 A (inset), the migratory speed of cells through 

compliant matrices negatively correlated with cell sphericity index64, Ψ, implicating that 
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cell morphological phenotype reflects cellular transformation potential. Significant to 

these studies, the knockdown of E-cadherin function, as reflected in 14-3-3ζ 

overexpressing cells, disrupts cell polarity and confers rounded cell morphology211, 218. 

Aforementioned results of cell migration patterns combined with those previously 

reported morphological characteristics64, further implicates 14-3-3ζ as a negative 

regulator of E-cadherin function211, 218. 

Comparison of cell migratory behavior between 3D compliant (G’=104 Pa) and 

stiff (G’=391 Pa) matrices suggests that such migratory ability occurs as a function of 

both ECM mechanics and cellular biophysical features. The migratory profiles of cells 

cultured in each of the 3D environments exhibit distinct migration patterns relative to 

matrix stiffness (Fig. 5.4 A-B). In both 2mg/mL and 4mg/mL matrix conditions, fully 

transformed ells (ErbB2.ζ) migrate with the fastest speeds whereas non-transformed cells 

migrate with the slowest speeds. Interestingly, singly transformed cells (ErbB2 or 14-3-

3ζ overexpression only), migrated significantly slower than non-transformed cells, 

suggesting that density-dependent 3D matrix stiffness may hinder the migratory ability of 

partially transformed cells; however, fully transformed cells may be able to overcome 

mechanical barriers in stiffer matrices, such as decreased pore size and dense fibril 

networks when compared to more compliant matrices as reflected in the moderate 

reduction of cell speed of ErbB2.ζ cells in stiff matrices (Fig. 5.4 B). Thus, the migratory 

ability of MECs through collagen type-I rich stromal environments that may otherwise be 

mitigated by the cellular transformation state can be influenced by density-dependent 

matrix stiffness.  

Analysis of experimental parameters, particularly between 2D and compliant 3D 

growth environments, yield interesting results given that the ErbB2 oncogene is detected 

at a higher frequency in early stage breast cancers than it is in late, highly metastatic 
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states (Fig. 5.4 D). ErbB2 overexpression in aggressive and metastatic breast cancers is 

reported to be 50% lower than that observed in early stage DCIS211, presenting an 

interesting phenomenon in the molecular progression and signatures of associated breast 

cancers. Of particular interest, our results implicate that such behavior may be reflected 

in variations of matrix architecture. As previously mentioned, the transition of early stage 

DCIS to advanced cancer stages requires tumorgenic cells to penetrate the 2D basement 

membrane surface into a 3D collagen-rich stroma. Such transition into an environment of 

variable matrix architecture results in a significant response of migratory speed in 

ErbB2.ζ overexpressing cells as compared to other cell line variants used in this study 

(Fig. 5.4 C-D). In addition, the overexpression of 14-3-3ζ alone suppressed cellular 

migratory abilities on 2D substrates, yet synergistically enhanced migratory speeds in 3D 

when co-overexpressed with ErbB2 (Fig. 5.4 C-D). The motility of cells overexpressing 

14-3-3ζ alone exhibited the least sensitivity to matrix architecture. Such observations 

suggest that cells with inhibited stromal migratory ability may be less likely to 

completely invade local boundaries and manifest to advanced stage cancer. 

In sum, the present study provides novel insights to breast cancer cell biophysical 

properties as reflected by the cellular response to the local microenvironment.  

Specifically, these studies demonstrate that cellular transforming potential couples with 

matrix stiffness and architecture to mitigate migration speed and persistence of motile 

MECs. As previous studies have elucidated the molecular significance of ErbB2 and 14-

3-3ζ on cell migration with respect to ligand density64, 215, on intracellular stiffness64, and 

migratory-based matrix remodeling166, the studies herein contribute systems-level 

understanding of migration speeds and behavior on 2D and 3D substrate. As the 

interactions between breast cancer cell and the local environment are complex, further 

studies hold promise to clarify the effects of matrix mechanics on breast cancer cell 
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migratory abilities. To this end, such investigations may ultimately direct the 

development of effective therapies focused on inhibition of cancer cell dissemination. 
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5.6 FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.1 MCF10A Breast Cancer Progression Series. Previously characterized 
sublines208,211 derived from MCF10A cells include 1)10A.vec, a non-
transformed control cell line; 2)10A.ErbB2, a hyperplastic, partially 
transformed cell-line that overexpresses ErbB2; 3)10A.14-3-3, a 
morphologically abnormal, depolarized, and partially transformed line 
overexpressing 14-3-3ζ; and 4)10A.ErbB2.ζ, an invasive, fully transformed 
line overexpressing both ErbB2 and 14-3-3ζ proteins. 
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Figure 5.2 MCF10A Cell Motility on 2D Substrates. (A) Mean cell migration speeds <S> 
atop 2D matrices; p-values are with respect to <S> of 10A.vec cells. (B) 
Cell population persistence time, P, for cells cultured atop 2D substrates. All 
p-values are determined from t-tests for unpaired samples (*, p≤0.05; **, 
p≤0.01; ***, p≤0.001). 
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Figure 5.3 Matrix stiffness as a function of collagen ligand density. Scanning electron 
micrographs of compliant (104 Pa) and stiff (391 Pa) 3D collagen type I 
matrices. Scale bar = 2µm. 
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Figure 5.4 MCF10A motility in 3D matrices. (A) Mean cell migration speeds <S> in 
compliant 3D matrices; cell sphericity, ψ, as previously taken (17) (inset). 
(B) Mean cell migration speeds <S> in stiff 3D matrices. P-values are 
determined from t-tests for unpaired samples where *, p≤0.05; **, p≤0.01; 
p-values taken with respect to <S> (and ψ) of 10A.vec cells. (C) Percent 
decrease in <S> of cells within compliant matrices relative to cells in stiff 
matrices and (D) percent decrease in <S> of cells atop 2D matrices relative 
to cells within compliant 3D matrices. P-values shown in black reflect the 
difference in <S> between cells cultured within the two respective growth 
environments, whereas p-values shown in red reflect the difference in % 
decrease in <S> among the cell sublines. (E) Cell population persistence 
time, P, in compliant and stiff 3D matrices. 

 
 
 
 
 
 
 

 



  85 

Chapter 6: Coordinated signaling of integrin β1 and MT1-MMP 
regulates cell morphology and migratory mechanisms during 

tumorgenic cell migration through 3D collagen type I matrices 

The migratory potential of invasive tumor cells requires navigation of barriers 

imposed by the extracellular matrix, which are mitigated by proteolytic degradation of 

the matrix, cell adhesivity, and motility restrictions imposed by matrix architecture, 

which suggest cellular morphological adaptability. Here, HT-1080 fibrosarcoma cells 

cultured in 3D collagen type I matrices exhibited both mesenchymal and amoeboid 

morphologies where formations of protrusive, mesenchymal-like structures demonstrate 

dependence on the expression and activity of integrin β1 and MT1-MMP. Gene-targeted 

knockdown of integrin β1resulted in greater expression and processing of MMP-2, 

decrease in cell migration speeds and directional persistence indicating dynamic 

regulation of intracellular processes reliant on the co-localization of integrin β1 and 

MT1-MMP. Experiments utilizing selective knockdown of MT1-MMP and ROCK 

inhibitor reveal that pericellular proteolysis and ROCK contractility are key events 

involved in the mesenchymal migratory process. Migration of amoeboid-like cells in both 

3 mg/mL and 5 mg/mL collagen type I matrices exhibited dependence on ROCK driven 

actomyosin contractility in the absence of matrix degradation and integrin β1-mediated 

adhesion, which was further elucidated through the reversion to a mesenchymal 

phenotype upon inhibition of ROCK. Together, these results implicate that MT1- and 

integrin-mediated intracellular signaling processes act coordinately to drive cellular 

motility and mitigate transitions between mesenchymal and amoeboid modes of 

migration. 
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6.1 INTRODUCTION 

Cell migration is at the crux of various vital processes such as development, 

angiogenesis, and wound healing.  Deregulation of migratory patterns is also present in 

disease states, most notably cancer.  Individual cells, or those migrating en masse, dictate 

movement via coordinated molecular mechanisms present at the cell surface, 

intracellularly, and in the nucleus in the form of genetic code. The movement of 

metastatic cancer cells is known to harness a number of migratory mechanisms requiring 

the input of signaling processes initiated by the cell22, 23, 64. In order to metastasize, 

tumorigenic cells must migrate through the ECM, and thus, rapidly assemble and 

disassemble adhesions as well as mitigate efficient modes of migration based on 

navigation of variant ECM landscapes and mechanics. Such plasticity in migration 

modes, such as transitions from mesenchymal-like to amoeboid-like migration, is guided 

by poorly understood mechanisms24. Though shifts in migration modes have been shown 

to occur from variations in ECM mechanics47 or inability in pericellular proteolysis27, 

many questions regarding ECM mediated regulation of cellular migration plasticity and 

associated intracellular signaling pathways remain.  

Efficient migratory events of mesenchymal cells rely on coordinated regulation of 

adhesion and proteolytic events with the surrounding matrix. Cellular adhesion to ECM 

ligands, such as collagen type I, occurs via integrin transmembrane proteins21. Integrins 

act as mechanosensors to direct cell migration and adhesion via recruitment of both 

scaffolding and enzymatically active kinase molecules to the cell membrane21, 62, 63.  Cell 

migration and persistence are contingent upon signaling processes commencing from 

integrin engagement with the ECM, initiating focal complex formation24, downstream 

tyrosine-kinase intracellular signaling cascades44, 97, and secretion of ECM-degrading 

proteases91, 107, 166, 223, 224. Clustering of integrins in response to ECM cues initiates the 
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formation of more mature adhesion structures called focal adhesions, comprised of 

several effector molecules including focal adhesion kinase (FAK), paxillin, ERKs, and 

phosphoinositol 3-kinase (PI3K)43, 97. Altered expression of integrin receptors at the cell 

surface as well as abrogation of FAK activity through inhibition of key kinase 

phosphorylation sites elicits impaired cell motility in a number of in vitro studies75, 225.  

Functional blocking of integrins also impairs actin assembly at the leading edge of 

migrating cells86, 97, potentially disrupting focal adhesion formation and further cementing 

the role of integrins as key regulators of the migratory process.   

In addition to processing cues from the ECM transmitted via integrins, the cell 

acts to remodel its surroundings by cleaving, or extruding its own amalgam of proteins 

during wound healing or tumor growth. The transmembrane MT1-MMP is vitally 

important for activation of MMP-2, efficient matrix degradation and matrix invasion.  

Interestingly, elimination or mutation of only the cytoplasmic region of MT1-MMP 

abrogates cell migration223, indicating an important role for the enzyme in not only matrix 

degradation, but also as a signaling cue at regions of lamellipodial extension27. Further 

evidence for MT1-MMP as a key player at the cell front is its observed co-localization 

with integrin-β1 clusters during migration223, 226. In fact, sufficient knockdown of MT1-

MMP has shown to reduce ERK227, 228 activity implying that MT1-MMP acts either as a 

primary or perhaps secondary effector in the migration pathway. Together, these results 

implicate protease dependent cell propagation through the ECM as a favorable motility 

mechanism during tumor metastasis. 

Although our understanding of independent integrin β1 and MMP signaling 

pathways is continually expanding, there is little insight to the interaction of these two 

pathways during cell migration.  There is, however, evidence that MMPs and integrins do 

interact and possibly modulate concurrent pathways 50, 223, 224. Though the proteolytic 
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activity of MT1-MMP is implicated in regulating cellular transition from mesenchymal to 

amoeboid modes of migration27, the coordinated role of these signaling proteins in 

regulation of cellular plasticity during migratory events through ECM barriers is poorly 

understood. Here, experiments investigating the coordinated regulation of integrin β1 and 

MT1-MMP as they mitigate cell morphology and intracellular signaling during cell 

migration are executed. 

6.2 MATERIALS AND METHODS 

6.2.1 Cell culture and preparation of culture substrates 

HT-1080 cells were propagated in Eagle’s Minimum Essential Media (EMEM) 

(ATCC®) from passage number 1-25. Culture conditions of interest to the presented 

studies include 2D collagen type I-coated polystyrene dishes and 3mg/mL collagen type-I 

hydrogels. Briefly, high concentration rat-tail collagen type I (BDBiosciences®) was 

diluted to a concentration of 50µg/mL in 0.02N acetic acid. 1 mL of diluted collagen 

solution was plated per 35mm polystyrene dish, incubated at room temperature for 1 hour 

and rinsed liberally 3 times with 1xDPBS. Collagen type I coated polystyrene dishes 

were used for cell culture within one day of preparation. HT-1080 cells were cultured 

within 3mg/mL rat tail collagen type I gels as previously described22. Briefly, collagen 

type I stock solution (BD Biosciences, San Jose, CA) was diluted from 8.5mg/ml using 

0.02N Acetic Acid. This solution was diluted to the experimental collagen concentration 

(3 mg/ml) by mixing equal volumes of collagen stock solution with neutralizing buffer 

(100mM Hepes in 2x PBS, pH 7.3) with PBS. 1 mL of the collagen solution was pipetted 

into a 35mm plate (MatTek, Ashland, MA) then placed in an incubator (37°C, 5% CO2) 

for 2 hours to allow for complete polymerization. After polymerization, 2ml of media 

was added on top of the gels. 
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6.2.2 SIRNA TRANSFECTION 

Sequences of siRNA targeting the RNA sense strands are as follows: MT1-MMP, 

5’-UCCAGGGUCUCAAAUGGCAACAUAA-3’ targeting nts 571-599, and integrin β1, 

5’- GAUGGGAAACUUGGUGGCAUUGUUU-3’ targeting nts 1080-1104 (Stealth™ 

siRNA, Invitrogen™). The nucleotide sequences were scrambled to generate control 

sequences for MT1-MMP: 5’- GGCGGGUGAGGAAUAACCAAGUGAU-3’ and 

Integrin β1: 5’- GAUAAAGGUUCGGUGUUACGGGUUU-3’, respectively. As 

described by the manufacturer, HT-1080 cells were transfected with siRNA 

oligonucleotides (100-150nM) and Lipofectamine™ 2000 (Invitrogen™) using Opti-

MEM® I reduced serum media (Invitrogen™) to dilute products before oligomer 

formation. Transfected HT-1080 cells were maintained in Dulbecco’s Modified Eagle’s 

Media (DMEM) (ATCC) supplemented with 10% FBS, no antibiotics and maintained for 

36 hours post-transfection. Cells were then detached for seeding in 3D collagen gels. 

Efficacy of siRNA-mediated knockdown was verified by RT-PCR and Western blotting. 

6.2.3 RT-PCR Analysis 

siRNA mediated knockdown of MT1-MMP and integrin β1 were verified by RT-

PCR. Briefly, total RNA was isolated and purified using TRIzol® Reagent (Life 

Technologies™) and PureLink® RNA Mini Kit (Life Technologies™) as directed by the 

manufacturer. RT-PCR was performed with 75ng of purified RNA, 100nM of specific 

primers using one step SYBR Green RNA-to-CT™ 1-Step Kit (Applied Biosystems™) 

and ABI 7300 Real-Time PCR System (Applied Biosystems™). Primer oligos were 

designed using PrimerExpress v3.0 software (Applied Biosystems™) (Table 6.1), 

synthesized (Invitrogen™), and verified for specificity using rtPCR. 
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6.2.4 Immunoblotting 

Immunoblotting experiments were performed to evaluate protein expression of 

HT-1080 cells on 2D collagen-coated polystyrene dishes and 3mg/mL collagen matrices. 

Lysates from the above experiments were harvested using 1x cell lysis buffer (10mM 

Tris-HCl (pH 8.0), 100mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 10% 

Glycine, 0.1% SDS, 0.5% DOC) supplemented with phosphatase and protease inhibitors 

(Roche). For cells cultured in 3D collagen gels, cells were liberated and harvested using 

Collagenase I treatment. Briefly, 48 hours post plating, cells were released from collagen 

gels via incubation with collagenase type I (100U used per 1mg/ml collagen, Gibco) at 

37°C for one hour.  Liberated cell suspensions were normalized by cell count and lysed 

in lysis buffer (see above) for 15 minutes on ice and centrifuged for 10 min at 15,000xg. 

All samples were normalized using cell number. Protein lysates from each sample were 

separated on an SDS-PAGE gel (4% stacking/12% resolving) and transferred to a pre-

soaked PVDF membrane (Bio-Rad®). Blots were probed with a primary anti-FAK Y925, 

anti-paxillin Y188, anti-ERK1/2, anti-ERK T202/Y204, anti-Met (Cell Signaling 

Technology®), anti-FAK (BD Transduction Laboratories®), anti-MMP-14 (Abcam®), 

anti-Integrin β1, anti-P13K (p110) or anti-GAPDH (Santa Cruz Biotechnology, Inc. ®) 

antibodies followed by either anti-Rabbit-HRP or anti-Mouse-HRP secondary antibody 

(Santa Cruz Biotechnology, Inc. ®). The blots were developed using ECL plus substrate 

(Amersham). Developed film was analyzed using ImageJ software (NIH).  

6.2.5 Zymography 

Cells were incubated in serum free media for 24 hours and conditioned media 

harvested from the apical surface of cells or gels. Samples were concentrated via 

ultracentrifugation using a 10 kDa cutoff filter and subsequently mixed with 4x 

zymography loading buffer (0.25M Tris-HCl (pH 6.8), 40% Glycerol (v/v), 8% (w/v) 
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SDS and 0.02% (w/v) bromophenol blue) and allowed to incubate at room temperature 

for 10 minutes. Samples were loaded onto a 4% stacking/10% resolving SDS-PAGE gel 

embedded with 0.1 % (w/v) gelatin (porcine skin, Sigma) and run at 125V for 90 

minutes. The gel was then renatured in 1x renaturing buffer (2.5% Triton X-100 in 

dIH2O) for 30 minutes and incubated in zymography developing buffer (50mM Tris-HCl, 

0.2 M NaCl, 5mM CaCl2, and 0.02% Brij-35 adjusted to pH 7.8) for 30 minutes at room 

temperature under gentle rocking. A new aliquot of developing buffer was added and the 

gel was incubated 24 hours at 37°C. The gel was stained with Coomassie Stain and 

destained with destaining buffer until white bands appeared. The gel was scanned using a 

flatbed office scanner and images analyzed using ImageJ software (NIH). 

6.2.6 Immunofluorescence 

2D cell cultures were fixed and stained atop collagen coated coverslips similarly 

as described for 3D samples. After plating, 3D cells culture atop 1 mL gels, were fixed 

and stained as previously described114. Briefly, gels were fixed with 4% 

paraformaldehyde in PBS for 15 minutes at room temperature, washed 2 x 10 minutes in 

PBS, and cut into 4 equal pieces. Each piece was placed into a well of a 24-well plate for 

the remainder of the staining procedure. Each sample was blocked with 1% 

BSA/1xPBST for 30 minutes at 37°C, rinsed 2 x 10 minutes with PBS, incubated in 

primary antibody (7.5 µg each of mouse anti-Integrin β1 (SCBT) or rabbit anti-MMP-14 

(Millipore)) diluted in 1% BSA/1xPBST for 1 hour at room temperature, rinsed 3x10 

minutes with PBS, incubated in secondary antibody (2µg each or rabbit anti-Ms 

AlexaFluor® 555 conjugate or goat anti-Rb AlexaFluor 488® conjugate (Molecular 

Probes®)) in 1% BSA/1xPBST for 1 hour at room temperature, rinsed 3 x 10 minutes 

with PBS and mounted on coverslips with ProLong® Gold antifade medium with DAPI 
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(Molecular Probes®). Images were visualized using a Leica Confocal Microscope, 

collected and deconvoluted using ImageJ software. 

6.2.7 Cell Migration 

Tracking of individual cells was performed first by labeling cells with 

CellTracker Orange CMRA (2μM, Invitrogen) and then either seeding on 12 well 

collagen coated plates (5250 cells/cm2), or embedded within 3 mg/ml collagen matrices 

(200,000 cells/ml) as described earlier (see Cell culture and preparation of culture 

substrates). Cells were allowed to polymerize in gels 1 hour prior to addition of Phenol 

Red free media and all experiments were performed 6 hours post cell seeding to allow for 

sufficient attachment to substrates. Cells were tracked using a Leica DMI6000B confocal 

microscope paired with a Nipkow spinning disk (Yokogawa) and imaged with an 

ImagEM EM-CCD Camera (Hamamatsu).  Images from each well were taken every 15 

minutes for 16 hours.  For 3D samples, small 1 μm fiduciary beads were embedded 

within gels to account for z-axis drift during the acquisition time span.  All image stacks 

were analyzed using Imaris version 7.2.3 (Bitplane) under the spot-tracking algorithm.  

Autoregressive cell tracks were constructed and custom MATLAB scripts were used to 

calculate cell speeds and displacements from raw position data. Persistence time was 

determined via curve fitting data of average mean square displacement versus time to the 

following equation: 
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where S is the average speed of tracks, P is the persistence time, and t is the time lag.   
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6.2.8 Scanning Electron Microscopy 

Following polymerization and 3 day cell culture, gels were fixed and stained 

using tannic acid, gluteraldehyde, and osmium tetroxide (TAGO) fixation. Briefly, 1% 

tannic acid and 0.8% gluteraldehyde were suspended in 0.2M cacodylate buffer. 1 mL of 

this solution was used to fix each 1 mL gel sample for 2 hours at room temperature. Gels 

were rinsed twice with 500 mL 0.2M cacodylate buffer for 15 minutes each. Each sample 

was then postfixed with 1mL of 2% OsO4 prepared in 0.2M cacodylate buffer for 1 hour 

at 4°C. Samples were then dehydrated using ethanol exchange and dried via critical point 

drying (CPD). Samples were sputter coated with a 15nm layer of Pt/Pd and visualized 

using a Zeiss Supra 40 VP Scanning Electron Microscope. ImageJ was used to determine 

the average pore size of the gels. For each sample, images were taken from three different 

tilt angles. Images were skeletonized and converted to binary images using ImageJ 

software. Images were the analyzed for pore size. 

6.2.9 Statistical Analysis 

Statistical analysis of data was performed with a student’s two-tailed t-test for 

three independent experiments.   

6.3 RESULTS 

6.3.1 Integrin β1 and MT1-MMP differentially regulate activation of MMP-2 and 
ERK 

To probe the contributions of integrin β1 and MT1-MMP on the expression and 

activation of downstream effectors involved in adhesion-based and proteolysis-based 

migratory mechanisms, we selectively depleted expression of integrin β1 and MT1-MMP 

in HT-1080 fibrosarcoma cells using targeted siRNA. Experiments were first performed 

using cells cultured on two-dimensional (2D) collagen type-I coated substrates to 
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quantitatively validate gene-targeted knockdown using quantitative rtPCR and semi-

quantitative western blot analysis (Fig. 6.1 A, B). As HT-1080 cell motility through 

three-dimensional (3D) substrates formed the crux of these investigations, analogous 

analytical experiments were performed to validate siRNA efficiency in 3D cultures (Fig. 

6.1 A-C). Quantitative rtPCR validation of integrin β1 and MT1-MMP siRNA 

knockdown confirmed 75-95% knockdown of each gene target, respectively (Fig. 6.1 A). 

Co-clustering of integrin β1 and MT1-MMP at the cell surface was abrogated with 

introduction of gene-targeted siRNA (Fig. 6.1. C), confirming co-localization of proteins 

at sites of podosome formation in both 2D and 3D culture environments. Knockdown of 

integrin β1expression of cells cultured on two-dimensional (2D) collagen type-I coated 

substrates and within three-dimensional (3D) collagen type I hydrogels exhibit enhanced 

activation states of MMP-2 as compared to control cell populations. In contrast, 

knockdown of MT1-MMP or dual knockdown of integrin β1 and MT1-MMP within the 

same cell population resulted in inhibition of MMP-2 activation (Fig. 6.1 B).  

Using semi-quantitative western blot analysis, the effect of integrin β1 and MT1-

MMP knockdown on the expression of intracellular proteins present at focal adhesions 

was investigated. As shown in figure 6.1 D, the activation of ERK1/2 in 2D culture was 

hampered in cells treated with siRNA singly targeted to MT1-MMP or dually targeted to 

both integrin β1 and MT1-MMP, despite activation of FAK at Y925. Phosphorylation of 

FAK at Y925 is coordinately associated with activation of ERK1/280, 229 as well as 

interaction with the Rho contractility via Ras signaling230. Though a similar result was 

observed in MT1-MMP knockdown cells cultured in 3 mg/mL collagen type I gels, 

activation of ERK1/2 was rescued in dual integrin β1 and MT1-MMP knockdown 

cultures (Fig. 6.1 D). Additionally, FAK activation at Y925 was absent from cells 

cultured in 3D collagen type I gels (Fig. 6.1 D), implicating impairment of Src-mediated 
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FAK Y925 phosphorylation in 3D cultures. As compared to control cell populations, 

expression of paxillin exhibited an increase in all cells subjected to gene-targeted integrin 

β1 and MT1-MMP knockdown, implicating cellular cytoskeletal sensitivity to limitations 

of adhesion and proteolytic-dependent mechanisms during cellular respiration. The 

coordinated regulation between MT1-MMP expression and ERK1/2 activation is 

consistent with Src and paxillin regulated ERK activation in cancer cell lines228 and 

supports the role of MT1-MMP involvement within integrin β1-mediated signaling 

pathways223. 

6.3.2 Cellular morphology and migratory potential is modulated by coordinately 
regulated adhesion and proteolytic-dependent mechanisms 

In 3D 3mg/mL collagen type I matrices, migration of untreated HT-1080 cells is 

characterized by adhesive, polarized binding of cellular protusions as well as pericellular 

proteolysis of the surrounding matrix at the leading edge (Fig. 6.1 C). Though such 

mesenchymal cell morphology remained apparent in single integrin β1 and MT1-MMP 

knockdown cell populations, cells exposed to dual integrin β1 and MT1-MMP 

knockdown treatments exhibited rounded, amoeboid like morphologies (Fig. 6.2 A) and 

reduced actin focalization at the migratory edge of the cell (Fig. 6.2 C). Expression of 

actin cytoskeletal components in untreated HT-1080 cells exhibited hallmark 

mesenchymal spindle-like morphology27 with actin focalization at the leading edge of the 

cell (Fig. 6.2 C), as well as characteristic adhesion and proteolytic-dependent 

mesenchymal migration.  

Amoeboid-like cells rely on Rho-kinase/ROCK based motility mechanisms 

independent of adhesion and proteolytic activity at the cell surface27, 29. The significance 

of cell contractility in determining cell morphology of HT-1080 cells cultured in 3D 

collagen type I gels was examined via employment of a ROCK inhibitor, which resulted 
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in significant change in cell morphology as compared to cell populations absent of the 

ROCK inhibitor (Fig. 6.2 A). Using cell sphericity as a quantifying index, sphericity of 

cells was significantly reduced in populations targeted with integrin β1siRNA and in cell 

populations with dual knockdown of integrin β1 and MT1-MMP (Fig. 6.2 B). 

Additionally, induction of elongated, mesenchymal-like cell morphology via ROCK 

inhibition hampered focalization of actin to the leading edge of the cell as visualized 

through diffuse cytoskeletal organization (Fig. 6.2 C). Cell populations with dual 

knockdown of integrin β1 and MT1-MMP cultured in high density (5 mg/mL) collagen 

type I gels maintained amoeboid-like rounded morphologies akin to like cells cultured in 

3 mg/mL gels (Fig. 6.2 B). 

Using time-lapse microscopy, the migratory potentials of cells cultured in 3D 

collagen-type I matrices was probed. The observed migratory speeds of untreated HT-

1080 cells through 3mg/mL collagen type I hydrogels reflects speeds previously 

reported27, 88, 231 (Fig. 6.2 D). As migratory speeds decreased in integrin β1 targeted 

knockdown cells, the parallel decrease observed in both MT1-MMP knockdown and 

integrin β1 and MT1-MMP dual knockdown cell populations suggests that MT1-MMP 

expression and activity serves as a significant migratory regulator (Fig. 6.2 D). As time-

lapse microscopy of HT-1080 cells with inhibited expression of integrin β1 and MT1-

MMP revealed amoeboid-like blebbing of the cell membrane and contraction of the cell 

body, the above experiments were repeated in high density (5 mg/mL) collagen type I 

matrices to elucidate the presence of amoeboid movement. In the high collagen density 

environments, migratory capacity of untreated HT-1080 cells was impeded whereas cells 

with inhibited expression of integrin β1 and MT1-MMP yielded an increase in cell speed 

as compared to the 3 mg/mL cohort (Fig. 6.2 D), implicating an amoeboid phenotype and 

a mesenchymal-to-amoeboid transition dependent on integrin β1 and MT1-MMP 
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expression and activity. Directional persistence of dual integrin β1 and MT1-MMP 

knockdown populations remained minimal as characteristic of amoeboid migration (Fig. 

6.2 E). 

6.3.3 Motility of HT-1080 cells through collagen type I matrices is driven by 
intracellular contractility 

To confirm observations of amoeboid-like morphology and diffuse actin 

organization (Fig. 6.2 A-C) of cells with inhibited expression of both integrin β1 and 

MT1-MMP, an adhesion and proteolytic independent process driven by ROCK-based 

contractility27, 29, 232, time-lapse experiments were performed with a ROCK inhibitor, 

Y27632. Though morphological variations of control cell populations was minimal upon 

introduction of the ROCK inhibitor (Fig. 6.2 B), the reduction of cell migratory speed 

and persistence (Fig. 6.2 D, E) with retained ability to activate ERK1/2 (Fig. 6.2 F) 

implicates the importance of cell contractility on migratory potential of HT-1080 cells 

through 3D collagen matrices. Though ROCK inhibition caused a decrease in overall 

migratory speeds of all siRNA treated cell populations (Fig. 6.2 D), variations of 

persistence time (Fig. 6.2 E) and ERK1/2 phosphorylation (Fig. 6.2 F) implicates 

dynamic regulation of intracellular signaling processes during migration. In cell 

populations with gene-targeted knockdown of integrin β1, reduction of directional 

persistence implicates the role of integrin β1 for effective cell polarization (Fig. 6.2 E) 

whereas the reduction of ERK1/2 phosphorylation confirms previous evidence for 

integrin β1/ROCK/ERK activation29. Furthermore, the activation of ERK1/2 in cells with 

gene-targeted knockdown of MT1-MMP (Fig. 6.2 F) may occur from integrin-mediated 

activation, as integrin based adhesions may be displaying active turnover to overcome 

hindered migratory capacity as the slowly migratory cell population exhibits notable 

directional persistence (Fig. 6.2 E). Inhibition of ERK1/2 activation in cell populations 
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with gene-targeted knockdown of integrin β1 treated with Y27632 strongly suggests 

migratory regulation by both integrin β1 and MT1-MMP signaling pathways. ROCK 

inhibition of this dual knockdown cell population elicited a decrease in migratory speeds 

and increase in directional persistence (6.2 D, E), implicating a disruption of intracellular 

contractility and amoeboid-like morphology.  

6.4 DISCUSSION 

Cell motility through three-dimensional matrices is affected by a number of 

biomechanical factors including matrix architecture47, 121, matrix degradation27, cell 

adhesivity221, 233, and intracellular contractility43. Integral to understanding the processes 

involved in cancer metastasis, mesenchymal and amoeboid motility highlight variations 

in cell migration mechanisms27, 47, 232. Whereas previous reports implicate a unidirectional 

mesenchymal-to-amoeboid transition (MAT)24 as cells mitigate heterogenous matrix 

environments, the results obtained herein allude to a more dynamic shift between 

adhesion/proteolytic-dependent mesenchymal migration and adhesion/proteolysis-

independent amoeboid motility. Though selective knockdown of MT1-MMP maintained 

mesenchymal cell morphology and behavior, knockdown of integrin β1 exhibited 

decreased intracellular contractility and impedance of migration in the presence of 

pericellular proteolysis (Fig. 6.2 C, D). As these observations waver from previous MAT 

delineations24, our results propose dynamic regulation of motility modes as reflected by 

adhesion- and proteolytic-based migratory mechanisms.  

A number of in vitro investigations have revealed fundamental concepts of cell 

migration mechanisms as cells traverse the ECM. In 3D studies investigating migratory 

potential of HT-1080 cells, MMP-mediated proteolysis of the ECM231, inhibition of 

integrin β1 based adhesions27, 43, and ROCK-mediated contractility231 in response to 
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variations of ECM properties have been identified as key cellular mechanisms that 

maintain mesenchymal migration. A direct manifestation of ECM degradation is the 

correlation of migration efficacy and invasiveness with the upregulation of extracellularly 

secreted matrix metalloproteinases (MMPs). These soluble zinc and calcium dependent 

endopeptidases act enzymatically to cleave recognition sites of specific ECM proteins 

allowing for cells to navigate through tight pores and invade across basement 

membranes19, 116.  MMP-1, -2, -8, -13 and membrane type MMPs, MT1-MMP and MT3-

MMP, dynamically degrade and restructure collagen fibrils in the ECM107 as supported 

by in vitro tumor studies utilizing pharmacological MMP inhibitors exhibit impaired cell 

migration and invasive abilities110, 224. MT1-MMP acts directly to process MMP-2 to its 

active form, possibly contributing to these previously established MMP-2 signaling 

effects.  

The role of MT1-MMP during cell migration involves its localization at sites of 

cellular protrusions to act as a focused ECM degradation site at the leading edge of a 

migratory cell234. The role of MT1-MMP dually acting as an intracellular signaling 

effector molecule has been associated with co-localization with integrin β1223 and integrin 

αvβ3235, 236 at sites of focalized proteolysis on the leading edge of migratory tumorgenic 

cells. Additionally, the association of integrin β1 has been mapped to the membrane-

bound portion of MT1-MMP and integrin β1/MT1-MMP complex formation inhibits 

endocytosis of MT1-MMP223, suggesting that integrin β1 complexed with MT1-MMP 

enables efficient focalization of proteolytic activity. 

By utilizing siRNA mediated gene targeted knockdown of integrin β1 and MT1-

MMP, we have identified the biochemical significance of these membrane localized 

proteins during migratory events of HT-1080 cells through 3D collagen type I matrices. 

Though the selective knockdown of MT1-MMP expectedly resulted in abrogation of 
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MMP-2 processing, we observed the complete activation of MMP-2 in integrin β1 

knockdown cells, as evidenced by an additional activation state as compared to control 

cells (Fig. 6.1 B), implicating integrin β1 regulation of MT1-MMP activity at protrusive 

edges. Other in vitro cancer systems have linked the interaction of integrin β1 with 

MMP-2; MMP-2 has been shown to interact with the αvβ3 integrin on the cell surface 

mediating expression of VEGF in lung carcinoma107 whereas the down regulation of 

MMP-2 results in upregulation of both α5 and β1 integrins as well as FAK activity237, 

suggesting that it acts as a negative modulator of integrin-FAK association.  

As maintenance of intracellular contractility and intracellular signaling cascades 

are regulated by both integrin β1 and MT1-MMP signaling, we investigated the 

expression and activation of associated downstream proteins. Converse to 2D 

experiments, weak expression of FAK in siRNA treated cells grown in 3D matrices 

indicates poor stabilization of integrin adhesion complexes and implicates a dependence 

on MT1-MMP focalization (Fig. 6.1 D). Although the degree of FAK phosphorylation at 

Y925 of cells cultured in 2D exhibits dependence on MT1-MMP presence, this 

phosphorylation was ablated in 3D cultures (Fig. 6.1 D), suggesting that associated 

downstream MAPK signaling68 in the experimental system herein may rely on a 

secondary pathway regulating ERK1/2 phosphorylation. The inhibition of ERK1/2 

activation upon knockdown of MT1-MMP supports previous findings that link adhesion-

associated proteins to MT1-MMP228 and that integrin β1 induced activation of ERK1/2 

may be dependent on MT1-MMP co-localization.  

Examination of the migratory potential of cells with selectively ablated expression 

of integrin β1 or MT1-MMP provides a novel perspective of cell migration modes and 

strategies through 3D environments. When cultured in 3 mg/mL collagen type I gels, 

control cells and cells with single integrin β1 gene knockdown expression exhibit 
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mesenchymal like migration speeds, morphology, and actin organization (Fig. 6.2 A-D). 

Though the morphology and actin arrangement of MT1-MMP knockdown cells reflect a 

mesenchymal phenotype, the hampered migration speeds highlight the dependency of 

mesenchymal migration on pericellular proteolysis (Fig. 6.2 D). Moreover, dual 

knockdown of integrin β1 and MT1-MMP yields amoeboid like morphology to enable 

cell motility, which is disrupted upon ROCK inhibition (Fig. 6.2 A-C). Additionally, the 

experiments presented herin implicate dynamic regulation of ERK1/2 activation as 

mediated by MT1-MMP and integrin signaling. As shown in blots of cells cultured in 

3mg/mL gels, selective MT1-MMP knockdown causes a decrease in ERK1/2 activation, 

which is rescued in MT1-MMP populations treated with ROCK inhibitor (Fig. 6.2 F). 

Though perplexing, this rescue implicates the secondary activation of ERK through 

integrin β1 signaling. From these experiments, pericellular proteolysis is evidenced as a 

key event in the migratory cascade that may act as a primary regulator of migratory 

events rather than integrin-ECM engagement as previously proposed from other studies27.  

As the presence of a ROCK inhibitor ablated migratory speeds and ERK1/2 

activation of cell populations with selective integrin β1 knockdown, our results suggest 

that integrin β1-mediated contractility is necessary for mesenchymal migration. 

Experimental migratory speeds in 3 mg/mL and high-density 5mg/ml collagen type I gels 

did not exhibit a significant decrease (Fig. 6.2 D), indicating that integrin β1 is not the 

only regulator of actin contractility as evidenced by the dependence of the cell to undergo 

actin contractions in integrin β1 knockdown populations in order to migrate efficiently. 

Thus, a secondary signaling pathway enables actomyosin contractility to maintain a 

crucial level of contractile force to elicit migration, even in high-density matrices. As 

previous research has shown that decrease in intracellular stiffness and cytoskeletal 

disorganization contributes to increased MMP production of cells cultured in 3D 
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matrices141, 238, our results integrate the involvement of integrin β1 in this cascade; loss of 

integrin β1 expression results in less contracted and taught fibers and improves MMP-

mediated degradation as a result, as evidenced by an increase in MMP-2 production and 

activation in the integrin β1 knockdown condition (Fig. 6.1 B). Though the cell maintains 

contractile ability in the absence of integrin β1, our results suggest that integrins govern 

contractility of cells utilizing mesenchymal migration.  

However, integrin β1 does contribute to the ability of the cell to polarize, as 

evidenced via reduced persistence and actin organization. Reduction of cellular 

persistence in populations with reduced integrin β1 expression (Fig. 6.2 E), either singly 

or dually with MT1-MMP, further confirms its role in determining directional persistence 

of migratory cells239, 240. Characteristic of HT-1080 cells, constitutive activation of N-ras 

confers activation of ERK1/2241; our results present that such activation is disrupted upon 

the knockdown of MT1-MMP expression, but not integrin β1 knockdown (Fig. 6.1 D), 

indicating that the presence of either integrin β1 adhesions or ERK1/2 activation are 

necessary for directing cellular persistence. Together, these results implicate that MT1- 

and integrin-mediated intracellular signaling processes act coordinately during migratory 

events in collagen type I matrices.  

In summary, we propose that migration modes of HT-1080 cell populations 

occurs through a variable migration switch that dynamically regulates between 

mesenchymal and amoeboid modes. Moreover, for the first time, novel interactions 

contributing to cell migratory potential as elicited by integrin β1 and MT1-MMP co-

localization are identified herein. As cell adhesivity221, 233 mediates the migratory potential 

of cell populations, we have identified the contribution of integrin β1 to ROCK-mediated 

intracellular contractility, the cooperative regulation of ERK1/2 activation by integrin β1 

and MT1-MMP228, and the determination of cellular migratory modes in the absence of 
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integrin β1 and MT1-MMP. Such variability in migration methods occurs through the 

adoption of a distinctive “hybrid” mode in which distinct signaling mechanisms are 

altered from intersecting signaling pathways, such as integrin β1 and MT1-MMP, to 

confer intrinsic plasticity88. Such a flux permits migratory populations to dynamically 

migrate utilizing mesenchymal, amoeboid, or a transitional “hybrid” migratory mode in 

response to ECM mechanical barriers or to signaling aberrancies originating from cellular 

mutations or extracellular stimuli. Alternate to a unidirectional mesenchymal-to-

amoeboid transition27, emergent evidence of a “hybrid” state88 provides new challenges 

for designing effective therapeutics targeted at hindering migration of metastatic cell 

populations. Though the migratory characteristics described as a function of integrin β1 

and MT1-MMP expression and activity provide unique insight to the roles of these 

protein complexes in cell migration, further investigations are necessary to provide a 

clearer understanding of the interactions elicited from integrin β1 and MT1-MMP co-

localization in metastatic cells, particularly to better direct development of targeted anti-

cancer therapeutics. 
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6.6 TABLES  
 
Oligo Target Oligo Sequence (5’ to 3’) 
ITGB1 Forward CGGCTGCTGGTGTTTTCC 
ITGB1 Reverse AAGTTTCCCATCTCCAGCAAAG 
MT1-MMP Forward AGATCAAGGCCAATGTTCGAA 
MT1-MMP Reverse TGATTTCATTATGTTGCCATTTGAG 
18s rRNA Forward GTAACCCGTTGAACCCCATT 
18s rRNA Reverse CCATCCAATCGGTAGTAGCG 
 

Table 6.1 Primer sequences used for amplification of integrin β1, MT1-MMP, and 18s 
rRNA present in HT-1080 cells. 
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6.7 FIGURES 

Figure 6.1 Downstream signaling and co-localization of integrin β1 and MT1-MMP 
expression in HT-1080 cells. (A) Quantitative rtPCR analysis of siRNA 
mediated knockdown of integrin β1 and MT1-MMP in HT-1080 cells. Cells 
were harvested 48 hours post-seeding; n=4. (B) Western blots and gelatin 
zymography of HT1-1080 cells subjected to siRNA gene-targeted 
knockdown of integrin β1 and MT1-MMP as indicated. Cells were grown 
on 2D collagen type-I coated plates or within 3D 3 mg/mL collagen type I 
gels. (C) Confocal microscopy images of HT-1080 cells cultured on 2D or 
within 3D substrates stained for integrin β1 (red), MT1-MMP (green), and 
the nucleus (DAPI); scale bar is 10µm. (D) Western blot analysis of 
signaling proteins downstream of integrin β1 and MT1-MMP. Cells were 
harvested 48 hours post-seeding. 
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Figure 6.2 HT-1080 cell morphology and migratory mechanisms are regulated by 
expression of integrin β1 and MT1-MMP. (A) Cell morphology of HT-1080 
cells is mitigated by the expression of integrin β1 and MT1-MMP. Live cell 
images of cells wholly embedded within 3D matrices targeted with siRNA 
or ROCK inhibitor (Y27632) as indicated; scale bar is 20µm. (B) Sphericity 
(ψ) of cells imaged in (A); p-values in black reflect the variations in speed 
within a given gene-targeted knockdown cell line among all matrix culture 
conditions Error bars respresent mean ± S.E. (C) Focalization of actin is 
mediated by the expression of integrin β1 and MT1-MMP. Red arrows 
indicate areas of actin focalization; red bracket indicates contstriction ring 
formation of amoeboid-like cells. Reduced actin focalization in cells with 
impaired ROCK function compared with cells capable of ROCK 
functionality; scale bar is 5µm. (D) Mean cell migration speeds and (E) 
directional persistence of cells cultured in 3D collagen type I matrices; p-
values in black reflect the difference in migration speeds between gene-
targeted knockdown cells relative to untreated cells; p-values in red reflect 
the variations in speed within a given gene-targeted knockdown cell line 
among all matrix culture conditions. Error bars represent mean ± S.E.; time 
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= 15 hours; n=6. (F) Western blot analysis of gene-targeted cells treated 
with ROCK inhibitor. All p-values (*,p≤0.05;**p≤0.01;***,p≤0.001) 
determined from t-tests for unpaired samples. 
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Chapter 7: Integrin β1 Governs the Migratory Response of Metastatic 
Cells through Tunably Cross-linked Collagen Type I Matrices  

Cell migration is facilitated by dynamic turnover of cell adhesion molecules, 

synergistic protease activity, and traction forces generated by cells in response to 

extracellular matrix (ECM) stiffness and composition 43, 80. To emulate the in vivo 

atmosphere of a cell, in vitro studies in 3D environments are necessary to account for the 

biochemical cell-ECM interactions which impact cellular migration, particularly those 

steric and mechanical factors that are absent in 2D studies due to artificial restrictions 

imposed by planar substrates43, 48, 79, 140. Of particular importance is elucidating the impacts 

of physiological significant mechanical variables of the ECM on cellular behavior. 

Though few studies have investigated local mechanical alterations to the ECM via 

endogenous extracellular matrix remodeling enzymes, those that have revealed their 

importance in cancer cell metastasis242, 243. In the presented study, tissue transglutaminase 

2 (tTG), an endogenous extracellular matrix remodeling enzyme, was utilized as a 

covalent cross linker of collagen type-I hydrogels. Introduction of the tTG enzyme 

yielded in a reduction of collagen free amines available for chemical modification as well 

as an increase of hydrogel bulk elastic modulus (G’). Cancerous cells cultured atop tTG 

modified collagen type I matrices exhibited preferential migration into gels of 

intermediate stiffness, implicating the importance of further investigations into cell-

matrix interactions. These results indicate that tTG acts as a tunable cross linker of 

collagen type-I hydrogels and suggests that the cellular response to local environments is 

impacted, not only by matrix ligand density, but matrix stiffness. 
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7.1 INTRODUCTION 

The importance of mechanical properties of biological materials has been 

highlighted in a number of systems-level studies19, 120. To this end, multiple investigations 

have revealed the role of extracellular matrix (ECM) stiffness on the cell response22, 43, 80, 

linking ECM mechanics with cellular molecular mechanisms. The cellular mechanisms 

during cancer cell migration responsive to variations to matrix stiffness include 

deviations of intracellular rheology64, transmembrane signaling57, and proteolytic 

activity43, 166. Yet, discrimination of the role of independent mechanical parameters of 

matrix stiffness on cell response has yet to be elucidated.  

The mechanical properties of physiologically relevant hydrogel materials are 

dependent on multiple variables including ligand composition and branching, and 

aqueous constituents and concentrations19. Collectively, these properties are predicted to 

affect the biophysical response of interacting cell populations121. At present, numerous 

studies have probed into cellular regulation on 2D substrates while few have considered 

application of physiological relevant 3D compliant substrates for cellular studies. Such 

existing 3D studies often utilize gels of high stiffness (103 Pa)80 without considering 

softer, less stiff substrates (101 Pa). Softer gels may allow for more amenable cell 

responses, such as proteolytic degradation of the matrix and cell motility and such 3D 

studies have examined these cellular responses27. To date, the independent variables 

contributing to matrix stiffness, including pore size, ligand density, ligand branching, and 

stiffness, have been studied collectively as mechanical properties causative to variations 

in the cellular response during cell migration. To this end, this presented study sought to 

create amenable 3D growth substrates in which matrix ligand density and matrix stiffness 

could be tunably altered using tTG with the objective of elucidating the cellular 

migratory response to single-variable matrix mechanical properties. 
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Cell migration is facilitated by dynamic turnover of cellular adhesion molecules, 

protease activity, and traction forces generated by cells in response to ECM stiffness and 

composition43, 80. In order to mimic the in vivo cellular environment and examine 

biochemical cell-ECM interactions that affect cell migration, in vitro studies must be 

carried out in 3D environments mimicking the natural tumor microenvironment43. Of 

particular importance, steric and mechanical parameters that affect cell migration are 

absent in two-dimensional (2D) studies that utilize planar substrates48, 79, 140. The various 

modalities of cell migration and persistence rely on integrin engagement with the ECM, 

focal adhesion formation, protease secretion, and numerous intracellular signaling 

cascades42, 43, 63, 140. Integrin-based adhesions between the cell and the ECM initiate 

complex intracellular signaling cascades that involve a number of tyrosine kinases to 

mediate cell migration and proliferation 19, 80.  

Though previous investigations utilizing such environments have provided 

invaluable insights into cellular migration and mechanosensing 22, 43, 64, 79, 244, 245, it is still 

unclear as to which ECM mechanical and structural parameters are responsible for 

eliciting specific cellular biochemical responses. In order to completely understand the 

physiological effects of the ECM on cell migration and metastasis, each of these 

components should be examined individually and synergistically for their systems-level 

influence on cell migration. Matrix composition, pore size, stiffness, and ligand density 

are among the factors that are often implicated, however, the quantitative relationship and 

mechanism of interaction is lacking. In order to completely understand the physiological 

effects of the ECM on cell migration and metastasis, each of these components should be 

examined for their influence on cell migration in native like environments. Utilization of 

tTG cross-linked collagen type-I matrices as an investigative system for behavior of cells 

cultured within the 3D ECMs potentially provides novel insights to the biomechanical 
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cues harnessed during cancer metastasis. The presented study quantitatively provides 

mechanistic understanding of cell migration through 3D ECM substrates of constant 

ligand density but altered stiffness, implemented by a covalent chemical crosslinker. Our 

results demonstrate how these mechanisms regulate cellular migratory mechanisms.  

7.2 MATERIALS AND METHODS 

7.2.1 Collagen matrix preparation and characterization 

Gels were prepared by mixing the appropriate volumes of collagen type I, from 

rat tail tendon (BDBiosciences), media, neutralizing solution (100mM HEPES, pH 7.3 in 

2X PBS). Cross-linking was induced by tissue transglutaminase from guinea pig liver 

(Sigma), dissolved in 2mM DTT and 5mM CaCl2 in 10mM Tris, pH 7.4. The tTG 

enzyme solution was added to the collagen gel mixture immediately before gels were 

poured. Samples were prepared using collagen:enzyme (w/w) ratios of 5,000:1 (0.00084 

Units of enzyme) or 500:1 (0.0084 Units). The gels were plated in 35mm polystyrene 

culture dishes and polymerized for 30 minutes (37°C, 5% CO2) in a humidified incubator, 

after which 1mL of media and cells were added. Approximately 250,000 cells were 

cultured per 1 mL gel. For gels used in Cell Migration experiments (described below), 10 

µL of 2.0 µm carboxylated, yellow-green fluorescent polystyrene tracer beads (Molecular 

Probes, Carlsbad, CA) were added per 1 mL gel solution prior to plating the gel solution 

in glass bottom 35mm dishes.  

The quantification of free amine groups in tTG cross-linked gels was achieved via 

a trinitrobenzenesulfonic acid (TNBS) absorption assay. Solubilized gel samples were 

analyzed with a spectrophotometer using 345nm absorbance.  
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Matrix stiffness was quantified in terms of bulk elastic modulus, G’, of the 

collagen gel. Gel stiffness was measured with a Physica MCR 300 rheometer (Anton 

Paar, Ashland, VA) operating in cone & plate mode, stressed at 0.5 μN·m oscillatory 

torque over a frequency (ω) range of 0.1 – 10 Hz. Measurements of elastic modulus for 

each gel concentration were averaged and then fit to a power-law equation of the form,  

G′ = αωβ + δ 

at ω = 1 Hz.  

7.2.2 Scanning Electron Microscopy  

Polymerized gels were fixed and stained using tannic acid, gluteraldehyde, and 

osmium tetroxide (TAGO) fixation. Samples were dehydrated using ethanol exchange 

and dried via critical point drying (CPD). Samples were sputter coated with a 15nm layer 

of Pt/Pd and visualized using a Zeiss Supra 40 VP Scanning Electron Microscope. Three 

gels from each condition were imaged. A total of three images were taken from three 

different tilt angles. To determine pore size, images were skeletonized and converted to 

binary images using ImageJ software and calculated as an average cross-sectional 

diameter of pores as displayed from SEM images, as previously described. A total of 90 

pores were measured from images of each condition.  

7.2.3 Integrin β1 blocking 

Integrin β1 expression was inhibited using the anti-CD29 antibody, mAB 4B4 

(Beckman Coulter) at a concentration of 10µg/mL, a concentration shown to block ~95% 

of available integrin β1 receptors43. The 4B4 antibody was added to the 3D cell culture 

collagen matrix mixture prior to plating.  
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7.2.4 Invasion Assays 

200uL of tissue transglutaminase (tTG) cross-linked gels were plated in 6.5 mm 

transwell, 8µm pore polycarbonate insert (Corning) and allowed to polymerize for 1 hour 

at 37°C, 5% CO2. Gels were rinsed with PBS to remove unreacted tTG. 1x Calcien AM 

dye (Sigma) solution was used to stain the cells. Absorbance measurements were read on 

a 24-well fluorescent plate reader (Excitation: 485 nm, Emission: 520 nm). 

7.2.5 Cell Migration  

All experiments were performed using the androgen-independent prostate cancer 

PC-3 cell line (ATCC). Cell lines are authenticated by ATCC according to their 

Authentication testing scheme, as outlined on their website (www.atcc.org). Adherent 

monolayer PC-3 cell cultures were stained with fluorescent Cell Tracker™ Red CMPTX 

(Molecular Probes) cell stain per manufacturer’s directions and subsequently trysinized 

using 0.25% Trypsin/0.53mM EDTA (Cellgro, Manassa, VA). Cells were imaged 12 

hours after initial plating atop collagen type-I matrices. Time-lapse image z-stacks were 

collected at 15-minute intervals for a total of 12 hours using an EC Plan NEOFLUAR 

20x/0.5 objective on a LSM5 Live Duoscan (Carl Zeiss, Thornwood, NY). Z-stack 

images were collected at a total thickness varying between 120-140 µm at intervals 

ranging between 1.50-1.70 µm. During imaging, culture environments were maintained 

at 37°C, 5% CO2 within a microscope-mounted incubation chamber. Cell and bead 

trajectories were generated using the spot detection and position tracking options of 

Imaris analysis software (Bitplane, St. Paul, MN). Extracellular tracing beads were 

included in analysis to account for overall sample drift during imaging acquisition. To 

calculate cell migration speed, autoregressive cell tracks were constructed and used to 

calculate cell speeds and displacements from raw position data; total track length was 

divided by the total time each cell was detected within the image field of view. The 
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sample drift was accounted for at each time interval such that sample drift is not reported 

for in overall population cell speed. An average of N = 70 cells were imaged per collagen 

gel condition with an average of m = 20 tracer beads imaged per experimental condition. 

7.2.6 Flow Cytometry  

Live cell staining of serum-starved cells cultured atop 3D gels was performed as 

follows. Following 3 days of culture, cells that had invaded the gels were harvested for 

flow cytometry analysis. Briefly, gels were digested with 10 Units of Collagenase I 

(Gibco®) per 1.0 mg/mL of collagen suspended in Cell Dissociation Solution for 30 

minutes at 37°C. For direct staining, cells were resuspended in ice cold staining buffer 

(10% dialyzed FBS in DPBS) and stained for integrin β1 or integrin  α3 using 

1µg/million cells of FITC or PE conjugated primary antibodies (SCBT). Cells were 

rinsed and resuspended in ice-cold DPBS prior to analysis. For indirect staining, primary 

antibodies (mouse MT1-MMP or rabbit FAK (C20) (SCBT)) were diluted in staining 

buffer using 1µg/million cells. Cells assayed for intracellular proteins were permeabilized 

and fixed using Cytofix/Cytoperm solution (BDBiosciences® # 554722) as directed by 

the manufacturer. Secondary antibody staining was performed with 1µg/million cells of 

goat anti-Ms IgG AlexaFluor 647 (Invitrogen®) or goat anti-Rb IgG PerCP (SCBT) 

conjugated antibodies. Cells were resuspended in ice-cold DPBS prior to analysis. 

Stained cells were analyzed using a BD FACS Calibur Flow Cytometer.  

7.2.7 Immunoblotting  

Lysates from the above experiments were harvested using 1x cell lysis buffer 

(10mM Tris-HCl (pH 8.0), 100mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 

10% Glycine, 0.1% SDS, 0.5% DOC) supplemented with phosphatase and protease 

inhibitors (Roche). Proteins were separated on an SDS-PAGE gel (4% stacking/12% 
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resolving) and transferred to a pre-soaked PVDF membrane (Bio-Rad). Blots were 

probed with a primary FAK Y397 antibody (SCBT, 1:200), FAK C-20 (SCBT, 1:200), 

Src(SCBT, 1:500) or GAPDH (1:500) followed by anti-Rb-HRP secondary antibody 

(Abcam, 1:2500). Blots were developed using ECL plus substrate (Amersham).  

7.2.8 Immunofluorescence 

After plating, 3D cells culture atop 1 mL gels, were fixed and stained as 

previously described79. Briefly, gels were fixed with 4% paraformaldehyde in PBS for 15 

minutes at room temperature, washed 2 x 10 minutes in PBS, and cut into 4 equal pieces. 

Each piece was placed into a well of a 24-well plate for the remainder of the staining 

procedure. Each sample was blocked with 1% BSA/1xPBST for 30 minutes at 37°C, 

rinsed 2 x 10 minutes with PBS, incubated in primary antibody (7.5 µg of mouse anti-

Integrin β1 (SCBT)) diluted in 1% BSA/1xPBST for 1 hour at room temperature, rinsed 

3x10 minutes with PBS, incubated in secondary antibody (2µg rabbit anti-Ms 

AlexaFluor® 555 conjugate (Molecular Probes®) in 1% BSA/1xPBST for 1 hour at room 

temperature, rinsed 3 x 10 minutes with PBS and mounted on coverslips with ProLong® 

Gold antifade medium with DAPI (Molecular Probes®). Images were visualized using a 

Leica Confocal Microscope, collected and deconvoluted using ImageJ software. 

7.2.9 Zymography 

Conditioned media from 3D cell cultures were activated with the introduction of 

1mM of APMA and incubation for 4 hours at 37°C. Equal amounts of zymography 

loading buffer (0.5M Tris-HCl (pH 6.8), 2% Glycerol (v/v), 4% (w/v) SDS and 0.5 mg 

bromophenol blue) was added to each sample prior to loading on a 4% stacking/10% 

resolving SDS-PAGE gel embedded with 0.1 (w/w) gelatin (porcine skin, Sigma). The 

gel was scanned using Li-Cor® Odyssey® Infrared Imaging System.  
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7.2.10 Statistical Analysis 

Statistical analysis of data was performed with a student’s two-tailed t-test for 

three independent experiments.  

7.3 EXPERIMENTAL RESULTS 

To elucidate the mechanosensing capabilities of migratory cancer cells, the 

experiments herein utilized collagen type I 3D ECMs and the tTG as a covalent cross-

linker of collagen fibrils (Fig 7.1). Cell migration speeds and downstream adhesion and 

proteolytic based signaling of prostate cancer cells (PC-3) was investigated in four 

collagen type I hydrogels of varying matrix mechanical properties.  

7.3.1 Characterization of tTG-mediated crosslinking of collagen type I ECM mimics 

Examination of tTG cross linking efficiency on collagen type I fibrils via 

trinitrobenzene sulfonic acid assay quantification of free lysines demonstrate that tTG 

crosslinked collagen type I gels show a decrease in the number of free amines as 

compared to that of non-tTG crosslinked gels. This is reflected in the reduced absorbance 

of free amines, which results from the chemical crosslinking action of tTG (Fig. 7.2 A). 

Additional assessment of chemically induced modifications on collagen gels via cone and 

plate rheology (Fig. 7.2 B) indicate that gels with constant collagen concentration 

exposed to increasing units of tTG enzyme increases the bulk elastic modulus (G’). The 

enzyme unit concentration was derived from bulk weight to weight ratios of collagen:tTG 

as cited in previous literature.  Comparatively, increase in collagen ligand concentrations 

of gels absent of tTG yielded G’ values that increased with respect to collagen 

concentration (Fig. 7.2 C). Here, collagen gels with similar G’ values are determined as 

2.0 mg/mL gel crosslinked with 0.00084 units of tTG and 3.0 mg/mL gel containing no 

tTG, permitting studies into behavior of cell populations cultured in environments of 
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similar stiffness yet variable architectural properties. Control experiments show that tTG 

concentrations less than or equal to 0.0084 Units do not alter expression levels of integrin 

β1, FAK C20 and Src (Fig. 7.2 D, E); additionally, cellular tTG stimulation affects FAK 

Y397 autophosphorylation at elevated tTG concentrations, consistent with findings 

observed by Verma et al246, 247 (Fig. 7.2 D, E).  

Given that matrix pore size and ligand availability correlate with matrix stiffness, 

average pore size diameters were measured from scanning electron microscopy (SEM) 

images of polymerized gels and were reduced as both matrix stiffness and collagen 

concentrations increased (Fig. 7.2 F). tTG induced cross-linking of collagen fibrils (Fig. 

7.2 G-J) visualized by SEM displays thickening of collagen fibrils in gels crosslinked 

with 0.0084 units of tTG, indicating structural alteration to collagen organization by 

creating both increased number of collagen crosslinks and thickening of collagen fibrils 

(Fig. 7.2 I).  

7.3.2 Effect of matrix stiffness and composition on cell motility 

Cellular proliferation and invasion of PC-3 cells, a cell line derived from a highly 

metastatic, androgen-independent prostate cancer metastasis, was examined as a function 

of both collagen density and tTG concentration43. In order to assay cell migration and 

protein expression within a 3D matrix without imposing adverse tTG-induced effects on 

the cells, cells were cultured atop transwells as described in Materials and Methods (Fig. 

7.3 A). 

As previous studies have indicated that cellular invasion of the matrix correlates 

with collagen gel concentration248 and available ligand attachment factors58, we focused 

on cellular invasive and migratory potentials through gels of comparable stiffness and 

varying collagen concentration. The discrepancies of cell invasive capabilities through 
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collagen type I gels of variable stiffness and collagen concentrations are displayed in 

figure 7.3 B. The invasive ability of cells follows a monotonic distribution, displaying 

maximal invasive ability through gels of intermediate stiffness (Fig. 7.3 B), indicating 

that the invasive potential of cells may be governed more by matrix stiffness than by 

matrix fibrillar density. To compare matrix architecture with cell invasion, cell migration 

speeds were observed over a twelve-hour incubation period43, 78. Similar to observations 

from invasion experiments, cells moving through 2.0 mg/mL gels crosslinked with 

0.00084 Units of tTG migrated at an average speed faster than that of other gels 

investigated in this study (Fig. 7.3 C). A similar biphasic pattern of cell migration is seen 

in cells with attenuated integrin β1, induced by the monoclonal mouse-anti-4B4 antibody 

(Beckman Coulter®) (Fig. 7.3 C), implicating integrin β1 mediated sensing of matrix 

stiffness as a regulator of PC-3 cell migration speeds. In total, results from this 

experiment strongly suggest that cell migration speed and invasive potential are more 

strongly influenced by matrix stiffness than by matrix fibrillar density.  

7.3.3 PC-3 cells utilize adhesion based signaling during migration  

To develop a comprehensive picture of cell-matrix interactions in 3D, key 

adhesion molecules and intracellular signaling proteins downstream from integrins were 

analyzed. Flow cytometry experiments revealed that cell surface expression levels of 

integrins α1, α2, and β1 varied between matrix conditions (Fig. 7.3 D, E). Of the integrin 

subunits analyzed, PC-3 expression of integrin α1 increased in 2.0 mg/mL gels 

crosslinked with 0.00084 Units of tTG but decreased in 3.0 mg/mL gels absent of tTG, 

following a similar trend in expression of integrin β1 (Fig. 7.3 E) as also verified by 

western blot (Fig. 7.3 F, G) and immunofluorescence experiments (Fig. 7.3 H-K). 

Expression of integrin α2 was elevated in gels without tTG, indicating that the integrin 
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α1β1 dimer is more prevalent in tTG crosslinked gels whereas the α2β1 dimer is more 

prevalent in gels absent of tTG, implicating ligand and stiffness based discrimination of 

adhesion derived signaling (Fig. 7.3 E). Western blot experiments distinguishing the role 

of focal adhesion kinase (FAK) and its activated form, FAK Y397, as a mechanical 

regulator of cellular migration indicate that total FAK, FAK Y397, and Src expression 

correlates with cell surface integrin β1 expression in 2.0 mg/mL collagen gels containing 

0.00084 units of tTG (Fig. 7.3 F, G). Reflecting blockage of integrin β1 receptors with 

10µg/mL of 4B4 antibody (Fig. 7.3 F), the observed decrease of total FAK expression 

also corresponds with inhibited migration speeds (Fig. 7.3 C, F, G).  

7.3.4 Cellular proteolytic activity is mechanically regulated by the ECM 

A number of clinical and molecular studies implicate MT1-MMP as not only 

having a key regulatory role during cell migration249, 250, but also during the epithelial-to-

mesenchymal transition of prostate cancer cells251. Such associations fit into the key 

aspects of 3D tumor cell migration, such as matrix degradation and remodeling, which 

are strongly dependent on matrix metalloprotease (MMP) activity. A closer examination 

of the relationship between MMP activity and cell migration reveals new trends (Fig. 

7.4), not seen before and different from that obtained when examining integrin and FAK 

data (Fig. 7.3 E-G). The effect of MT1-MMP (membrane-type-1 matrix metalloprotease) 

on cell migratory ability is markedly pronounced, as reflected in flow cytometry results 

(Fig. 7.4 C). Flow cytometry (Fig. 7.4 C) experiments show that cells cultured on 

collagen type I substrates crosslinked with 0.00084 units of tTG secrete MT1-MMP at 

higher levels as compared to cell cultures on substrates containing ten-fold more tTG 

enzyme. Also, inhibition of integrin β1 with the 4B4 antibody shows a marked decrease 
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in expression of integrin β1 and FAK C20, but also a decrease in expression of MT1-

MMP, implicating a potential link between these two signaling pathways (Fig. 7.4 D).  

In order to develop a comprehensive understanding of adhesion based signaling 

and protease activity, zymography experiments were performed to determine if elevated 

MT1-MMP levels coincide with activation of its downstream target, MMP-2. Collagen 

invasive PC-3 cells exhibit maximal pro- and activated MMP-2 in 2.0mg/mL gel cross-

linked with 0.00084 Units of tTG, a trend similar to that observed from expression of its 

upstream activator, MT1-MMP (Fig. 7.4 B, C).  

7.4 DISCUSSION 

The importance of ECM collagen concentration and enzyme-mediated stiffening 

has been highlighted in previous studies that investigated tumor progression of breast 

cancer cells 22, 45, 49, 80. Experimental evidence indicates that metastatic cancer cell lines 

display elevated expression of tTG2, conferring anti-apoptotic and cell survival 

advantages as well as increased motility through the ECM162. Though some investigations 

have identified the involvement of cell-surface expressing tissue transglutaminase (tTG) 

in mediating integrin-based adhesions to the ECM115, 252, few have probed into the role of 

tTG interceding the mechanical properties of the ECM. In this study, a robust system 

where cell migration can be examined as a function of collagen matrix tTG induced 

chemical crosslinking is demonstrated. As mentioned in the introduction, covalent tTG 

chemical crosslinking stabilizes tissues via the formation of high molecular weight 

complexes in collagen and is observed in endogenous tumor environments160. Utilization 

of such crosslinking techniques decouples the effects of ECM stiffness and collagen 

ligand density on cellular mechanosensing160. 
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7.4.1 Tissue transglutaminase is an efficient covalent crosslinker of collagen type I 

In order to reflect a physiologically relevant collagen concentration, one also used 

frequently in 3D model systems to provide mechanical resistance and pores that permit 

tumorigenic cell migration80, 120, 244, 245, the performed study utilized 2.0 mg/mL compliant 

gels. By crosslinking the fibrils of 2.0 mg/mL collagen type I gels via tTG, matrices that 

possess elastic moduli of gels containing a collagen concentration between 2.0 – 3.5 

mg/mL were successfully created (Fig. 7.2 B, C). Bulk rheology measurements of tTG 

crosslinked and non-crosslinked collagen type-I hydrogels indicate that crosslinking of 

2.0mg/mL collagen type-I gels with 0.00084Units of tTG enzyme produces a stiffness 

comparable to that of a 3.0mg/mL non-crosslinked hydrogel, providing a discrete 

experimental system partitioning matrix stiffness from matrix ligand composition and 

density. 

PC-3 cells, a cell line that has been frequently used in cell migration studies43, 253, 

were used in experimental methods as a model for metastatic prostate cancer. The 

migration of prostate cancer cells is highly dependent on hallmark mechanisms 

associated with malignancy, including cell detachment from the primary tumor, 

regulation of cellular adhesion molecules, upregulation of matrix proteases, and invasion 

and migration through the extracellular matrix (ECM)2, 254. Previous studies have shown 

that cells invading through stiff matrices rely primarily on migration methods that expand 

pore size (thereby altering the pore size/cell body ratio) and remodel the matrix via MMP 

secretion, as compared to cells cultured on soft substrates that tend to form more 

adhesions 43, 120, 244. The results obtained from the aforementioned experiments support 

those of investigations that identify the importance of cellular contact guidance with 

ECM components to promote matrix invasion80. The mean pore size between fibril 

strands in 3D matrices (2 µm) is smaller than the maximal diameter of several tumor cell 
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types (including PC-3 cells) when embedded within collagen gels of concentration 

greater than 1.0 mg/mL43, 120. In the tTG experimental system, matrix pore size decreased 

as gels were treated with tTG or as the collagen fibril density increased (Fig. 7.2 F-J).   

7.4.2 ECM stiffness regulates adhesion based cell migration and invasion  

Biomechanical regulation of cell motility via ECM stiffness is a critical 

physiological phenomenon, particularly during cancer cell metastasis. Elucidation of the 

preferential mechanisms with which prostate cancer cells migrate through three-

dimensional (3D) extracellular environments will assist in determining which factors 

contribute to metastasis and therefore implicate novel therapeutic targets. 

Tumorgenic cells can interact with the basement membrane and the ECM via a 

number of transmembrane receptors that mediate cell adhesion, growth, and migration. 

Integrins are a family of such receptors that interact with several ECM components, 

including collagen, fibronectin, and laminin. Specifically, the integrin dimers α1β1 and 

α1β2 interact with collagen to mediate adhesion. Several studies have shown that an 

increase in integrin α1β2 expression promotes cell adhesion to collagen and cell 

migration through 3D collagen matrices65, 66. The ECM and the intracellular actin 

cytoskeleton are linked via integrins at sites called focal adhesions, which can stimulate a 

series of intracellular signaling events that influence cellular differentiation and 

proliferation62, 69. As integrins lack intrinsic catalytic activity, they are activated upon 

engagement with the ECM, which commences two-way signal transduction. Focal 

adhesion kinase (FAK) mediates adhesion and transduces growth factor-dependent 

signals to the cell interior68. Activated FAK provides high affinity binding sites for 

various proteins, such as Src and the Src family of kinases, effectors that are involved in 

intracellular signaling cascades mediating differentiation69, 70, 255. A non-receptor tyrosine 
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kinase, Src is known to regulate a number of cellular processes including cell spreading 

via phosphorylation of paxillin71, 72. Recent studies implicate FAK in regulation of cell 

speed and persistence via coordination of ECM deformation and formation of cellular 

protrusions implicating its impact upon integrin-associated adhesions 21, 48, 68, and that 

inhibiting FAK expression delays cell migration in both prostate carcinoma cells and 

fibroblasts as compared to cells expressing basal levels of FAK255, 256.  

Such key adhesion molecules and intracellular signaling proteins downstream 

from integrins were analyzed using a number of techniques. Analysis of integrin β1 

expression by flow cytometry, western blots, and immunofluorescence (Fig. 7.3 D-K) 

revealed coordinate expression patterns observed from western blot analysis of the 

downstream effectors FAK and Src (Fig. 7.3 F, G). This suggests that integrin β1-

induced FAK expression may not result from integrin β1-ligand binding alone, but from 

cellular responses to ECM stiffness and architecture. The profile of cellular migration 

speed reflects the expression profile of integrin β1 in gels of intermediate stiffness, 

indicative of integrin-based migration and mechanosensing by migratory cells. The 

elevated expression of FAK and Src signaling molecules in gels of increased stiffness is 

consistent with previous investigations, particularly those that probe the significance of 

matrix stiffness with adhesion based motility49, 245 and focal adhesion-based signaling 

during metastasis45. The presented studies indicate that the regulation of FAK and 

integrin signaling is critical to cellular migratory potential through optimally stiff 

substrates, an observation previously noted in published studies 45, 80. These data also 

support a number of reports36, 45, 257, 258 that indicate adhesion-based motility, from focal 

adhesion assembly and integrin activity, regulates an invasive metastatic cellular 

phenotype. Lastly, the parallel increase of Src expression implicates the amplification of 
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adhesion based signaling, particularly of pathways that impact cellular motility such as 

Src-induced paxillin phosphorylation71.   

ECM degradation and remodeling is heavily reliant on proteolytic degradation by 

MMPs. When performing experiments investigating the relationship of MMP activity to 

cell migration, we observed a trend similar to that obtained from the integrin and FAK 

data (Fig. 7.3 E-G, 7.4 A-C). These results contribute to previous findings exhibiting the 

importance of MMP-2 and MT1-MMP expression and signaling derived from 3D 

collagen matrices absent from those derived from 2D substrates259. MT1-MMP is a 

membrane-associated MMP that both localizes to protrusion sites and is capable of 

activating MMP-2 24, 245, 260. The activation cascade of the pro-MMP-2 fragment requires 

an initial cleavage event by MT1-MMP, and a subsequent cleavage by a pre-activated 

MMP-2 in order to be fully activated 107. MT1-MMP expression of cells cultured on 

collagen type I gels crosslinked with 0.00084 units of tTG increases, as compared to gels 

crosslinked with ten-fold more enzyme or those containing higher ligand concentrations 

(Fig. 7.4 C), yielding an increase of active MMP-2 in this condition as compared to other 

experimental conditions (Fig. 7.4 B). Such a difference in MT1-MMP protein expression 

suggests that cells may discriminate signaling pathways, such as integrin stimulation, 

depending on the architecture of the extracellular environment. The results shown in 

figures 7.3 and 7.4 indicate that cells can discriminate substrate stiffnesses independent of 

collagen ligand concentration.  

As the localization and elevated expression of MT1-MMP at podosomes and the 

leading edge of cells has been shown previously to promote cell migration and invasion 

via ECM component degradation, we investigated the relationship between MT1-MMP 

expression and cell migration 2, 107. A notable discrepancy between the trends is observed 

with the secretion of the pro- forms of the enzymes; the secretion of MMP-9 elicits 
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cellular mechanosensing of both the matrix stiffness and fibril density, whereas MMP-2 

secretion appears to be more affected by matrix stiffness (Fig. 7.4). In sum, the cell 

migration data (Fig. 7.3 C) and flow cytometry results of MT1-MMP expression (Fig. 7.4 

C) strongly suggests that elevated MT1-MMP expression within collagen gels treated 

with 0.00084 units of tTG reflects the role of MT1-MMP-dependent invasion.  

Experimental results implicate that cell migration through 3D collagen I gels 

relies simultaneously on synergy in proteolysis and focal adhesion turnover. These results 

suggest a possible mechanism indicating that cell migration through relatively stiff 

substrates relies on integrin signaling that is transduced to intracellular effectors such as 

FAK and Src. Such a mechanism is supported by cell migration experiments in which 

cellular expression of integrin β1 is attenuated by a monoclonal anti-4B4 antibody (Fig. 

7.3 C, F). Together, our results implicate the relationship between adhesion based 

motility and ECM stiffness; while membrane exposed integrin β1 is inhibited and overall 

cell speed is diminished, cells maintain the greatest cell speed in environments with 

intermediate stiffness. The observed bimodal expression of integrins appears to be 

affected by matrix ligand density as opposed to environmental stiffness; however, the 

variables that govern such expression profiles remain unclear. The proteolysis-dependent 

migratory mechanism is pronounced in gels of lower stiffness, suggesting that cells can 

mechanically detect the structural, chemically-covalent stabilization of the substrate 43, 261.  

In summary, these quantitative results present novel insights into cooperative 

nature of stiffness, cross-linking and adhesion derived signaling as a regulator of cell 

migration. The effect of mechanosensing on focal adhesion turnover, and influence on 

regulation of integrin β1, FAK, MMP and Src paints a picture of cooperation between 

adhesion-based signaling and proteolysis. In addition to quantifying the cooperativity 

between ECM properties and their synergy with cellular receptors and their function, we 
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have identified that cellular mechanosensing can be perturbed by matrix stiffness. Further 

exploration of the impact of such independent variables is necessary to complete the 

signaling landscape involved in cellular mechanosensing and signaling at a systems level.  
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7.6 FIGURES 

 

Figure 7.1 Biochemical reaction catalyzed by tissue transglutaminase 2. In the presence 
of Ca2+, tissue transglutaminase (tTG) acts as a covalent cross-linker of 
collagen type I fibrils through introduction of a (γ-glutamyl)lysine 
isopeptide bond between the lysine donor of one protein and the acceptor 
glutamine of a second protein161. Figure adapted from Mehta 2005161. 
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Figure 7.2 Tissue Transglutaminase cross-linked collagen type I gels. (A) TNBS assay to 
determine the number of free amines within the tTG cross-linked collagen 
matrices. (B,C) Elastic modulus of collagen type I gels of varying collagen 
fibril concentration (B) and 2.0 mg/mL collagen type I gels cross linked 
with shown units of tTG (C). Measurements of elastic modulus for each gel 
concentration were averaged and then fit to a power-law equation of the 
form G’ = αωβ + δ, at ω = 1 Hz. (D) Western blots of tTG treated cells 
grown on plates coated with collagen type I. Line-plot graphs show mean ± 
s.e.m. of three individual experiments. (E) Western blots of PC-3 cells 
grown on a polystyrene plate, collagen type-I coated plate, or a collagen 
type I coated plate + 0.00084 Units of tTG treatment to the cells 
immediately prior to plating. (F) Pore size measurements of collagen type I 
gels (G-J). Measurements were taken using ImageJ software. Values are 
means±s.e.m of three individual experiments. (G-I) Scanning Electron 
Microscopy (SEM) images of 2.0mg/mL collagen type I gels crosslinked 
with 0 units (G), 0.00084 units (H) or 0.0084 units of tTG (I). (J) SEM of a 
3.0 mg/mL gel. Gels were prepared for SEM using 1% tannic acid, 0.8% 
gluteraldehyde in 0.2M cacodylate buffer for fixation and postfixed with 2% 
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OsO4 in 0.2M cacodylate buffer. Following ethanol dehydration and critical 
point drying, specimens were sputter coated with a 15μm layer of 
Platinum/Palladium. Images were taken at 14000x. Scale bars represent 2.0 
μm. Red arrows indicate areas with unique patterns of crosslinking. 
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Figure 7.3 PC-3 Cell Motility and Protein Expression in 3D matrices. (A) Schematic of 
the transwell-invasion assay used to study cell migration through tTG cross 
linked collagen gels. Such an experimental environment allows for culture 
of cells on top of a 3D cross-linked gel and invasion through the substrate 
such that interactions with the collagen matrix reflect responses solely to the 
mechanical environment, not to direct interactions with tTG. (B) Calcien 
AM Migration assay to determine the number of cells able to trans-migrate 
through collagen gels with varying degrees tTG cross linking or collagen 
density. Cells were stained with Calcien AM following 3 day culture. 
Excitation 435nm, Emission 520nm. (C) Cell migration through 3D gels. 
Cells were cultured on top of collagen gels and were allowed to invade 
through the gels for 6 hours prior to imaging. Also represented in the graph 
above, cells were treated with 10 μg/mL of anti-4B4 monoclonal antibody 
(Beckman Coulter) at the time of plating. Cells were imaged for 12 hours at 
37C, 5% CO2. Images were taken every 15 minutes using a 20x objective on 
a Zeiss 5Live Confocal Microscope. Values are means±s.e.m of three 
individual experiments. (D, E) Flow Cytometry analysis of Integrin α1, 
Integrin α2, and Integrin β1 subunits on PC-3 cells cultured on 2.0 mg/mL 
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collagen type I matrices pre-treated with 0.0 units, 0.0084, units, 0.00084 
units tTG or 3 mg/mL collagen type I gel to compare cell behavior for cells 
cultured on substrates with similar G’ values (Fig. 7.2 B, C). Cells were 
released from collagen gels using Collagenase I (Gibco) and were reacted 
directly against Integrin α1-FITC, Integrin α2-FITC and Integrin β1-FITC. 
Geometric mean fluorescence intensity (MFI) measurements are shown. 
Values represent those relative to negative controls. Values are means±s.e.m 
of three individual experiments. Statistical significance is displayed as 
follows, as calculated from a Student’s two-tailed t-test: *, p<0.05; **, 
p<0.01; ***, p<0.001. (F) Western blots of total integrin β1, FAK, FAK 
Y397, and Src expression of cell lysates harvested from cell invasion assays. 
(G) Quantification of Western blots displayed in (F). (H-K) 
Immunofluorescence of integrin β1 (red) and the cell nucleus (blue) of PC-3 
cells cultured within cross-linked matrices, as indicated. Cells were fixed 
and stained with primary Ms anti-integrin β1 antibody, rabbit anti-Ms 
AlexaFluor 555 secondary, and DAPI. Scale bars represent 10μm. 
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Figure 7.4 MMP activity and protein expression of PC-3 cells cultured in 3D matrices. 
(A) Gelatin Zymography of cell lysates from tTG treated collagen gel 
cultures. Serum starved cells were cultured on top of 2.0 mg/mL collagen 
gels contained within an invasion chamber or within collagen gel matrices 
of varying tTG concentration. Suspended cells were analyzed for MMP 
activity. Cell lysates were activated with 1mM APMA and prepared for 
electrophoresis in non-denaturing loading buffer. Samples were loaded onto 
10% SDS-PAGE gels embedded with 0.1% gelatin. (B) Quantification of 
images in (A). (C) Flow Cytometry analysis of MT1-MMP subunits on PC-
3 cells cultured on 2.0 mg/mL collagen type I matrices pre-treated with 0.0 
units, 0.0084, units, 0.00084 units tTG or 3 mg/mL collagen type I gel to 
compare cell behavior for cells cultured on substrates with similar G’ values 
(figure 1a,b). The cells were released from the collagen gels using 
Collagenase I (Gibco) and were reacted indirectly against MT1-MMP/Goat 
anti-Ms IgG AlexaFluor 647 (C). Geometric mean fluorescence intensity 
(MFI) measurements are shown. Values represent those relative to negative 
controls. Values are means±s.e.m of three individual experiments. (D) Flow 
Cytometry analysis of Integrin β1, FAK C20, and MT1-MMP subunits on 
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PC-3 cells cultured on 2.0 mg/mL collagen type I matrices pre-treated with 
0.00084 units tTG to compare cell behavior for cells treated with the 
integrin β1inhibitor, anti-CD29 4B4 antibody (Beckman Coulter), The cells 
were released from the collagen gels using Collagenase I (Gibco). The cells 
were reacted directly against Integrin β1-FITC and indirectly against MT1-
MMP/Goat anti-Ms IgG AlexaFluor 647 and FAK C20/Goat anti-Rb IgG-
PerCP. Geometric mean fluorescence intensity (MFI) measurements are 
shown. Values represent those relative to negative controls. Values are 
expressed as means±s.e.m of three individual experiments. 
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Chapter 8: Conclusions and Future Work 

As cancer incidence and diagnosis has increased globally over the past 50 years1, 

both clinical and scientific investigations have revealed a numerous amount of 

information concerning the molecular mechanisms of cancer progression. Despite such 

scientific progress, the present development of effective cancer therapeutics remains 

elusive and cacner mortality rates remain above 20% in the United States alone1. Of the 

many cancers prevalent in the United States, the majority of lethal cases arise from 

prostate, breast, and colorectal cancers, all of which exhibit important disease traits such 

as signaling abnormalities and mechanical stiffening of the local tissue environment. 

Therefore, the role of tissue mechanics and aberrant cellular signaling in carcinogenesis 

and cancer progression are of particular interest. With the aim of contributing to current 

understanding of the metastatic cascade, three quantitative systems-level experimental 

studies were performed to examine the role of the micro-mechanical environment on 

intracellular signaling, cellular motility, and cellular morphology during cancer 

progression. 

8.1 MATRIX MECHANICS, CELLULAR TRANSFORMING POTENTIAL, AND MOTILITY 
DURING BREAST CANCER PROGRESSION  

Previous clinical studies have observed over-expression of ErbB2, an 

oncoprotein, in 25% of invasive breast cancers. Progression from initial to invasive breast 

cancer was found to hinge upon co-overexpression of 14-3-3ζ in a subset of ErbB2 over-

expressing cells, leading to decreased cell adhesion and increased cell migration 

speeds211. Investigations of cellular and matrix mechanics have proven beneficial in 

further elucidating the conferred migratory abilities of metastatic cell populations. 

Herein, a mammary epithelial cancer cell progression model has been utilized to further 
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investigate cellular migratory and mechanical responses to the local microenvironment. 

Initial studies found that the intracellular cytoskeletal scaffold of mammary epithelial 

cells exhibits mechanical sensitivity to ECM stiffness and architecture64. To investigate a 

systems-level cellular response that coordinates with observed intracellular restructuring, 

experiments were performed on the same breast cancer cell progression model208 to 

examine the interplay between 3D ECM stiffness and architecture, cell motility, and 

disease progression in breast cancer. 

8.1.1 Major Contributions 

To model the progression of mammary epithelial cancer, cells with increased 

metastatic potential were seeded within collagen type I gels of varying ligand density and 

stiffness. 3D collagen hydrogels were used as models mimicking the collagen rich 

mammary stroma, while 2D collagen coated substrates were used to mimic the 

environment of mammary duct epithelial surfaces. Of the cell lines investigated, 

overexpression of 14-3-3ζ caused marked suppression of migration speeds on 2D 

substrates as compared to noncancerous MECs. Cells overexpressing ErbB2 exhibited the 

greatest migratory speeds on 2D substrates, yet migrated with the slowest speeds in 3D 

matrices. These results correlate with clinical observations that ErbB2 overexpression is a 

prognostic indicator at early stages of DCIS. As cells co-overexpressing both 14-3-3ζ and 

ErbB2 migrated with the fastest speeds through compliant (104 Pa) and stiff (391 Pa) 

matrices, our results suggest that co-overexpression of these proteins facilitate cellular 

migratory capacity through 3D environments. Given that the experimental platform 

utilized growth environments of varying dimensionality and stiffness, these results permit 

examination of cellular migratory potential as a function of matrix architecture. ErbB2 

overexpressing cells exhibit preferential migratory capability on 2D, planar substrate and 
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are unable to harness similar abilities while mitigating 3D matrix architecture. The 

migratory speeds of 14-3-3ζ overexpressing cells is also hindered with the increase of 

matrix stiffness, yet such sensitivity to matrix mechanical properties is absent from cells 

co-overexpressing both 14-3-3ζ and ErbB2. These results corroborate with clinical 

observations that ErbB2 overexpression is more frequently observed in early stage, non-

invasive breast cancers than in late stage invasive breast cancers. Collectively, these 

results suggest that cell motility is regulated by dynamic interactions between oncogenic 

signaling proteins and matrix mechanics. Previous research has identified 14-3-3ζ and 

ErbB2 as prime therapeutic targets to intervene the progression of DCIS to invasive 

carcinoma. These studies further correlate ErbB2 overexpression with cellular migratory 

potential at initial stages of cancer and 14-3-3ζ/ErbB2 co-overexpression with migratory 

potential at advanced invasive stages. 

8.1.2 Future Investigations 

Through utilization of 3D collagen type-I matrices, these studies have utilized 

biomimetic ECMs to probe breast cancer cell migratory abilities. Though collagen type-I 

is the primary constituent of mammary stroma, integration of other matrix constituents 

into future in vitro studies may provide additional insights to cell-matrix interactions that 

occur during cell migration. For example, incorporation of fibronectin into synthetic 

ECMs may elucidate adhesion-mediated discrimination during cell migration as reflected 

by alterations of matrix architecture and stiffness. Systematic exploration of cell 

migratory potential in mechanically characterized collagen-fibronectin matrices may 

further contribute to current understandings of the relationship between breast cancer 

metastasis and the cellular microenvironment. Likewise, fluctuations in adhesion-based 
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and growth factor receptor-based signaling patterns may reveal a relationship between 

accordant signaling events in transformed cells.  

As cell motility hinges upon negotiation of matrix properties, such events may be 

further explored through utilization of computational models that simulate cell motility 

through ECMs exhibiting variations in fiber stiffness, fiber density, matrix pore size, 

fiber orientation, and growth factor concentrations. Utilization of computational models 

may simulate the complex interactions present in vivo to elucidate current understandings 

of cell migration through ECMs.  

8.2 MATRIX STIFFNESS, CELLULAR SIGNALING POTENTIAL, AND MODES OF MOTILITY 
DURING CELL MIGRATION 

The invasion and dissemination of cancer cells relies on proteolytic and adhesion 

mechanisms to mitigate the steric hindrances of the surrounding extracellular matrix 

environment. Conferred by the expression and action of integrins, matrix 

metalloproteases, and actomyosin contractility, cell populations adopt unique 

morphological modes during migratory events. Prior research has correlated the co-

localization of integrin β1 and MT1-MMP at the cell membrane with cell morphology27 

and regulation of cellular signaling223, 224 during cell migration. Yet, the coordinated role 

of integrin β1 and MT1-MMP signaling proteins in regulation of cellular plasticity during 

cell migration is poorly understood. In this study, knockdown of integrin β1 and MT1-

MMP expression and inhibition of ROCK activity were utilized to investigate the 

interaction of these signaling pathways as they effect cell morphology during migration. 

8.2.1 Major Contributions 

To investigate the roles of integrin β1 and MT1-MMP on intracellular signaling 

and cellular morphology during cell migration, this study utilized siRNA-mediated gene-
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knockdown of integrin β1 and MT1-MMP in HT-1080 fibrosarcoma cells. To evaluate 

the migratory response of HT-1080 cells cultured in collagen type I substrates, a number 

of parameters were assayed including activation of MMPs, expression of signaling 

molecules downstream of integrin β1 and MT1-MMP, cell morphological variations, and 

migration speeds. siRNA-mediated reduction of MT1-MMP caused decrease expression 

and abolished activation of MMP-2, whereas single gene knockdown of integrin β1 

caused elevation of MMP-2 expression and processing as compared to control samples. 

These results indicate that enzymatic activity of MT1-MMP, the primary activator of pro-

MMP-2, is negatively regulated by integrin β1. Via confocal microscopy, evaluation of 

cell morphology and actin-cytoskeletal organization revealed that both integrin β1 and 

MT1-MMP expression in HT-1080 cells coordinately regulate mesenchymal to amoeboid 

morphological transitions for cells cultured in 3D collagen matrices. Probing of 

intracellular molecules downstream of integrin β1 and MT1-MMP signaling via western 

blots revealed that expression of FAK, paxillin, and ERK1/2 did not vary significantly 

among HT-1080 cells expressing different levels of integrin β1 and MT1-MMP, though 

notable variation was observed in ERK1/2 activation state (Fig. 6.1D). Cells with reduced 

MT1-MMP expression exhibited a decrease in ERK1/2 activation as compared to other 

cells in the investigation. As shown in figure 6.2F, western blots assaying the effect of 

ROCK on signaling molecules downstream of integrin β1 and MT1-MMP revealed that 

ROCK inhibited cells with knockdown of integrin β1 or co-knockdown of integrin β1 

and MT1-MMP showed reduced ERK1/2 activation as compared to control and single 

MT1-MMP knockdown cells.  

As the observed transition from mesenchymal to amoeboid migratory modes 

depends upon Rho/ROCK-mediated contractility of the actomyosin cytoskeleton, a 

ROCK inhibitor was introduced to cell cultures to further invesigate the roles of integrin 
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β1 and MT1-MMP on cellular morphological variations. Inhibition of ROCK activity 

disrupted organization of the actin cytoskeleton and prevented mesenchymal to amoeboid 

morphological transition of cells with diminished integrin β1 and MT1-MMP expression. 

Migratory speeds of this cell subset also decreased upon ROCK inhibition. Additionally, 

ROCK inhibition of cells with gene-targeted knockdown of integrin β1 significantly 

decreased cellular migratory speeds, a change not observed in control cells or those with 

reduced MT1-MMP expression (Fig. 8.1). These results suggest that integrin β1 regulates 

cell morphology in the presence of ROCK-mediated contractility. Collectively, these 

results suggest that the cross-over of pathways downstream of integrin β1 and MT1-

MMP signaling occurs prior to modulation of ERK activation and that cell-ECM 

adhesivity and pericellular proteolysis act synergistically to maintain mesenchymal 

morphology and cellular migratory potential. 

8.2.2 Future Investigations 

Results from the experiments described above reveal novel characteristics 

regarding migration mechanisms of invasive cell populations through ECMs. Though the 

aforementioned results reveal unique insights into cell migration and morphological 

adaptation, they must be further probed to clarify points of crossover and crosstalk among 

intracellular signaling pathways involved in cell migration. As co-localization of MT1-

MMP and integrin β1 actively occurs during migratory events27, 223, elucidating the 

function of this complex during other cellular processes may reveal functional specificity. 

Experimental strategies such as live-cell detection of complex formation and recycling 

through use of fluorescent tags and imaging may be employed to reveal dynamic 

interactions of these proteins in real-time. Though some progress has been made towards 

revealing intracellular signaling cascades meditated by MT1-MMP and integrin β1 co-
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localization228, further investigations of intracellular complex formation and activation are 

necessary. The results presented herein implicate intracellular coordination of ERK 

activation through integrin β1 and MT1-MMP signaling (Fig. 8.1), yet much is unknown 

as to how this coordination occurs. Experimental strategies such as molecular 

recombinant techniques, immunoprecipitations, and kinase activity assays may be 

employed to reveal the affected behavior of downstream signaling molecules. As 

discussed in section 6.4, these results suggest that integrin β1-regulated intracellular 

contractility contributes to MMP secretion and proteolytic driven motility. To elucidate 

contractility-driven mechanisms contributing to this process, experiments probing 

intracellular mechanical parameters in similar conditions can be executed to measure 

stiffness alterations of the actin cytoskeleton64.  

Additionally of interest are alterations to in vitro ECM models. Of particular 

interest to this investigation, cellular recognition sites on matrix fibrils, such as the 

integrin binding RGD motif27, 47, or sites of MMP proteolysis88 may be altered enabling 

investigation of the intracellular response to barriers imposed by the ECM. Such 

investigation may be achieved through chemical synthesis of such ECM ligands or 

antibody-directed obstruction of these binding sites. Such proposed studies may provide 

valuable information as to the morphological adaptations of migratory cells, providing 

new insights and therapeutic strategies targeting invasive cell populations.   

8.3 CELLULAR MECHANOSENSING OF TUNABLY CROSS-LINKED MATRICES 

The malignant progression of prostate cancer has been shown to hinge upon the 

migratory potential of cells through ECMs. Clinical studies have correlated tissue 

transglutaminase 2 (tTG) stiffening of local prostate tissue with increased metastatic 

potential of carcinoma of the prostate, implicating the importance of this enzyme on 



  141 

cellular biochemical signaling. Though a number of studies have established covalent 

cross-linkers as mechanical modifiers of the ECM45, the role of tTG in prostate tissue 

stiffening during prostate cancer cell migration has yet to be investigated. In the 

presented study, in vitro ECM environments utilizing a highly metastatic prostate cancer 

cell line and tTG were created to investigate cell migration and associated signaling 

processes.  

8.3.1 Major Contributions 

In this study, four in vitro environments were created using unique combinations 

of collagen and tTG concentrations. PC-3 prostate cancer cells were cultured in these 

environments and observed for varying protein expression levels, invasive abilities, and 

migration speeds. This study revealed that tTG effectively induces covalent cross-links 

between free-lysine groups of collagen type-I fibrils to provide a viable 3D in vitro cell 

culture model. As shown in figure 7.2, bulk elastic moduli of collagen hydrogels 

demonstrated that elevated levels of tTG produced increased stiffening of matrices. 

Expression of integrin β1 and its downstream effectors, FAK and Src, was elevated in 

matrices with intermediate stiffness. A similar elevation was observed in MT1-MMP and 

MMP-2 expression and activation and cell migration speeds. These results suggest that 

malignant prostate cancer cells can mechanically sense ECM stiffness. Moreover, these 

cells preferentially favor an ECM of intermediate stiffness as observed in immunoassays 

and migration studies. From these results, it can be proposed that migrating cells 

discriminate between degrees of ECM stiffness via integrin β1-adhesion complexes. The 

formation of these traction-generating adhesion complexes allows the cell to create 

sufficient contractile forces to elicit cell movement, a process that exhibits preference to 

ECMs of intermediate stiffness. Similarly, the increase of MT1-MMP expression in 
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ECMs of intermediate stiffness suggests it may have a role in the cellular response to 

ECM stiffness. As integrin β1 inhibition studies resulted in similar downregulation of 

MT1-MMP and cell migration, these transmembrane proteins may coordinate to regulate 

cell migratory events. As such, this study establishes a tunable ECM platform in which in 

vitro cellular studies may more adequately reflect physiological conditions of prostate 

tissue stiffening during prostate cancer progression. 

8.3.2 Future Investigations 

Results from the present study suggest unique mechanosensing mechanisms 

utilized by migratory cell populations. These results may be utilized for future pursuits to 

further elucidate the mechanism with which cells discriminate between stiffness-induced 

and ligand binding-induced signaling responses. In the present study, matrix stiffness was 

altered using enzyme-mediated cross-linking of ECM fibers without impacting fiber 

density or ligand availability, a unique method as compared to previous ‘density-induced’ 

alterations to matrix stiffness. As tTG was utilized as the cross-linking agent of 

preference in this study, other ECM cross linkers including lysyl oxidase (LOX) and 

ribose have been utilized to mimic mechanical stiffening of the ECM as physiologically 

observed in cancers originating from mammary breast tissue45. Utilization of comparative 

cross-linkers in signaling studies may reveal novel mechanosensing potentials ubiquitous 

among all cell types or unique to cells residing in specialized ECMs. 

Additionally, further investigation of transmembrane signaling proteins 

implicated in cellular mechanosensing of the ECM is warranted. Stiffening of the ECM, 

as evidenced by tissue fibrosis in cancerous tissue, facilitates tumor progression via 

regulation of growth factors that stimulate angiogenesis, cell growth, and invasion110. 

Integrins are known transducers of ECM biophysical properties and additional 
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experiments investigating extracellular domain response and transmembrane transduction 

are necessary to fully understand the role of integrins in ECM stiffness mechanosensing. 

Though integrin-mediated signaling has been implicated in mitigating cellular migratory 

potential through LOX cross-linked collagen type I ECMs45, growth factor receptors, 

such as HER2, may coordinately regulate downstream intracellular signaling. As matrix 

stiffening alters the force input upon a cell, future investigation probing the response of 

the actin cytoskeleton, intracellular signaling22, and consequential downstream signaling 

of Rho GTPases may reveal new mechanistic insights into tissue fibrosis and cancer cell 

migration.  

8.4 CLOSING REMARKS 

In summary, the presented investigations have revealed novel insights into 

mechanobiology of cell-ECM interactions through inspection of ECM mechanics, cell 

motility, molecular pathways, and disease progression in cancer. These studies indicate 

that matrix mechanics acts as a key regulatory parameter of the migratory ability of 

transformed cells, serves to mitigate cellular migratory modalities and morphologies as 

associated with cell-ECM adhesion and pericellular proteolysis, and functions as a 

tunable substrate that moderates intracellular signaling during cell migration events. 
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8.5 FIGURES 

Figure 8.1 Proposed scheme of intracellular signaling coordinated by integrin β1 and 
MT1-MMP during cell migration through the ECM. 
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