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ABSTRACT 

 Despite the fact that over the past two decades the total death rate has declined up 

to twenty percent, cancer remains the second leading cause of death in the United States 

and accounts for nearly one in every four deaths.  It is therefore of paramount importance 

that new strategies continue to develop in an effort to curb both incidence and treatment 

of disease.  The current research landscape is focused on developing strategies to disrupt 

molecular signatures of cancer cell types, commonly known as targeted therapy.  Of 

particular importance in the advancement of targeted therapies are matrix 

metalloproteinases (MMPs), a family of endopeptidases whose primary function lies in 

cleaving extracellular matrix (ECM) proteins and are frequently dysregulated in cancer.   

While research regarding MMPs is decades old, their significance in the signal 

transduction of several oncogenic pathways is yet to be fully explored.  In addition, a 

dearth of quantitative data exists describing the action of MMPs in three dimensional 

(3D) networks, a configuration that causes cells to express vastly different behaviors 

compared to traditional two-dimensional (2D) in vitro culture methods.  

 This dissertation aims to further elucidate the intimate relationships between 

MMPs, the ECM, cancer pathway signaling, and cell migration.  First, the behavioral 
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crosstalk between MMPs and the ECM is studied using quantitative methods in 3D 

matrices.  Next, the role of MMPs in both Ras oncogenic and HER2 positive breast 

cancer is probed via extensive protein expression analysis.  Finally, the behavioral 

aspects of MMPs in 3D are assessed marrying both in vitro data with a computational 

model to predict migration response.  The results reveal that MMPs exhibit a 

bidirectional relationship with respect to matrix architecture, and the ability to regulate 

and be regulated by the ECM.  In addition, it is concluded that MMPs play a significant 

role in both active Ras and HER2 upregulated cancer signaling.  Finally, the data 

demonstrates the robustness and accuracy of our methods in manufacturing a model to 

predict migration in 3D matrices.  The work described here promises to further enhance 

the knowledge of MMPs in cancer and potentially inform future drug development 

endeavors.  
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CHAPTER ONE: CANCER 

Despite the fact that over the past two decades the total death rate has declined up 

to twenty percent, cancer remains the second leading cause of death in the United States 

and accounts for nearly one in every four deaths [1]. While the overall drop in cancer 

related deaths is a promising trend, these statistics are heavily influenced by the 

decreased incidences of the lung and bronchus, commonly attributed to societal lifestyle 

changes regarding the use of cigarettes and other tobacco related products. Factoring in 

this information, one realizes that improvements in mortality are much more modest, and 

for some forms of cancer remain unperturbed [1].  These data provide the motivation for 

sustained efforts toward detection and eradication of the disease.  In order to meet these 

demands treatment options must mimic the characteristics of cancer itself: adaptive and 

robust.  This can only be accomplished through a multi-scale comprehension of the 

system, from the molecular underpinnings, to macroscopic crosstalk with the surrounding 

tissues. 

 

1.1 Properties and Development 

 

1.1.1 Incidence of Cancer 

Cancer is the byproduct of changes in the cell or surrounding cells that leads to 

dysregulation of tightly controlled processes such as proliferation, cell growth, apoptosis, 

angiogenesis and many others. The result is unmitigated neoplastic growth, leading to 

disruptions and in the case of death ultimate failure of tissues and organs that harbor the 
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disease [2].  While the physical causes of cancer are enumerative and highly debated, on 

the cellular level, cancer is thought to be the result of genetic mutations as well as 

epigenetic changes to gene expression that either activate specific oncogenes or silence 

what are known as tumor suppressor genes [3]. Further genetic alterations and the 

presentation of multiple cytogenetically different clones lead to the malignant phenotypes 

and properties endowed to cancer cells [3]. The prevailing belief is that the production of 

clonal subtypes confers selective advantage to growth compared to surrounding somatic 

tissues.  Although cells have various mechanisms by which to protect DNA integrity, 

cancer cells develop methods to either bypass these processes or increase their sensitivity 

to mutagenic agents [4,5].  Cancer cells often harbor defects to genes involved in 

detecting and repairing DNA, such as DNA repair protein RAD51 homolog 1 (RAD51), 

cellular tumor antigen p53 (TP53) and breast cancer type 2 susceptibility protein 

(BRCA2), as well as destroying potential harmful DNA damaging agents [4,6,7]. It is 

possible then that the primary step toward the evolution of cancer is random genetic 

mutations that render inactive these DNA control systems, allowing for more widespread 

changes to genomic DNA.  Another possible impetus toward the increased genetic 

instability displayed by cancer is the loss of telomeres as cells age. Telomere shortening, 

discussed in more detail later, can lead to alterations in chromosomal segments [8]. The 

inevitable loss of telomeres could therefore lead to the initial mutations that enable other 

mutagenic cascades and selective cycles leading to stable malignant clones. As DNA 

sequencing technology improves how cancer cells evolve, which genes they 

preferentially target will become clearer. 
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rapid proliferation. Cancer cells may also increase expression of anti-apoptotic regulators 

such as apoptosis regulator Bcl-2 (Bcl-2), a protein that inhibits pro-apoptitic signaling 

proteins Bcl-2-associated X protein (BAX) and Bcl-2 homologous antagonist killer 

(BAK) [36,37].  An additional mechanism by which tumor cells avoid apoptosis is by 

increasing the level of autophagy, and important cell-response to stress and nutrient 

deficiency.  This process allows cancer cells to break down cellular organelles for energy, 

a useful trait for cells with infinitely growing nutrient demands [38].  Unsettlingly, 

treatments such as cytotoxic drugs and radiotherapy can actually enhance autophagy and 

induce protective properties to tumors. In fact, imparting necrosis on cells through 

chemotherapy may also spawn detrimental side effects by antagonizing inflammatory 

responses that can be tumor promoting [10,39].  

 In addition to tight control of proliferative signals, growth suppressors, cellular 

senescence and apoptotic signals, somatic cells are also physically imbued with an 

inability to replicate indefinitely.  The shortening of telomeres, DNA ends that buffer 

chromosomal DNA from karyotype scrambling induced by uneven end-to-end fusions 

during replication, acts as a natural barrier to immortality for cells. Cells that do manage 

to avoid senescent signals will eventually experience a crisis phase from DNA damage 

and experience massive death. Cancer cells utilize Telomerase, the specialized DNA 

polymerase that extends telomere sections at the ends of replicated DNA, to avoid this 

fate.  Normally expressed in very low quantities in somatic cells, telomerase enables 

cancer cells to undergo indefinite cellular divisions without risk for DNA damage 

[40,41]. Interestingly, the very shortening of telomeres that cancer cells are often immune 
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provided by TSP [53,54].  The imbalance of these factors results in a disorganized, leaky, 

and convoluted vasculature prone to hemorrhaging and endothelial cell apoptosis.  

Nevertheless, this disjointed set of microvasculature is produced relatively early in the 

life of tumors and aids in the initial growth of cells [52,55]. Tumors do however; exhibit 

a stratum of angiogenic activity and sprouting.  The degree of neovasculature that is 

produced is the result of a complex process between VEGF, oncogenes such as RAS and 

MYC, and inhibitors in concert with stromal cells and the ECM [56,57].  In response to 

this, angiogenic inhibitors have been developed to help reduce the increased angiogenic 

signals and represent a wide class of anti-tumorigenic drugs.  In mouse models, 

upregulation of endogenous inhibitors of angiogenesis may lead to reductions in tumor 

size [58].  Other potential targets are cell types that aid in neovascularigenesis such as 

pericytes and bone marrow derived stem cells.  Both cell types have been implicated to 

engage in aiding the activation of the angiogenic switch in quiescent tissue and protect 

against drugs targeting endothelial cells that act to sustain angiogenesis in tumors 

[12,59,60]. 

 

1.2 Microenvironmental Effectors 

 

1.2.1 Cell types 

 While distinct mutagenic and phenotypic differences have been observed between 

cancerous and normal cells, almost equally important to the growth of tumors and their 

ability to metastasize to foreign tissues are the cells that make up the local 
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mediated by integrins [79].  Other physical properties offered by the ECM are migration 

and organizational barriers between tissues and connective interstitial matrices.  These 

same barriers can also serve as migration avenues in tissues with aligned fibers [80,81].  

Biochemically, the ECM also informs cells by providing soluble signaling factors 

emanating from degraded fibers and through the dissemination of biomechanical force 

via integrin-actin mechanosensors [82,83].  The formation of focal adhesion complexes 

represents a marriage between many of these ECM properties, in which the cell attaches 

to a matrix ligand, and transduces intracellular biochemical signals dependent on fiber 

stiffness and abundance [84,85]. In response, cells may extrude enzymes such as MMPs 

to further modulate the matrix and enhance or counteract the initial signal [86].  This 

example highlights how ECM characteristics are interdependent, highly dynamic and 

exhibit crosstalk with cells.  Unfortunately, ECM dysregulation has direct consequences 

to cancer development. 

 

1.2.2.2 Dysregulation and Cancer development and progression   

 Not only are changes in the ECM widely expressed among cancerous tissues, 

these alterations are also thought to be a driving force behind cancer inception and 

progression.  ECM integrity can be assailed through loss of proteolytic control and 

upregulation of enzymes such as MMPs and a disintegrin and metalloproteinases 

(ADAMs) [87,88].  Such enzymes are released via microenvironmental cell types such as 

CAFs [89].  The result manifests in cancerous tissues as reduced or accelerated ECM 

turnover of collagens, and indeed increased deposition of such fibers are present during 
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The ECM structure and stiffness can also play a prominent role in stem cell 

biology, inducing anchorage to promote paracrine signaling between neighboring cells 

and alignment of mitotic spindles for cell division [100,101].  In fact, ECM stiffness has 

been shown to direct the fate of stem cell lineage and differentiation [102].  Disruption of 

the ECM and these properties therefore provide CSCs accommodating niches leading to 

their self-renewal and progeny into other tumor associated cells [103,104]. Structural 

changes that alter cellular behavior are not exclusive to stiffness alone.  Simple changes 

in the stretching of ECM fibers may alter signaling through the exposure of cryptic 

binding sites.  Extension of such proteins such as fibronectin and collagen reveal binding 

motifs for integrins and growth factor receptors [105,106].  Whether exposure of such 

cryptic sites can influence cancer progression is subject to more research, however, the 

potential for altered signaling remains contingent only upon changes in biomechanical 

ECM structure. Such results infer that simple crosslinking of fibers or changes in tissue 

stiffness due to increased proteolytic processing may be enough to spurn cancer 

development, and that ECM dysregulation should be viewed a driver of disease 

progression rather than an artifact.   

  As discussed earlier, angiogenesis is an important process that leads to tumor 

growth and assists in extravasation and colonization of metastatic sites.  In addition to 

signals produced via mutagenesis and through microenvironmental cell types such as 

immune inflammatory cells, the ECM can also confer the induction of angiogenesis.  

Certain ECM fragments such as endostatin, tumstatin, and canstatin derived from 

collagen types are potent stimulatory markers of angiogenesis [107].  Angiogenic 
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 Cancer survival rates and prognosis are markedly improved upon early detection 

of malignant growths.  This result is mainly due to treatments such as resection and 

chemotherapeutics that prevent any metastatic proliferation of the disease.  Metastatic 

propagation not only complicates treatment options, but actually accounts for over ninety 

percent of mortalities [116,117]. The process of metastasis comprises of many steps 

beginning with local invasion of stromal tissue, intravasation into the vasculature, 

survival in the circulatory system, extravasation at external sites, survival in a foreign 

microenvironment, and metastatic colonization and growth.  The ability to overcome 

these widely varied and demanding hurdles speaks to the frighteningly robust and 

adaptable nature of cancer cells.  Indeed, it would seem as if cancer has a mind of its 

own. 

 

1.3.1 Intravasation 

 Metastasis begins with the detachment of cells from epithelial tumorigenic 

growths located in the parenchyma of tissues.  This process can be undertaken by both 

single cells and groups of cells as part of a collective migration.  Tumor cells first disrupt 

the basement membrane barrier described earlier via protease secretion from stromal and 

cancer cells that degrade BM components and release soluble growth factors.  The 

weakening of the BM is not the only barrier to intrastromal inhabitation.  Epithelial 

tissues are tightly packed, organized and often stratified masses with strong intracellular 

connections mediated by E-cadherin.  However, in a process known as epithelial to 

mesenchymal transition (EMT), cancer cells are able to shed their cell-cell contacts via 
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 Upon entering the circulatory system, cancer cells have an uphill battle consisting 

of survival within vessels, attaching to a distant site and extravasating into the tissue 

stroma.  Cells that have achieved venous dissemination are termed circulating tumor cells 

(CTCs) [130].  These cells must avoid cell death caused by the absence of adhesions 

called anoikis.  Although particular signaling pathways may be altered in cancer cells that 

allow them to avoid this fate, it is also likely that CTCs are quickly arrested in capillary 

beds before the commencement of apoptosis.  CTCs are also able to avoid immune 

detection and resist the shear forces in the circulation by covering themselves in platelets 

via selectins [131].  Where CTCs ultimately settle and why certain cancer types 

metastasize to specific organs is a matter of debate.  While evidence exists that the 

colonization of external sites is simply a function of circulatory pathways and size 

exclusion of tumor cells [117], specific sites may be preferential based on expression of 

adhesion receptors.  For example, lung carcinoma cells can promote inflammatory cells 

to alter the hepatic microvasculature and enhance metastasis to the liver [132].    

 Although specific tissue vasculatures may be more receptive to certain CTC 

populations, this does not aid in the extravasation process of crossing back through the 

vasculature into the stromal compartment of tissues.  At the initial arrival of CTCs, there 

exists no distended vascular network similar to the network established by tumors during 

the intravasation process.  This is supported by the fact that tumors found at metastatic 

sites frequently present different microenvironmental structures [12].  Therefore, the 

majority of attachment sites for CTCs are most likely largely impermeable.  To overcome 

this, cancer cells secrete a wide range of factors including MMPs and growth factors and 
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 Amidst the understanding that cancer metastases generally hinge upon their 

ability to proliferate at new sites, few prevailing theories have emerged as to the path 

cancer cells take to complete this process. The Darwinian selection model simply states 

that tumor progression is the result of clonal selection arising from oncogenic mutation 

events.  This paradigm suggests that genetic changes occurring at the primary tumor are 

responsible for malignant metastases.  In the cases where metastases do not erupt 

immediately but rather take years to develop, further genetic mutations at the metastatic 

site may account for adaptations for growth in a new microenviorment.  Another 

possibility is that dormant micrometastases await microenviromental changes that finally 

allow for further growth [117,144,145].  In contrast to the Darwinian selection model, the 

model of parallel progression states that cancer may develop in parallel before any clonal 

selection at the primary site.  Instead, dissemination at the early stages of incipient 

neoplastic growth results in several potentially dormant micrometastases that evolve in 

parallel to develop malignant tumors [146].  The early dissemination described by this 

model helps account for the vast genetic differences observed between primary and 

metastatic tumors.  Further genetic testing for the validation of either model or the 

creation of future models to describe tumor metastasis promises to enhance therapies to 

attack this, the most deadly aspect of cancer progression. 

 

1.4 Cancer Subtypes 

 Due to the complexity and individuality expressed by cancer one could argue that 

there exists an infinite number of cancer types and subtypes.  Nevertheless, in an attempt 
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maintains the potential to activate downstream effectors.  Ras is also capable of self 

hydrolyzing GTP to GDP (guanosine diphosphate) releasing an organic phosphate and 

thus rendering the GTPase in the inactive or off state. However, this process is inefficient 

and nucleotide phosphate status is generally controlled by GTPase activating proteins 

(GAPs) and guanine nucleotide exchange factors (GEFs).  GAPs inactive Ras by 

assisting in the hydrolization of GTP to GDP, while GEFs promote Ras activation by 

releasing GDP and allowing a new GTP moiety to take its place [156,157].  Thus, the 

interplay between GAPs and GEFs dictate the state of Ras activity.  The formation of Ras 

oncogenes disrupts the delicate balance between Ras activation and inactivation and 

potentiates the undue activation of signaling transduction pathways leading to unchecked 

proliferative signals.  The most common example of this is of constitutively active Ras, a 

result of mutation at residue 12, preventing GAP from hydrolyzing GTP thus blocking 

the inactivation of Ras [150,151].  Such dysregulation of Ras activity is extremely 

common, with Ras oncogenes comprising 20 to 30 percent of all malignant tumors, 

representing the single most common oncoprotein, and is present in over 50 percent of 

highly untreatable cancers such as those in the digestive tract and the pancreas [158,159].  

Unfortunately, cancers fueled by oncogenic Ras are not as simply acting as one would 

hope.  In fact, Ras oncogenes have been shown to produce paradoxical pathway changes 

such as the inactivation of FAK activity leading to increased migration and invasion and 

the depression of integrin mediated cell signaling [160].  The de-emphasis of these two 

key modulators of migration in Ras oncogenic cancer cells muddles the integrin-FAK 

mediated paradigm of cancer signaling.  Ras activity is also highly dependent on post-
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translational modifications mediating localization to the lipid biliayer and Golgi 

apparatus possibly accounting for the organization of different isoforms of Ras between 

tissue types [159].   Cancers associated with Ras, while commonly expressing the Ras 

oncogene, can also stem from dysregulation of other proteins and processes that directly 

affect Ras functioning.  Upregulated Ras activity can be the product of other upstream 

oncogenes, such as p210BCR-ABL or the tumor suppressor gene NF1 causing increased 

signaling through Ras and decreased inactivation via loss of neurofibromin function 

[161,162].  Despite its discovery approximately 50 years prior, these complexities show 

why Ras oncogenes and their mediators remain highly studied drivers of malignant 

cancers. 

 

1.4.2 HER2 Breast Cancer 

 One in eight United States women will develop invasive breast cancer in their 

lifetime with 85 percent of these cases stemming from the estrogen receptor (ER) or the 

subfamily of epidermal growth factor receptors (EGFRs) called HER receptors [163].  

HER receptors, like all EGFRs, exist as transmembrane tyrosine kinases presenting both 

extracellular domains capable of binding soluble ligands and intracellular domains 

responsible for transmitting signals to docked proteins via enzymatic phosphorylation.  In 

this way HER receptors are capable of signal transduction to the nucleus, eventually 

influencing transcription factor activity and epigenetic status.  These receptors also rely 

on dimerization for full activation which occurs after ligand binding [164].  While all 

four HER receptors (HER1-4) contribute to growth factor signaling, in breast cancer 
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expression of HER2 and CD44 is a striking example into the complexity of receptor 

mediated signaling in cancer.  Through interactions between other EGFRs and CD44, 

HER2 a seemingly benign ligand-less receptor, governs a significant fraction of invasive 

breast carcinomas. 

 

1.5 Current Treatment Strategies  

 The complexity and individual variability expressed by cancer has translated into 

a wide range of therapeutic treatment options.  In the majority of cases, combatinive 

approaches must be undertaken with the addition of adjuvant or neoadjuvent therapies 

augmenting the principal treatment strategy.  The current landscape of conventional 

cancer treatment options includes surgery, radiation therapy, chemotherapy, 

immunotherapy, targeted therapy, hormonal therapy, angiogenic inhibitors, and other less 

common and developing strategies.  The goal of all therapy options is the elimination of 

cancer cells whilst leaving somatic nearby tissues unharmed.  

  

1.5.1 Surgery 

 Tumor resection remains the most straightforward approach to the removal of 

cancer.  Visible tumors are removed commonly from breast, prostate, and lung however; 

surgery is not an option for inaccessible areas such as the brain or cancers of 

hematological origin.  During the procedure, the tumor and a small area surrounding it is 

resected. Invasive surgery can also be important in the process of cancer staging and 

determining prognoses.  Finally, surgery can be a form of palliative or therapeutic care to 
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hypothesis is that these cells are mutated variants of adult hematopoietic stem cells.  

However, only a small portion of these cells exist in tumors, highlighted by the fact that 

most explants from patients fail to recreate tumors when re-administered to the body.  

When these cells differentiate into a progenitor cell then the malignant, invasive cancer is 

born.  CSCs are also thought to be responsible for chemoresistance, surviving 

chemotherapy treatment and developing new colonies with similar resistances [206].  

Some small tumors are also postulated to survive treatments due to the hypoxic effect 

rendering them in a quiescent state [207].  This is a functional change from a malignant 

phenotype, essentially a hibernating version of a cancer cell that avoids cell death.  These 

challenges in treating cancer have led to a new generation of drugs using a strategy called 

targeted therapy. 

  As drug development evolves, a great emphasis is being placed on understanding 

complete pathway mechanisms.  Feedback mechanisms and alternate pathways require 

that we understand the inner complexities of these networks, and also that orthogonal 

therapies be manufactured.  Growing evidence suggests that a single drug or point of 

attack will not be sufficient to eradicate cancer, therefore, the greatest potential lies in a 

cocktail of drugs that debilitate not only primary pathways governed by oncogenes, but 

also supporting avenues which provide outlets for chemoresistance.   

 

1.5.5 Immunotherapy 

 In creative and intriguing fashion, many scientists and oncologists have worked to 

develop methods to tap into ones innate immune system to help fend off cancer.  As 
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stated previously, the immune system acts as a double edged sword in relation to cancer 

development.  While certain cell types such as natural killer cells have been shown to 

induce tumor death and prevent proliferation, other immune cell types such as 

macrophages are commonly found in malignant tissues.  From this one may postulate that 

the over activity of the innate immune system may be detrimental to cancer development 

supported through the high degree of chronic inflammation in the nearby tumor 

microenviroment.  Over activity of such processes may also contribute to decreased 

function of the innate immune system via T cell exhaustion, cytokinetic signaling to 

downregulate immunogenic response, and the development of immunoresistant clones 

during the process of immunoediting [13,49,50].   

 Current immuno-based strategies for treatment of cancer include cell based 

approaches, antibodies, and cytokines.  Cell based approaches including the FDA 

approved sipuleucel-T operates by capturing a patients monocytes and incubating with 

the cytokine GM-CSF, which allows activation and maturation of these cells.  This 

activated cell population is then reintroduced to the patient, to enhance T cell 

development and anti-tumor action [208]. Adoptive T cell therapies utilize a similar 

methodology to enhance sluggish function and activity of the adaptive immune system 

specifically against cancer cells [209].  Antibody treatment can aid in treatment of cancer 

in several ways.  Anti-body mediated cell death can be used to co-localize tumor cells 

with natural killer cells and causing death through the process of complement-dependent 

cytotoxicity [210].  Anti-cancer small molecules can also be attached to antibodies that 

target specific exterior cancer expressing proteins such as ErbB2 or CD20 [211].  Finally 
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antibodies may simply function to block cellular pathways such as VEGF or KRAS 

[212,213]. 
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CHAPTER TWO: CELL MIGRATION 

Despite the fact that most cells remain stationary throughout their existence, 

cellular migration is vital to many processes in the body including development, wound 

healing and angiogenesis [214].  After appreciating how vital cell migration is, it is of no 

surprise that deregulation of this behavior is manifested in disease states such as cancer.  

While oftentimes treatable, cancer is most deadly when it reaches a metastatic state, 

traveling to and establishing satellite colonies distinct from its origin [215].  In an effort 

to control migratory processes and prevent malignancies, much research has been 

undertaken to understand migration at its most fundamental level.  Dozens of proteins 

involved in signaling cascades have been identified with the most prominent players 

targeted for various drug development endeavors.  These same proteins and cascades also 

correlate with other major cellular behaviors such as proliferation and survival [216,217].  

Cancer motility is also related to malignancy and matrix degradation, which implies that 

cellular systems are most efficiently studied in their entirety rather than focusing on one 

specific aspect.  Included in this is the interaction of cells and their extracellular matrix 

(ECM).  As a consequence of the interconnected nature of cell processes, the basic 

patterns by which cells evolve into malignant phenotypes and the mechanisms by which 

they accomplish this is an active area of research.  Major discoveries have added to the 

existing knowledge base, however, some of these findings are contradictory and much of 

the process is still a mystery [218,219].  Unfortunately, it seems, migration and its 

partnering characteristics are cell type dependent, causing great distress to researchers 
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polymerization at the leading front of cells.  The contracture of cortical actin allows the 

beginning of the following step of migration, protrusion.  Rac is also important as it 

pertains to its interplay to the Rho cascade.  Rac is thought to suppress the Rho pathway, 

which regulated the contractility of the cell via actomyosin bundles.  Localization of Rac 

to the leading edge may create an asymmetric action in Rho which later allows 

propulsion of the cell in a more directed fashion [224,225].  

 

2.1.2 Protrusion 

 Cell protrusions are formed via the polymerization of actin monomers that cause 

membrane expansion is any given direction.  Membrane extensions and protrusions 

generally consist of both filopodia and lamellipodia.  Filopodia are protrusions that act as 

sensors of the local environment regulated by Rho GTPases and Cdc42 [226,227].  They 

are also part of the larger lamellipodial protrusion which constitutes the motile edge of 

the cell.  Similar proteins that encourage cell polarity also influence the formation of 

lamellipods.  Rac and Cdc42 are able to interact with WASP to eventually cause binding 

of the Arp2/3 complex to actin filaments to create actin nucleation cores.  In this way 

Arp2/3 is capable of controlling actin polymerization through the branching and capping 

of filaments [228].  Permanent formation of lamellipodial protrusions depends on 

adhesion, however.  In the absence of such adhesions the cell merely undergoes 

membrane ruffling [229].   

 

2.1.3 Adhesion 
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 Attachment to ECM moieties is necessary for establishment of protrusions in the 

process of migration.  Adhesion structures exist as a spectrum of increasingly complex 

and robust forms.  Nascent adhesions are highly transient and rarely mature and are 

indicative of highly migratory cells.  While they do not possess the mechanical strength 

to pull cells along migratory tracks, they are postulated to regulate force transmissions in 

response to tissue rigidity and begin the sequestration process for other adhesion related 

proteins such as FAK and talin [230,231].  Those nascent adhesions that do begin to 

mature evolve into focal complexes housing constitutively forms of Rac.  These 

complexes require myosin II for formation at the leading edge of lamellipodia [232,233].  

The final matured form of adhesions is called focal adhesions that are expressed as large 

actomyosin bundles and are indicative of stationary, non-migratory cells [234].  Focal 

adhesions are mediated by cell surface adhesion molecules, integrins, that physically link 

the ECM with the actin cytoskeleton.  Other proteins such as zyxin, vinculin and tensin 

are uniquely present at focal adhesions [235].  As discussed later, these complexes are 

also the main driving force for outside-in signaling events, linking extracellular cues to 

intracellular responses in the form of protein expression and transcription factor mediated 

genetic regulation.  The final form of adhesions present at the cell surface is expressed 

mainly by highly migratory cells such as macrophages.  These radial structures called 

podosomes contain actin polymerization proteins such as Arp2/3 and WASP on the 

interior whilst expressing adhesion receptors on the outer region [236].  Cancer cells that 

have hijacked this machinery create podosomes called invadopodia that also highly 

express matrix degrading proteins such as MMPs to aid invasive behaviors [237]. 
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2.1.4 Signal Integration 

 Most cells in the body require an adhesive interaction with the extracellular 

matrix or will otherwise undergo adhesion-deprived death in a process termed anoikis.  In 

the context of cell migration, the main mediators of such function are integrins.  Families 

of dimeric transmembrane proteins, integrins, of which there exist 18 alpha and 8 beta 

chains, mediate this adhesion.  Each integrin set is comprised of an alpha and a beta 

subunit and this combination determines its affinity to extracellular ligands.  Integrins are 

receptors for a wide variety of matrix proteins including collagen, fibronectin, laminin, 

and vitronectin [238,239].  The simple act of adhesion represents only part of integrin 

function, however.  The intracellular region of these proteins is responsible for 

transmitting the signals from the exterior of the cell.  This is primarily accomplished via 

protein signaling cascades, mediated by a plethora of kinases.  Focal adhesions, a 

congregation of kinase enzymes and scaffolding proteins, are formed on these adhesion 

fronts where integrins interact with the ECM and oftentimes aggregate to form integrin 

clusters [240].  Other transmembrane proteins such as caveolin-1, glycoprotein 

hyaluronan receptors and growth factor receptors also co-localize at points of integrin-

ECM connections [241,242].  The result is ultimately genetic regulation, leading to a 

phenotypic response appropriate for the cell.  Integrins support this activity by acting as a 

scaffold for various kinase and GTPases.  The sequestration of other protein types such as 

growth factors allows integration of signals from integrins, growth factor receptors and 

other nearby membrane channels [240].  Due to the wide range of affinities for different 





42 

integrin adhesions at the rear of cells [245]. Further relaxation of adhesions is enacted by 

microtubules that enhance shuttling of Dynamin and FAK to attachment sites to regulate 

their disassembly [246].  One final method of adhesion destruction is via calpain 

cleavage.  This family of proteases works to cleave both talin and FAK to release 

adhesion strength [248].  In addition to the deletion of existing adhesions, the cell may 

also express an asymmetry in integrin expression upon the surface, more preferentially 

expressing integrins toward the migratory front via endocytosis and recycling of these 

proteins.  Adhesion turnover, mediated by a wide range of proteins including clathrin and 

3-phosphoinositide-dependent kinase-1 (PDK1) is extremely prevalent in highly 

migratory cells.  During this process, old adhesions are quickly stripped and their 

integrins are shuttled to the sites of new adhesions at cell protrusions [249,250].  Upon 

successful translocation and rear body retraction, the cell has completed what is known as 

one migration cycle.  This process is iterated indefinitely in the case of highly migratory 

cells.  While these basic steps are common amongst almost all migrating cells, there still 

remain two main modes of migration used by cells that differ in some very fundamental 

processes.  The divergence between these two modes is thought to underlie the difficulty 

in controlling the migration process, especially in disease states.  However, before 

exploring these migration modes in detail it is important to understand the cellular and 

extracellular influences on migration. 

 

2.2 Matrix Metalloproteases 
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2.3.1 Contract Guidance 

 Cell migration is heavily influenced not only by the surrounding cells that 

comprise the microenvironment but also from outside-in signals stemming from the 

ECM.  Although it may seem that the structure of the ECM is important to cells only as a 

scaffold for tissue structure, there are several cues that it imparts on cells to influence 

motility.  The first of which is contact guidance, or the propensity for cells to migrate 

along ECM fibers.  The phenomenon is demonstrated when cells direct their migration 

paths along segments of oriented or aligned fibers.  In situations where the fibers are 

randomly aligned this directed migration no longer occurs [278].  This process is also 

dependent upon the distance between aligned fibers that allow cells to accurately sense 

the mean directional angle [279,280].  Contact guidance may also be replicated and 

studied using biomaterials of different textures and grooved substrata.  Such ECM 

mediated effects can be transmitted on a nano-scale between cells in a monolayer, and is 

also affected by population pressure [281,282].  In 3D matrices, contract guidance of 

breast cancer cells is regulated by matrix remodeling via the Rho/ROCK pathway [283].  

Understanding how cells are influenced by topographic organization and what pathways 

are used in such processes may aid in halting metastasis from tumors.  Not only have 

prostate cancer cells been shown to migrate along organized fibers, but the ECM 

surrounding tumors is often highly aligned and dense serving as a potential cue for 

tumorigenic cells to break away from tightly packed cell masses and infiltrate the 





50 

forefront of wound healing, development, and the immune response.  In fibroblasts, 

PDGF signaling coordinates with cytoskeletal reorganization to direct movement during 

wound healing [290].  Signaling through the Cdc42 and Rho pathways are common 

among macrophages in response to CSF-1 activation, a key cog in hematopoietic stem 

cell differentiation [291].  Finally, several proteins that are released upon pathogen 

detection such as defensins and cathelicidin serve as chemoattractants to stimulate both 

the innate and adaptive immune system [292].  While it may seem that the ECM does not 

play a role in chemotaxis, it has been shown to influence such processes through its 

degradation products.  Protease induced cleavage of both fibronectin and porcine urinary 

bladder ECM both have been shown to possess chemotactic potential in vitro [293,294].  

Due to the wide spread use of this technique in recruiting cell types, chemotaxis is 

currently the most widely studied migration function mediated by the ECM. 

 

2.3.4  Galvanotaxis 

 While not as celebrated as chemotaxis, galvanotaxis has also been shown to direct 

eukaryotic cell migration.  In this process, cells are influenced by electric field potential 

with the majority of cells preferring the cathode of any given circuitry.  The ECM plays a 

role in galvanotaxis by acting as a scaffold for epithelial layering and bundling.  In most 

organs a transepithelial potential is present in the range of hundreds of mV/mm and play 

significant roles in tissue regeneration and embryogenesis [295].  Current theories pin the 

migration response of cells on the electrochemical potential for calcium flux toward the 

anode.  This relative increase in calcium concentration would prove detrimental to 
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cellular movement, which necessitates an adequate calcium gradient between the extra 

and intracellular regions [296]. The dependence of cell migration due to galvanotaxis on 

calcium is highlighted by the lack of migratory potential across electric field gradients in 

the presence of calcium blockers [297].  Theory notwithstanding, this mode of migration 

mediated by ECM structure remains an important mechanism in disease and cancer.  

Studies have shown that cell transformation can alter the response of cells to electric 

fields.  Similarly, highly invasive breast cancer cells have shown an opposing preference 

for the anode versus weakly metastatic cells [295].  While these findings point to a 

significant role of galvanotaxis in metastatic migration, more must be uncovered 

regarding specific mechanisms to rule out this phenomenon as merely an artifact of other 

more powerful migration forces. 

 

2.3.5 Durotaxis 

 Perhaps a somewhat less intuitive mechanism for ECM driven cell migration is 

that of durotaxis, or the propensity for cells to migrate toward stiffer substrates.  Tissue 

stiffness varies widely through the body between several hundred Pascal to an upper 

range in the MPa region, and is measured by the cell via its link through the integrin-actin 

connection [85].  As discussed earlier, ECM stiffness can play a large role in the fate of 

cells and alter their signaling pathways.  Dysregulation of this behavior is commonly seen 

in disease states and may represent a positive feedback mechanism in which the 

malignant cells increase the substrate stiffness by depositing ECM proteins.  Aside from 

disease progression, the stiffness of the ECM has been shown to direct stem cell fate as 
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well as proliferative capacity and apoptotic signaling [298,299].  In relation to migration, 

the tendency for cells to move toward stiffer substrates may be the result of asymmetry in 

cell signaling arising from focal adhesion formation due to the ability for stiffer 

substrates to promote greater focal adhesion sizes.   These focal adhesions have been 

shown to tug on matrix adhesions to sample the rigidity and through the FAK/paxillin 

pathway direct cell movement toward stiffer surfaces [300].    Migration toward stiffer 

substrates is also dependent on both the stiffness gradient and the local confinement of 

cells.  Mesenchymal stem cells migrate comparatively faster in regions of high stiffness 

gradients [301].  Local cell confinement also contributes to faster migration across 

changes in substrate stiffness [302,303].  Despite these and other recent discoveries 

presenting cells migrating toward stiffer substrates, caution must be taken in treating 

durotaxis as an absolute.  Indeed, a biphasic dependence on stiffness has been reported on 

multiple occasions suggesting that there remain substances too stiff for efficient motility.  

In this scenario, integrin-ligand adhesions are either too rigid or plentiful in order for the 

cell to polarize and translocate properly [85].  Nevertheless, such findings may provide 

rationalizations to the branching out of individual cancer cells from a tumor which 

represents a very confined space with a potentially lower elastic modulus than the 

surrounding reformed tissue.    

 In order to govern migration properly matrix rigidity is tightly controlled through 

the composition of the matrix, fiber alignment, and crosslinking. As a result alterations 

through each of these facets of ECM stiffness through injury or remodeling effects cell 

migration.  Reductionist approaches have done outstanding work in identifying the 
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specific properties of the ECM that influence migration.  Unfortunately, changes in the 

ECM due to remodeling most likely effect multiple properties simultaneously creating 

highly interdependent systems of cell signals.  Increasing research must therefore be 

undertaken in a systems level approach to fully appreciate how the ECM drives 

migration.  

 

2.4 Mesenchymal Versus Amoeboid Migration 

 Single cell migration is currently classified under one of two migration modes.  

Mesenchymal migration is characterized by spindle like morphology with a clear leading 

edge.  These cells follow the migration patterns described earlier starting with 

polarization/protrusion and ending with rear detachment of the cell and translocation.  

This mode of migration has also been identified as both integrin and MMP dependent.  

Cells migrating mesenchymally depend heavily on integrin-ECM contacts that allow 

them to produce traction forces via actinomysin machinery.  Due to this dependence on 

adhesion, MMPs are necessary to degrade and remodel fibers in order to create both 

adequate space for the migrating cell and provide sufficient directional fiber alignment to 

continue the pulling mechanisms utilized for cell translocation [304,305].   

 In contrast, amoeboid like movement follows a cycle of expansion and retraction 

of the cell body by cortical actin and myosin.  Phenotypically, these cells do not resemble 

those of mesenchymal type, adopting a rounded morphology.  Utilizing the Rho/ROCK 

pathway, cells utilizing the amoeboid migration mode achieve motility via membrane 

blebbing and squeezing.  In this case protrusion of lamellipodia is not from actin 
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polymerization of the leading edge as described earlier, but instead due to expansion of 

the leading edge due to actin-myosin contraction at the rear deflating the posterior of the 

cell and pushing intracellular contents forward much like the action when squeezing a 

water balloon.  Instead of increased actin deposition at the leading edge, bleb formation is 

in fact aided by the loss of attachment of cortical actin with the membrane allowing it to 

swell outward.  Unlike mesenchymal migration, these cells can move independent of 

matrix adhesions and even prefer to express only nascent integrin-ECM attachments.  

MMP activity is also not necessary as these cells are capable of navigating dense matrices 

by squeezing through small pores or expanding the matrix itself through contractile force 

[304,305]. 

 Although these two migration modes seem diametrically opposite to one another, 

they can both be expressed by the same cell depending on extracellular cues.  This is 

known as the plasticity of cell migration, either describing the transition from amoeboid 

to mesenchymal migration (AMT) or mesenchymal to amoeboid (MAT).  Several key 

pathways are necessary for either amoeboid or mesenchymal migration, and inhibition 

causes cells to switch from one migration mechanism to another.  In melanoma cells, 

amoeboid migration is transformed to a more mesenchymal like movement scheme 

through the silencing of the Rho/ROCK pathway [155].  These same cells are also guided 

toward mesenchymal migration by inhibition of PDK1, a stabilizer of myosin light chain 

proteins at the cell cortex through activation of ROCK1 [306].  The Rho pathway has also 

been shown to reduce the activity of the Rac pathway, which is a key component of actin 
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polymerization and cell polarization in mesenchymal migration.  High expression of Rho 

pathway proteins is able to direct cells toward amoeboid migration [307]. 

 In contrast, the pathways that stimulate mesenchymal migration or a MAT, stem 

mainly from the Rac pathway.  Inactivation of Rac in mesenchymally migrating 

melanoma cells leads to a rounded morphology, indicative of amoeboid migration [307].  

This effect is potentiated via the role of Rac and its upstream and downstream effectors in 

polarization, actin polymerization at the leading edge, and focal adhesion turnover [308].  

Other proteins such as Smurf1 that inhibit Rho/ROCK at the leading edge promote 

mesenchymal migration by allowing the Rac pathway to dominate cell signaling [309].  

Finally, Cdc42, through its regulation of microtubules is necessary for mesenchymal 

migration by structuring cell polarization.  In contrast, amoeboid migration benefits from 

disruption of microtubule organization by inducing ROCK activation [223]. 

  Just as the ECM is able to direct migration directionality, its specific 

characteristics can also influence cells to use mesenchymal or amoeboid movement.  

Studies in 3D collagen gels have shown that proteolytic blockers can transform migrating 

cancer cells from a mesenchymal to amoeboid migration scheme.  The inhibition of 

proteolysis, a mechanism which mesenchymal migration depends upon, caused 

downregulation of integrins on the cell surface, reduced FAK phosphorylation and 

amoeboid like blebbing through pores [127,262].  Fiber alignment to tumors has also 

been shown to direct MAT or AMT transitions through the activation or inactivation of 

the ROCK pathway.  When fibers are aligned perpendicularly to the tumor, ROCK 

independent migration can occur, however in the case of randomly aligned fibers, ROCK 
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activation is necessary for protease independent amoeboid migration [283].  While these 

results are intriguing one must consider the lack of in vivo evidence regarding any MAT 

or AMT processes.  Other researchers have also questioned the validity of migration 

plasticity by claiming that non-native 3D collagen networks lack the crosslinks to 

sufficiently remodel in vivo like tissues.  They contend that cells may only migrate in an 

amoeboid, protease independent fashion in absence of these crosslinks, an unlikely 

scenario under more realistic conditions [310].  Despite any skepticism regarding specific 

results garnered from in vitro settings, the potential for cells to transform their mode of 

migration in response to local inhibition is a phenomenon that should and does greatly 

interest those determined to quell unbridled migration in disease states. 

 

2.5 Drug Development 

Cell migration has been shown to influence some of the most important in vivo 

processes such as development, immunogenic response, and cancer progression.  It is 

therefore unsurprising that constant endeavors to manufacture drugs to oppose harmful 

migratory events have been undertaken.  Unfortunately, despite decades of research the 

field to this point has relatively little to currently offer patients [311].  The death of 

successful drugs to target cell migration has, however, begun to build upon the constant 

stream of knowledge regarding the migration pathway.  Several strategies are currently 

being implemented to target various nodes in the migration pathway with respect to 

inflammatory diseases.  Such ailments are derived from inappropriate or chronic 

immunogenic responses.  Therefore, drug development efforts have focused on 
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controlling the series of events that lead to leukocyte recruitment to tissues, particularly 

during the process of extravasation.  Current drug strategies have been to target this 

process in three separate but related ways: selection inhibition, integrin inhibition, and 

chemoattractant receptor inhibitors [311].   

Selectins are weakly adherent cell surface adhesion glycoproteins that participate 

in leukocyte rolling along the vascular wall.  These proteins are upregulated in response 

to inflammatory factors such as thrombin and allow leukocytes to gently probe the vessel 

wall for other binding carbohydrate groups [312].  Selectin adhesion events are, however, 

simply precursors to other events that facilitate leukocyte invasion.  Rolling immune cells 

utilizing selectin mediated adhesion are able to sense further chemoattractant molecules 

at sites of injury or inflammation which increases their affinity via GPCR receptor 

mediated contacts.  Finally, firm adhesion is then brought on by integrin connections 

where traditional chemotactic migration can occur as the leukocyte extravasates the 

vasculature [313,314].  Inhibition at each of these nodes in the migration process has 

been the target of the migration drug development scheme.   

Due to the wide variety of chemoattractants in comparison to selectins and 

integrins, these receptors currently garner most of the attention from researchers. To date, 

most drugs in this pipeline of research are either being testing on animal models, or have 

not successfully made the transition to humans [311].  Success in this field may simply be 

contingent on more knowledge regarding the relationships between chemokine pathways.  

Given the prospect of new discoveries, chemokine inhibitors promise to represent tools 

for tissue specific immunologic control.   
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Another avenue by which scientists have attempted to control migration is 

through the inhibition of MMPs.  These inhibitors of proteolytic activity were first 

developed to treat invasive and metastatic cancers.  Unfortunately, close to no significant 

positive results were extracted through over a decade of clinical trials.  It has been 

postulated that perhaps the highly mutable nature of cancer is not a suitable target for 

MMP inhibitors, however, they may serve other purposes in the realm of inflammatory 

disease [315].  Current studies are testing the viability of MMP inhibitors in such 

malignancies with greater optimism due to the comparative genetic stability of these 

diseases.  Encouragingly, the necessitation for oral use and high selectivity required for 

the development of anti-cancer drugs may not hold true for inflammatory treatments.  

Still, research continues to probe the use of increasingly specific MMP inhibitors both 

endogenous and artificial [316].  Despite the fact that there currently exists a dearth of 

effective anti-migratory drugs, a platform for further understanding how migration can be 

controlled in the form of inflammatory disease may serve as a stepping stone to tackle 

more complex malignancies involving migration such as cancer. 
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CHAPTER THREE: CELL MIGRATION ASSAYS 

 The study of cells and their characteristics is a decades old endeavor, beginning in 

the 19th century with several attempts to culture explanted tissues [317].  The concept of 

tissue culture was born soon thereafter through the efforts of Ross Granville Harrison 

establishing the growth of frog neuroblasts in lymph medium in the early 20th century 

[318].  Advanced culturing techniques however would not develop until the mid 20th 

century as a result of virology experiments with the task of purifying viruses for vaccine 

production [319].  This marked the humble beginnings of what is commonly known as 

cell culture and today thousands of different cell lines exist via isolation from tissues.  

Culture of such cells is performed in controlled environments on tissue culture plastic; 

polystyrene plastic modified for the generation of highly energetic oxygen ions, rendering 

the surface hydrophilic upon the inclusion of cell culture media.  A second common 

modification on tissue culture plastic is the attachment of poly-D-lysine residues for the 

generation of a negative net charge allowing enhanced attachment of cells.  This general 

mode of cell culture remains the standard for the majority of cell related assays, including 

migration assays [320].  However, specific questions regarding migration cannot be 

probed due to the limitations of this system.  In response, the field has adopted a wide 

range of substrates and culture techniques to broaden the versatility and functional 

relevance of scaffolds. 

 

3.1 2D assays 
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 Most assays for the study of cell migration probe motility on 2D surfaces.  The 

most straightforward of such assays is the scratch wound assay, used to test the ability of 

cells to close gaps between confluent layers of cells.  Cells are allowed to grow to a 

confluent monolayer in culture, and using a small device such as a pipette tip, a small 

linear wound is inflicted leaving a gap between now two intact confluent layers.  Since 

cells can either migrate as single entities or sheets, this assay can probe either single or 

collective cell migration characteristics [321].  Ease of use and setup along with low cost 

also makes this approach appealing.  Such an assay is influenced however, by the relative 

strength of contact inhibition between cell lines and whether they tend to form 

monolayers to begin with.  Inconsistencies in the wound size may also influence results 

in many cases.  Finally, wounds inflicted to cells in this manner cause damage to the 

remaining cells. Not only does this affect the ability of injured cells to migrate but also 

brings into question the role of any necrotic or apoptotic paracrine signaling.  This 

approach is perhaps more efficiently demonstrated using cell exclusion.  The setup of this 

assay is similar to the scratch wound, however, a small inert silicone stopper is placed 

upon the culture surface, restricting cells from growing in a specific region.  After 

confluence is reached, the stopper is removed and cells are allowed to populate the 

restricted region [322].  This small change in assay setup removes the variability in 

scratch wound length as well as the problems caused through cellular stress in addition to 

allowing the researcher to design and manipulate the size and shape of the restricted 

region. 
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 A second popular 2D approach to studying migration is the Boyden Chamber.  

Although technically an assay developed in 2D, the Boyden Chamber is capable of 

studying cell invasion.  The setup of this assay consists of cells cultured in a well the 

bottom of which is littered with microdiamter sized holes.  This well is encased within a 

larger well of a plate resulting in an upper and lower chamber.  The upper chamber 

consists of the cells and the lower chamber, empty.  Both chambers can be filled with 

media, with the lower commonly containing a chemoattractant molecule.  Cells are then 

assessed for their proclivity to transmigrate across the porous barrier either via 

visualization with a cytological dye, or detachment and quantification through other 

methods such as fluorescent staining.  The Boyden Chamber, also commonly referred to 

as the transwell assay, is capable of testing the relative strength of chemotactic agents, as 

well as other impositions that effect transmigration [323,324].   

 More advanced strategies to assess migration in two dimensions utilize 

specifically designed platforms or substances.  Microfluidic environments can be used to 

study leukocyte migration via the formation of two distinct chambers separated by a 

channel.  While cells are cultured in one channel a chemoattractant is introduced to the 

other, allowing for migration to occur.  The advantage of this approach, as is the case 

with most biology based microfluidic devices, is the small volume that is necessary for 

assay performance.  Controlled flow rates also make these platforms ideal for assessing 

migration in the face of resistant current, such as those in blood capillaries [325].  Finally, 

the use of synthetic substrates allows for the study of migration in relationship to matrix 

architecture, stiffness and binding affinities.  Perhaps the most commonly used synthetic 
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substrates for cell culture and migration are polyacrylamide (PLA) and polyethylene 

glycol (PEG).   Both of these gel systems provide substrates that can be engineered to 

achieve different stiffness and can also be dressed with any desired ECM protein 

[303,326].  Despite the fact that 2D assays offer significant benefits toward studying cell 

migration, they are undoubtedly far from in vivo like in nature.  The desire to observe 

cells in biologically relevant environments has influenced the development of several 

platforms that boast the culture of cells in three dimensions.   

 

3.2 Importance of 3D culture systems  

Before delving into the variety of 3D assays for migration, it is first important to 

appreciate the motivation behind the growing number of such approaches.  As detailed in 

the previous chapters, cell behavior is greatly influenced by the microenviroment, taking 

cues from both cells and the ECM itself.  The protein composition, stiffness, and fiber 

patterning have all shown to direct migration, differentiation, and adhesion.  

Interestingly, research now indicates that dimensionality can also dictate cell behavior.  

In vivo, cells rarely encounter scenarios that mimic the 2D monolayer that develops as a 

result of culture on treated plastic.  Most cells are embedded in a 3D network, motivating 

the need for more biologically relevant scaffolds for the study of cultures.  A further look 

into how 3D culture influences cell behavior reveals that this phenomenon is prevalent in 

almost all ECM mediated processes. 

     

3.2.1 In Cell-ECM adhesion 
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movements [352,353].  In addition to these phenomenological changes in migration 

characteristics, 3D matrices tend to offer different ECM cues such as a more pliable, 

heterogeneous matrix leading to directed movement via durotaxis, and changes in 

integrin-ECM interactions [333,354].  3D environments also introduce physical barriers 

not seen in 2D environments.  As a result, many cells exhibit proteolytic dependent 

migration requiring MMP degradation in order to fit through matrix pores, while also 

adapting to an amoeboid form, a method of migration completely absent in 2D  

[262,355]. 

 

3.3 3D Assays 

 With an appropriate appreciation for the role of dimensionality in cell behavioral 

processes including migration, it is of no surprise that 3D assays have garnered 

significant attention.  There currently exists several methodologies to assay migration in 

3D; however, the increase in biomimicry is met with raised cost and complexity.  All of 

these assays utilize one of the many methods to culture cells in 3D.  Cell suspensions can 

be grown in 3D in animal derived or synthetic matrices.  Matrigel, a decellularized 

reconstituted basement membrane derived from mouse, provides a porous gel like 

solution by which cells can be embedded.  The nascent protein expression in the gel 

promotes cell survival and growth, however, the exact protein content is unknown and 

can vary from batch to batch [356].  Similarly to Matrigel, purified collagen is often used 

to create gels for 3D culture.  While not providing the extensive protein variety of 

Matrigel, collagen matrices are better defined and represent a large portion of 3D culture 
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techniques [357].  Synthetic hydrogels formulated via polystyrene and PEG are extremely 

versatile for their customizability [358].  These scaffolds can be well characterized and 

tuned to achieve desired matrix stiffness and ligand density.    

When embedded in a 3D matrix, cells can either be cultured as a single cell 

solution similar to 2D, or formed into a spheroid to further advance the in vivo-like nature 

of the culture system.  Cell spheroids are commonly formed through culture in low 

adhering well plates or the hanging drop method.  Low adhering well plates are similar to 

other small well plates for the exception of a rounded bottom that fails to react with 

adhesion proteins on the cell surface.  This lack of cell-substrate adhesion enhances the 

cell-cell contacts, influencing the cells to form a spheroid shape [359].  The hanging drop 

method consists of culturing a small population of cells within a drop of liquid and 

inverting the solution such that the cells are suspended within the drop, hanging from the 

bottom of a plastic contact [360].  While this method seems rather crude, several 

commercial systems have been developed to standardize the process reducing variability 

between batches and avoiding unstable drop formation.  Spheroids can also be formed via 

culture in other low adhesive settings such as agarose gels [361].  These cell spheres can 

then be studied, or transplanted into traditional 3D culture matrices such as collagen.  

Although 3D cell culture represents a much more biologically relevant scenario for cells, 

drawbacks of such approaches stem from both monetary cost and time.  Collagen gel and 

similar derivatives are significantly more expensive than simple tissue culture plastic.  

Culturing efforts using these techniques are also more time intensive with seeding and 

gelation times ranging from hours up to overnight.  There also does not exist a 
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Other model systems are used to recreate cell migration and interaction with ECM 

fibers.  Treating the system as a force based model, cell migration speed and direction 

can be simulated.  In this type of approach integrin-ligand reactions are translated into 

traction forces.  The asymmetry of focal adhesions between the front and rear of the cell 

account for directional movement, counteracted by a viscous ECM [382].  Stochastic 

models base cell movement on random speed samples from a Gaussian distribution and 

can predict how persistent cells will migrate based on population [383].  Implementing 

Monte Carlo methods allow for recreation of cell migration on a larger scale, and present 

a more bulk analysis [384].  Models can also be used to predict how cells will grow and 

interact with the ECM based on several cues such as nutrient composition.  Visualizing 

the cell as a spheroid capable of shape change, a model has been created to simulate cell-

cell interaction forces, and forces present between cells and the ECM to depict a cell 

mass growing [385].  This has implications in tumor growth and also addresses how cells 

depend on metabolic factors diffusing in 3D.  On the molecular scale, models have been 

able to quantitatively describe integrin clustering on the cell surface and describe their 

attachment to collagen fibers, providing insight into a system that is incredibly 

challenging to probe in vitro [386].  Finally, using experimental kinetic parameters, ECM 

degradation can be quantitatively modeled [387].  While modeling cancer and its many 

effectors is still a field in its infancy, the potential for simulations to predict how cells 

react to specific cues on either a cellular or tumor basis is enticing.  As models continue 

to develop and become more complex, they stand to play a larger role in clinical 

applications.  
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CHAPTER FOUR: CANCER CELLS EXHIBIT A BIDIRECTIONAL 

RELATIONSHIP WITH ECM STRUCTURE 

 

4.1 Introduction 

 Current strategies to treat or manage cancer revolve around understanding and 

controlling metastasis.  While primary malignancies still require great care and advanced 

treatment options the overwhelming majority of cancer deaths are related to the spread of 

the primary tumor to distant sites.  Metastasis is a multi-step process that begins in the 

primary tumor where individual or a small collective of cells separate themselves 

physically and in many times genotypically from the original cell mass.  After escaping 

from the parenchyma through the basement membrane and connective tissue, cells 

intravasate the vasculature and attach at distant sites.  If the cell is able to survive this 

passage and the ECM conditions at the external site are favorable, extravasation out of 

the vasculature will occur with a newly populated tumorigenic site being established 

[344].  As one may expect, in order to accomplish this feat a myriad of biological 

processes must be coordinated, including adhesion arrest, ECM degradation and 

remodeling, resistance to immunogenic response mechanisms and a proclivity for 

hypersensitivity toward chemokines or ability to self polarize and direct migration 

[345,346].   While all of these underlying processes have been studied in an effort to 

uncover the underworking of metastasis, most discoveries have taken place in a 2D 

planar geometry.  Unfortunately, several studies have uncovered that while 2D cell based 

assays are extremely valuable they may ignore the role of dimensionality in cellular 
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behavior [332,333,335].  As such, a recent influx of work based in 3D networks, most 

commonly collagen gels, have been undertaken.  

 Of particular interest in 3D matrices is the action of matrix metalloproteinases 

(MMPs).  This family of cell secreted soluble zinc dependent endopeptidases cleaves 

both matrix fibers and extracellular domains of transmembrane proteins.  MMPs are 

important in several cellular processes including development, wound healing, and 

migration.  Their capacity to degrade ECM proteins has also made them indispensable for 

highly motile cells including malignant cancer [118,254].  Indeed, many cancers have 

displayed uncharacteristic upregulation of MMPs that have been postulated to influence 

the microenvironment of tumors and break down basement membrane to allow for 

metastasis to progress [255,256].  Two sub forms of MMP, MT1-MMP and MMP-2, are 

extremely pertinent to each other and cancer cell behavior and remodeling in 3D collagen 

gels.  MT1-MMP, a transmembrane MMP is directly responsible for the activation of 

itself and MMP-2 as well as harnessing the ability to cleave extracellular matrix domains 

of growth factor receptors and glycoproteins [274,388].  MT1-MMP has also been shown 

to localize at the leading front of migrating cells as is in many cases necessary for cell 

migration and invasion [328].  The target of MT1-MMP, MMP-2 is mainly responsible 

for degradation of collagen byproducts and has been shown to be upregulated in cancer 

[255].   While these and many other MMPs have been widely studied, their interaction 

with the ECM in 3D matrices is less certain.  In particular, a quantitative measure of how 

MMPs influence matrix architecture is lacking.   
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manner and to what extent MMPs influence specific properties of 3D collagen gels.  To 

address how the ECM may control MMP related behavior we have utilized the tTG 

enzyme to crosslink collagen gels and observe the role of 3D substrate stiffness and 

integrin engagement on MMP expression and activity. From our data we are able to 

conclude that a significant self-regulatory bidirectional relationship exists between the 

ECM and MMPs in a quantitative manner when cultured in 3D collagen gels.  Our results 

enhance the knowledge base of the growing field of 3D collagen cell culture as well as 

provide a phenomenological framework for the feedback mechanisms cells utilize in a 

quantitative fashion.  

   

4.2 Materials and methods 

 

4.2.1 Cell Culture  

Prostate cancer cell lines PC-3, DU-145 and LNCaP (American Cell Type Culture 

Collection, ATCC).  PC-3 and DU-145 cells were cultured in F12K media and LNCaPs 

in RPMI-1640 (ATCC).  All media were supplemented with 10% v/v fetal bovine serum 

(FBS, ATCC) and 1% v/v penicillin/streptomycin (10,000 IU/mL penicillin, 10,000 

µg/mL streptomycin, ATCC) and maintained at 37°C and 5% CO2. 

 

4.2.2 Collagen Gel Preparation and tTG Crosslinking 

Gels were prepared by mixing the appropriate volumes of collagen type I, from 

rat tail tendon (BDBiosciences), media, and neutralizing solution (100mM HEPES, pH 
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loaded into a polyacrylamide gel co-polymerized with 0.1% gelatin and subjected to 

electrophoresis. Gels were then transferred to an aqueous solution containing 2.5% 

Triton-X100 to renature the proteins, followed by equilibration in a developing buffer 

(50mM Tris, pH 7.8, 200mM NaCl, 5mM CaCl2, 0.02% Brij-35) and subsequent 

incubation at 37°C for 20 hrs. Gels were finally stained and destained with Coomassie 

blue. After destaining, gels were dried overnight using a gel drying kit (Promega). Areas 

of proteolytic activity are expressed as clear bands against a stained background. Gel 

images were processed with ImageJ and thresholded to acquire appropriate pixel values 

for both MMP-2 and MMP-9 followed by normalization by original cell concentrations. 

The experiment was performed in triplicate.  

 

4.2.6 Pore Size and Fiber Diameter Quantification 

Raw CRM data was analyzed to obtain collagen structural parameters. The same 

processing settings were used from image to image to ensure consistency. Fibril fraction 

and pore size were obtained with ImageJ. Briefly, 2D images from 74 each stack were 

binarized, with collagen fibers indicated by black pixels. The binarized images were then 

used to calculate the fraction occupied by collagen, similar to what has been previously 

reported [397]. Pore size was measured by drawing three lines (horizontal, vertical, and 

diagonal, avoiding cells when they were present) across the binarized image in the center 

of each stack, and using the plot profile function in ImageJ. A script was written in 

MATLAB (MathWorks) to calculate the distance between collagen fibers from this 

profile data. This again is similar to what has been performed before [398].  
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in a denser configuration with individual fibers much less overtly visible at higher 

concentration matrices (Figure 4.1).  Resulting image analysis confirms visual inspection 

of the data, showing decreasing pore sizes and an increasing fibril fraction as the 

concentration of collagen gels is increased.  The relationship between pore size and fibril 

fraction with collagen concentration is maintained throughout the time span of the study, 

up to 7 days (Figure 4.2). 

 Similar results are observed for those gels treated with tTG crosslinker.  SEM 

images of collagen gels displayed a decrease in pore size as tTG concentration is 

increased in the gel mixture.  At high doses of tTG crosslinker, 2 mg/ml gels more 

closely mimicked a higher concentration 3 mg/ml gel than those 2 mg/ml gels without 

tTG treatment (Figure 4.3).  Quantification of SEM images confirmed these qualitative 

observations.  Crosslinking at 0.0084 and 0.0084 Units of tTG resulted in a decreased 

pore size in comparison to untreated 2 mg/ml gels.  In fact, high concentration of tTG 

was able to induce significantly smaller pore sizes than their 3 mg/ml counterparts 

(Figure 4.4B). Increasing crosslinks in 2 mg/ml gels also had an effect on the stiffness of 

gels.  Rheometry measurements showed that tTG treatment was able to increase the 

elastic modulus of 2 mg/ml gels in a dose dependent manner up to and slightly surpassing 

that of 3 mg/ml gels (Figure 4.4A). 

 

4.3.2 MMPs directly govern differential matrix remodeling effects of DU-145 and 

LNCaP cells 
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 The bidirectional relationship shared between MMP activity of cells and ECM 

properties was first probed in 3D by studying the effect of cancer cell MMP extrusion on 

the quantified measures of matrix pore size and fibril fraction.  Interestingly, DU-145 and 

LNCaP cells altered matrix pore size and fibril fraction differentially.  DU-145 cells 

increased the fibril fraction as well as decreased the pore size of 2 mg/ml gels.  However, 

at concentrations of 3 mg/ml and 4 mg/ml DU-145 cells did very little to alter the gels in 

any way with the least amount of matrix recomposition occurring in the 3 mg/ml samples 

(Figure 4.5).   

LNCaP cells displayed the opposite preference for collagen gels.  In contrast to 

the DU-145 cells, the least amount of matrix recomposition was done at 2 mg/ml.  In this 

scenario, LNCaP cells altered fibril fraction minutely; they did however, decrease the 

pore size of gels at 2 mg/ml.  Despite this fact, the 2 mg/ml collagen density was easily 

the least remodeled gel of the LNCaP group, with 3 and 4 mg/ml gels showing greater 

changes in both fibril fraction and pore size in comparison to control gels.  Unlike DU-

145 cells which, in their most active state (2 mg/ml gels) increased fibril fraction and 

decreased pore size, LNCaP cells proved to do the opposite, decreasing fibril fraction and 

increasing pore size in their most active states (3 and 4 mg/ml gels) (Figure 4.5).  Overall, 

DU-145 cells seemed to alter collagen gels to more closely mimic the properties of 3 

mg/ml gels, while LNCaP cells seemed to remodel gels to achieve a pore size and fibril 

fraction closer to that of 2 mg/ml gels.  Time dependent quantification of pore size and 

fibril fraction showed that initial seeding of cells produced an equilibrium in matrix 

remodeling after approximately 3 days in culture.  Therefore, while these trends are 
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initially time dependent, they indeed stabilize and can be measured after an appropriate 

time lag (Figure 4.6-8). 

 

4.3.3 Matrix remodeling by DU-145 and LNCaP cells is a MMP dependent process 

The extent by which MMPs contribute to the observed changes in pore size and 

fibril fraction in collagen gels was tested using the broad based MMP inhibitor 

Marimastat and quantitative gelatin zymography.  Zymograms performed on conditioned 

media displayed several differences between MMP expression between DU-145 and 

LNCaP cell lines (Figure 4.9A).  Quantified and normalized values of expression showed 

that DU-145 cells possessed a significantly higher amount of active MMP of both MMP-

2 and MMP-9 subspecies.  Observation of latent, non-active form of MMP-2 showed that 

DU-145 cells more preferentially expressed the active versus inactive MMP-2 while a 

large portion of MMP-2 in LNCaP cells was of the inactive form (Figure 4.9B). 

Administration of Marimastat at 3 and 4 mg/ml densities for both DU-145 and 

LNCaP cell lines indicated that the ability for both lines to effectively remodel collagen 

gel fibril fraction is disrupted when MMPs are blocked.  At 4 mg/ml, cells cultured with 

the inhibitor Marimastat displayed a decrease in the fibril fraction of gels compared to 

gels seeded with cells alone.  Paradoxically, Mariamstat at 4 mg/ml in both DU-145 and 

LNCaP samples decreased the fibril fraction to a value lower than that of gels seeded 

without any cells.  These effects, however, were not seen at 3 mg/ml for either cell line 

(Figure 4.10). 
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4.3.4 tTG mediated collagen gel crosslinking induces expression of MMPs and cell 

migration in a biphasic manner 

While the effects of MMPs on ECM remodeling firmly showed that MMP activity 

can influence ECM structure, in order to establish a quantified bidirectional relationship 

between the two in 3D, changes in the ECM structure must have the ability to alter MMP 

activity as well.  To test if ECM properties can have an effect on MMPs, alterations in 

ECM crosslinking were induced and subsequent MMP activity was measured.  As 

reported previously and depicted in Figure 4.4, tTG concentration was able to increase 

collagen stiffness and decrease pore size of 2 mg/ml gels in a dose dependent manner 

(Figure 4.4).  In fact, at both low (0.00084 Units) and high (0.0084 Units) levels of tTG, 

2 mg/ml gels shared a similar range of stiffness with that of 3 mg/ml gels.   

Increased gel crosslinks induced by tTG increased MMP-2 levels in concentrated 

conditioned media of PC-3 cells in a biphasic manner.  While 2 mg/ml gels showed a low 

level of MMP-2 expression, tTG at 0.00084 Units increased both inactive and active 

forms of MMP-2 to levels greater than 3 mg/ml gels.  However, increased tTG 

concentration at 0.0084 Units did not further augment this effect but rather decreased the 

amount of MMP-2 in conditioned media to a value lower than both 2 mg/ml with 0.00084 

tTG and 3 mg/ml gels.  Therefore, while increased crosslinking was initially able to 

greatly induce MMP-2 activity, too many gel crosslinks negated this effect (Figure 4.11, 

4.12).  This biphasic effect on MMP-2 levels mediated by tTG crosslinking was also 

observed for another MMP subspecies, MMP-14.  The pattern of expression as measured 

by FACS analysis was identical to that of MMP-2 (Figure 4.13A). 
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As current technologies advance with an eye toward closing the gap between in 

vitro culture techniques and in vivo cellular environments it is imperative to develop an 

understanding as to how new biomimetic culturing techniques influence cellular 

behavior.  At the center of the growing trend toward more in vivo-like tissue culture 

settings are gelatinous 3D matrices, represented most notably by collagen gels.  Drawing 

upon previous research that pins MMPs as a main effector of cell-ECM crosstalk we have 

in this chapter revealed several ways in which there exists a bidirectional relationship 

between ECM properties of 3D collagen gels and MMP activity.  We have also 

developed methods to quantify these effects that MMPs have on the ECM and vice versa. 

   

4.4.1 MMPs influence matrix remodeling by altering fibril fraction and pore size of 

collagen gels 

The first half of the bidirectional relationship between ECM properties and MMP 

activity is displayed through matrix remodeling of collagen gels.  Initial analysis of 

collagen gels at 2, 3 and 4 mg/ml visually confirmed that increasing the concentration of 

collagen within the gel mixture results in a more densely packed gel.  Indeed, at the 

highest concentration of 4 mg/ml, gels are so tightly packed that individual fibers are 

difficult to make out as opposed to the 2 and 3 mg/ml conditions.  Our data showed that 

using CRM techniques we are able to quantify these visual results in terms of pore size 

and fibril fraction and utilize this strategy as a means by which to assay changes in matrix 

composition.   
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Upon embedment into gels, both cell lines were able to manipulate pore size and 

fibril fraction, however, their remodeling patterns were very different.  DU-145 cells 

displayed a tendency to increase fibril fraction and decrease pore size within softer, less 

dense gels (2 mg/ml).  However, in stiffer environments (3 and 4 mg/ml) this was not the 

case with DU-145 cells doing little to alter ECM structure.  This suggests that DU-145 

cells prefer stiffer rather than softer collagen gels, actively remodeling the gels on the 

softer end of the spectrum to mimic those of stiffer gels.  In fact, the resulting fibril 

fraction and pore size of 2 mg/ml gels that were remodeled by DU-145 cells were nearly 

identical to those of the 3 mg/ml condition.  It would seem then that DU-145 cells prefer 

to inhabit matrix densities and stiffnesses offered by 3 mg/ml gels.  However, at 4 mg/ml 

which represents a greater stiffness and density of 3 mg/ml, DU-145 cells do not soften 

their environment by decreasing fibril fraction and increasing pore size but rather accept 

the matrix architecture of the stiffer gels.  Therefore, there may exist a stiffness or density 

threshold of gels that must be met for DU-145s in culture.  If any particular gel is below 

this threshold, DU-145 cells will actively remodel the matrix to meet it; at stiffnesses 

above the threshold no action is necessary.   

The pattern of remodeling displayed by LNCaP cells was in direct opposition to 

the DU-145 line.  These cells tend to more actively remodel the stiffer 3 and 4 mg/ml 

matrices as opposed to the softer 2 mg/ml condition.  Whereas DU-145 cells seemed to 

alter the 2 mg/ml condition to potentially create a stiffer environment by increasing fibril 

fraction and decreasing pore size, LNCaP cells exhibit the opposite response, decreasing 

fibril fraction and increasing pore size in order to soften matrices that are too stiff.  It is 
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also possible to envision a stiffness or density threshold that governs the action of 

proteolytic matrix remodeling in LNCaP cells as well, however, its action is the inverse 

of the DU-145 condition.  Above a certain density threshold, LNCaP cells may work to 

soften the matrix.  Our data suggests this stiffness barrier is between the values 

maintained by 2 and 3 mg/ml gels with an approximate elastic modulus between 20 and 

60 Pa.  For both DU-145 and LNCaP cells, time lapse data of matrix remodeling revealed 

that most if not all of the remodeling occurs between 24 and 72 hours of culture.  After 3 

days, the patterns of pore size and fibril fraction remain relatively unchanged.  This 

indicates further that there is a desired set point at which both cell lines strive to maintain.  

If proteolytic activity was not regulated in this sense, stabilization of such parameters 

would not exist and fibril fraction and pore sizes would continue to be altered almost 

indefinitely.   

Data presented here in the form of zymographic analysis and MMP inhibitors 

finally connect the role of MMPs in matrix remodeling.  Initial screening of MMPs in 

both cell lines displays an expected result.  DU-145 cells exhibit greater expression of 

both active MMP-2 and -9 correlating with the fact that they have been shown to have a 

greater invasive potential than LNCaP cells [400].  Indeed, among malignant prostate 

cancer lesions, high levels of MMPs have been observed, presumably as a means to 

pierce through the highly dense basement membrane [255].  A somewhat curious result, 

however, is the decrease in fibril fraction seen in DU-145 and LNCaP samples upon 

Marimastat treatment.  Clearly, the inhibition of MMPs plays a direct role in matrix 

remodeling, however the blocking of these matrix protein cleaving proteins actually 
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decreases fibril fraction.  This suggests that both cell lines actively utilize MMPs as a 

means to maintain fibril fraction in gels, perhaps through fiber orientation and alignment.  

Due to the fact that CRM is incapable of visualizing fibers oriented in the direction of the 

light [401], it is possible that through the use of MMPs, cells preferentially orient fibers 

perpendicularly to incident light from our system, which also corresponds to an 

orientation that is perpendicular to gravity.   

While this hypothesis holds weight while comparing samples of gels seeded with 

cells treated with or without Marimastat it does not resolve the fact that Mariamstat 

treated samples resulted in a lower fibril fraction than that of empty gel controls.  

However, it is possible that upon MMP inhibition cells alter their preference from a dense 

matrix with fibers aligned perpendicular to gravity to a sparser one with less fiber 

alignment.  Indeed, MMP inhibition has been shown to affect cell-mediated matrix 

contraction as well as collagen deposition [402].  It is by these and perhaps other 

mechanisms that cells abandon dense matrices for sparser ones in the absence of MMP 

activity.  In this sense, our results suggest that MMPs may facilitate the maintenance of a 

dense, fiber aligned matrix and that the absence of such MMP activity can also serve to 

direct cellular behavior by promoting a less dense matrix.  This is supported by data 

indicating that while cancer cells may induce higher MMP expression, cancerous tissue is 

also commonly stiffer and denser than normal parenchyma [403,404].  It can therefore by 

hypothesized that DU-145 cells and to a lesser extent the less invasive LNCaP cells 

utilize MMPs to remodel matrices via collagen deposition and fiber alignment rather than 

degradation of the surrounding collagen as implied by the primary role of MMPs.  
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Conversely, a lack of MMP activity may actually serve as a signal to the cells to promote 

decreased fibril fraction and density within gels.  From this data we have shown how 

MMPs can directly influence the ECM.  However, our data suggests that a bidirectional 

relationship between the two exists. 

 

4.4.2 tTG induced crosslinking influences the expression of MMPs in 3D collagen 

matrices 

 Just as we have shown that MMP activity and expression can affect characteristics 

of the surrounding matrix, our data also suggests that matrix crosslinking can in turn 

influence MMPs.  Adding tTG to collagen matrices during polymerization was able to 

decrease pore size and increase the stiffness up to and surpassing that of 3 mg/ml gels.  

We note here that measurements for pore size using SEM images are different than those 

acquired using CRM image analysis.  We hypothesize that this is due to the alteration of 

collagen gels prior to SEM imaging and the limitations of CRM collagen imaging.  CRM 

imaging, while resulting in quantitation suitable for comparative studies, may lack 

absolute quantitative value due to the fact that only fibers perpendicular to the incident 

light produce reflected light capable of being captured and visualized.   

The change in MMP activity as a result of altered collagen characteristics via tTG 

treatment is apparent upon inspection of active proteases via zymography.  tTG was able 

to influence the activation of MMP-2 in a biphasic manner. Zymography, which is not a 

standardized method for examining protein expression, still allows us to informally 

observe that the total amount of MMP-2 (as indicated by the sum of both the active and 
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inactive states) also follows a biphasic pattern.  Initial increases in activity were met with 

concomitant decreases after crosslinking was induced such that the stiffness and pore size 

of the gels was greater than 3 mg/ml gels.  A nearly identical pattern was observed from 

FACS analysis of MT1-MMP on the cell surface.  The similar pattern seen in MT1-MMP 

corroborates well to the changes in MMP-2 activity due to the fact that MT1-MMP is 

directly responsible for activating MMP-2.  These data indicate that tTG is able to 

increase both expression of MT1-MMP and activation of MMP-2, most likely through 

altering the mechanical properties of the collagen gel.  Due to the fact that crosslinking 

does not influence the abundance of integrin binding sites in collagen, we are left with 

both pore size and stiffness as the imposed mechanical properties altered by tTG that may 

influence MMP activity.   

While one may wish to also isolate stiffness and pore size to fully characterize the 

aspect or aspects of ECM gels that influence MMP activity, this may not be feasible 

given the intimate relationship between pore size and stiffness in this environment.  

Envisioning the matrix as a set of spring-like fibers, any decrease in pore size mediated 

by network connections will always lead to increased stiffness.  Therefore, in our system 

pore size may not be treated as an independent variable, but only as a proxy for stiffness 

or a measure of tTG crosslinking activity.  Pore size has been shown, however, to have 

direct influence on cellular behaviors such as migration and invasion [405,406].  

Unfortunately, efforts to manipulate pore size of gels via polymerization temperature to 

study the impact of MMPs on migration have also shown to influence the inherent elastic 

modulus [406].  Controlling pore size independent of stiffness has been accomplished via 
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also concluded that integrin signaling is enhanced upon crosslinking to produce changes 

in the PI3K pathway [97].  Another study has also shown that tTG mediated crosslinking 

may influence integrin clustering and adhesion [408]. While adhesion may seem like an 

obvious candidate to potentiate the entirety of our data we must remember that tTG 

mediated changes in stiffness were apparent in naked collagen gels, and that the 

crosslinking activity of tTG predated the addition of cells to the system suggesting that 

stiffness was the first identifiable modulator of both integrin expression and MMP 

activity. 

Finally, one may correctly observe that comparisons between 2 mg/ml crosslinked 

gels and 3 mg/ml gels suffer due to the potential increase in binding sites in 3 mg/ml gels.  

This may lead one to reevaluate whether any differences seen between these two cohorts 

are a function of stiffness or a combination of stiffness and integrin binding.  However, 

we note here that all of our conclusions remain valid without considering data from 3 

mg/ml gels as the trends we notice and are drawn to are still held within 2 mg/ml gel 

samples and those cultured with tTG.  Inclusion of the 3 mg/ml samples does provide us 

with a measurable alternative to the stiffness produced in tTG gels in comparison to 

untreated 2 mg/ml gels.  Interestingly, all behavioral data including invasion, migration, 

and MMP activity follow the exact trend as outlined through the stiffness of gels 

suggesting that in this platform the amount of binding sites may not influence cellular 

behavior.  It is possible that at these collagen densities integrin binding sites have reached 

a saturation limit and further binding is mediated only by the abundance of integrin 

receptors themselves.  This hypothesis is supported by the relative expression of integrin 





99 

4.5 Figures 
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Figure 4.1: Qualitative analysis of collagen gels of different concentration using 

CRM.  Increasing collagen gel concentration from 2 mg/ml (A), to 3 

mg/ml (B), to 4 mg/ml (C) showed a qualitative decrease in unoccupied 

space within collagen gels (collagen fibers are represented in white as 

reflected light while all empty space remains dark).  Scale bar is 30 µm.  
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Figure 4.2: Quantitative measurements of pore size (A) and fibril fraction (B) from 

CRM images.  In agreement with qualitative observation, pore size 

decreased and fibril fraction increased as collagen concentration was 

raised.  Time scale analysis of pore size and fibril fraction showed that 

over a 7 day period empty gels did not significantly alter their measures of 

pore size or fibril fraction.  
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Figure 4.3: Changes in matrix composition due to addition of tissue transglutaminase 

(tTG) during collagen gel polymerization.  SEM images of collagen gels at 

2 mg/ml (A), 2 mg/ml + 0.00084 Units tTG (B), 2 mg/ml + 0.0084 Units 

tTG (C), and 3 mg/ml (D).  Red arrows indicate crosslinks mediated by 

tTG.  Scale bar is 2 µm.  tTG is able to potentiate crosslinking in collagen 

gels as well as qualitatively decrease the pore size similar to that of 3 

mg/ml gels.  
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Figure 4.4: Quantitative influence of tTG treatment on collagen gel stiffness and pore 

size.  Stiffness comparison of nascent collagen gels and those treated with 

tTG (A).  Culture with tTG at 0.00084 Units and 0.0084 Units was able to 

increase the stiffness of 2 mg/ml gels up to and beyond the stiffness of 3 

mg/ml gels.  Pore size as a function of collagen concentration and culture 

with tTG enzyme (B).  Untreated 2 mg/ml gels represent the greatest pore 

size, decreased by tTG in a dose dependent manner.  At a higher dose of 

tTG (0.0084 Units) the pore size drops below that of 3 mg/ml gels 

corroborating the previously seen increase in stiffness above that of 3 

mg/ml gels for 2 mg/ml gels treated with 0.0084 Units of tTG.  
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Figure 4.5: Changes in fibril fraction (A) and pore size (B) due to matrix remodeling 

by LNCaP and DU-145 cells for a range of collagen concentrations.  

LNCaP cells more actively remodeled 3 and 4 mg/ml gels by decreasing 

the fibril fraction and increasing pore size to values more closely 

resembling softer environments such as 2 mg/ml gels.  Conversely, DU-

145 cells more actively remodeled softer 2 mg/ml gels by increasing the 

fibril fraction and decreasing the pore size to mimic 3 mg/ml 

environments.  
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Figure 4.6: Time dependent changes in pore size (A) and fibril fraction (B) by LNCaP 

and DU-145 cells at 2 mg/ml.  All changes to pore size and fibril fraction 

reached relative equilibrium after the third day in collagen gel culture.  
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Figure 4.7: Time dependent changes in pore size (A) and fibril fraction (B) by LNCaP 

and DU-145 cells at 3 mg/ml.  All changes to pore size and fibril fraction 

reached relative equilibrium after the third day in collagen gel culture.  



113 

  



114 

Figure 4.8: Time dependent changes in pore size (A) and fibril fraction (B) by LNCaP 

and DU-145 cells at 4 mg/ml.  All changes to pore size and fibril fraction 

reached relative equilibrium after the third day in collagen gel culture. 

  



115 

  



116 

Figure 4.9: MMP activity of LNCaP and DU-145 cells drives matrix remodeling 3D 

collagen gels.  Qualitative (A) and Quantitative (B) zymographic analysis 

of MMPs in LNCaP and DU-145 cells.  Both cell lines expressed MMP-2 

and MMP-9, however, DU-145 cells expressed more of both and increased 

levels of the active forms.  
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Figure 4.10: Quantitative changes in cell mediated matrix remodeling in response to 

MMP inhibition.  Changes in fibril fraction content in 3 and 4 mg/ml gels 

as a result of Marimastat induced MMP blocking in DU-145 (A) and 

LNCaP (B) cells.  In both cell lines, Marimastat was able to decrease the 

fibril fraction of gels at 4 mg/ml in comparison to control gels and gels 

with cells cultured without drug, decreasing the potential for cells to 

remodel the matrix.  
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Figure 4.11: Qualitative zymographic measure of MMP-2 pro and active forms for cells 

cultured within 2 mg/ml, 2 mg/ml + 0.00084 units tTG, 2 mg/ml + 0.0084 

units tTG or 3 mg/ml gels.  
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Figure 4.12: Quantification of zymography results for cells cultured within 2 mg/ml, 2 

mg/ml + 0.00084 units tTG, 2 mg/ml + 0.0084 units tTG or 3 mg/ml gels.  

tTG was able to increase the expression of MMP-2 pro and active form at 

concentrations of both 0.00084 and 0.0084 units.  However, the increase 

in MMP activity was not linear, but instead followed a biphasic pattern 

with higher concentrations of tTG (0.0084 units) resulting in lower MMP 

activity than more modest tTG concentrations (0.00084 units).  
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Figure 4.14: Influence of matrix stiffness on cell invasion (A) and speed (B).  When 

markers of motility are tested against the stiffness of the matrix a similar 

pattern to MMP activity and expression is observed with the emergence of 

a biphasic response.  Peak invasion and speed is observed at intermediate 

stiffness with low and high stiffness resulting in a drop in motility.  Cell 

speed is also heavily impacted by integrin engagement, with speeds 

precipitously decreasing in the presence of 4B4 integrin blocking antibody  
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CHAPTER FIVE: MT1-MMP EXPRESSION IS REQUIRED FOR PROTEASE 

INHIBITOR AND TRASTUZUMAB INDUCED ACTIVATION OF HER2 

MEDIATED PI3K AND ERK PATHWAYS IN HER2+/CD44+ BREAST CANCER 

CELLS 

 

5.1 Introduction 

 Breast cancer represents the most common cancer in women world-wide 

accounting for 25% of all cancers in women and 12% of all new cancer occurrences.  

Roughly a quarter of breast cancers fall under the subsect of HER2 positive cancers in 

which the HER2 transmembrane growth factor is over-expressed leading to upregulation 

of growth factor signaling, increased invasiveness, and ultimately a poor prognosis 

[409,410].  Fortunately, current treatment methods including the monoclonal antibody 

Trastuzumab (commonly referred to as Herceptin) have shown significant initial efficacy 

as both a neo-adjuvant and adjuvant therapy in increasing both the survival of patients as 

well as suppressing the recurrence of disease [411].  Trastuzumab works on HER2 

positive breast cancer cells by binding to the extracellular domain of the HER2 protein 

and preventing the ligand-indepdendent dimerization of HER2 to other HER family 

receptors.  Binding of Trastuzumab to HER2 also results in decreased ectodomain 

cleavage of HER2, thereby preventing the formation of the hyperactive truncated 

p95HER2 variant.  This inhibition reduces the previously upregulated PI3K pathway 

allowing for control of proliferation by arresting the cell cycle in the G1 phase.  

Unfortunately, up to 70% of patients see no benefit from this treatment due to either de 
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novo or acquired resistance [412].  In the quest to understand why certain patients are 

unresponsive to Trastuzumab treatment and how other cancers are able to avoid and resist 

this drug, research has progressed toward studying tumor explants and established breast 

cancer cell lines.  To date, several mechanisms have been proposed as to how cells may 

acquire resistance to Trastuzumab including amplification of alternate signaling 

pathways, increased signaling from other HER2 family receptors, truncation of the HER2 

receptor preventing the initial binding of Trastuzumab, and steric hindrance of 

Trastuzumab-HER2 binding sites [412].   

Involved in the action of HER2 downregulation, the steric hindrance of 

Trastzumab, and potentially other resistance mechanisms is the presence of the 

glycoprotein CD44 [413].  CD44 has been shown to co-localize with HER2 on the cell 

surface and their interaction can influence the metastasis and progression of cancer via 

upregulation of CXCR4 [173].  Additionally, the CD44-HER2 linkage results in 

phosphorylation and activation of HER2 and the co-expression of these proteins is a 

marker for tumor progression and correlates with poor prognosis [174,175]. Fortunately, 

cancers positive for both HER2 (HER2+) and CD44 (CD44+) tend to be less common 

than other cell types with the majority of lines that over-express HER2 displaying very 

low amounts of CD44 (HER2+/CD44-) [414].  However, recent work has established that 

resistance to radiotherapy in HER2 negative breast cancer stem cells (BCSCs) promotes 

the formation of a highly invasive and resistant subpopulation expressing both HER2 and 

CD44 [415].  Other work has proposed that expression of HER2 in cancer increases the 

formation of BCSCs and the CD44+ phenotype [416].  Taken together, these works 
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suggest that HER2+/CD44+ cells potentially harness the chemoresistant and highly 

tumorigenic stem like properties of BSCSs in addition to increasing the likelihood for the 

production of more BCSCs.  Due to the fact that BCSCs are implicated in the formation 

as well as maintenance and survival of dormant and extant micrometastases, developing a 

more thorough understanding of the HER2+/CD44+ cell type is paramount.   

As CD44 and HER2 share an intimate relationship, it stands to reason that any 

third party effector that influences the action or expression of CD44 may also indirectly 

alter HER2 signaling by disrupting the balance between CD44 and HER2.  Of particular 

interest are matrix metalloproteinases (MMPs), zinc dependent proteases that are most 

formally responsible for degrading matrix proteins such as collagen and fibronectin.  

However, their expression and activity has also been shown to alter signaling pathways 

suggesting that their action extends beyond simple matrix fiber remodeling [388].  

Pathway modification mediated by MMPs is postulated to revolve around cleavage of 

extracellular domains of receptors and other cell surface associated proteins.  Indeed 

ADAM10, a disintegrin and metalloproteinase that is not a member of the MMP family 

but shares proteolytic duties similar to MMPs is directly responsible for cleavage and 

activation of the HER2 ectodomain [417].  In addition, the cell surface transmembrane 

MMP, MT1-MMP, has been shown to interact and cleave CD44 at the rear edge of cells 

to induce detachment and aid in migration [418].  CD44 cleavage has also been shown to 

induce signaling changes via the internalization of the endodomain, and the soluble 

cleaved portion of CD44 (sCD44) is thought to compete with the CD44 ligand 

hyaluronan (HA) to act as a feedback loop in HER2 signaling and MT1-MMP expression 
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[419,420]. These data provide significant evidence to a potential interdependent link 

between HER2, CD44 and MMPs, and in particular MT1-MMP, that may exist in 

HER2+/CD44+ breast cancer cells.  Unfortunately, to our knowledge there exist no 

studies that probe how HER2+/CD44+ breast cancer cells depend upon the action or 

efficacy of MMPs or MT1-MMP and whether disruption of this and other similar 

proteases may lead to differences in the response to Trastuzumab. 

In order to probe the relationship between HER2, CD44, MMP activity and MT1-

MMP expression in HER2+/CD44+ cancer we have developed a cell line that expresses 

HER2, CD44 as well as a high level of MMPs.  In this study we document the action of 

Marimastat, a broad base MMP inhibitor, and Trastuzumab on this cell line in 

comparison to both HER2+/CD44- and HER2-/CD44+ cells.  Finally, we show that the 

unique responses displayed by the HER2+/CD44+ cells to Marimastat and Trastzumab are 

dependent on MT1-MMP expression, establishing a concrete connection between MMP 

activity and HER2 mediated signaling.  This work represents the first observation that the 

highly invasive HER2+/CD44+ cell type may be sensitive to changes in MMP activity, 

specifically in the way of MT1-MMP expression. 

 

5.2 Methods 

 

5.2.1 Cell Culture and Materials 

 BT-549 and ZR-75-30 breast cancer cells were obtained through American Type 

Cell Culture (ATCC) and maintained in RPMI media supplemented with 10% Fetal 



133 

Bovine Serum (FBS) and 1% Penicillin/Streptomycin at 37°C, 5% CO2 and 75% 

humidity according to vendor instructions.  When appropriate, cells were incubated with 

either 10 µM Marimastat (Tocris) or 25 µg/mL Trastuzumab (commonly referred to as 

Herceptin, Genentech). 

   

5.2.2 Immunoblotting 

 Cell lysates were added to 5x Laemmli buffer and subjected to western blotting 

procedure as described [421].  Total protein was transferred to PVDF membranes and 

probed with anti-HER2, anti-CD44, anti-p-Akt-S308, anti-p-Akt-T473, anti-Akt, anti-p-

ERK-T202/Y204, anti-ERK (Cell Signaling), anti-MT1-MMP (AbCam) and anti-

GAPDH (Santa Cruz Biotechnology) antibodies.  Secondary HRP-conjugated anti-rabbit 

and anti-mouse (AbCam) antibodies were used to visualize protein expression via 

incubation with ECL substrate (Thermo Pierce). 

   

5.2.3 Stable Transfection of HER2 

 BT-549 cells were transfected with either a control plasmid pcDNA3.1(+) 

(Invitrogen) or plasmid with a pcDNA3 vector backbone containing  gene insert for full 

length wild type HER2 (Addgene plasmid 16257) using Lipofectamine 2000 (Invitrogen) 

and following manufacturer protocols.  After transfection, clonal selection was mediated 

via inclusion of 0.4 mg/mL Geneticin (G418, Invitrogen) to complete media for 2 weeks.  

Cell colonies were then selected and grown up to assess changes in HER2 protein 
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presumably due to their reliance on the HER2 pathway for proliferation and survival.  

While examination of both BT-549 and ZR-75-30 cells provides a baseline as to how 

HER2 positive and Triple negative cancer cells react to protease inhibition and 

Trastuzumab, neither gives insight to the more insidious and highly invasive albeit less 

common HER2+/CD44+ cell type 

. 

5.3.2 BTHER cells display enhanced PI3K and ERK pathway reactivity to Trastuzumab 

and Marimastat treatment 

 In order to study the characteristics of HER2+/CD44+ breast cancer cells the triple 

negative BT-549 cell line was transfected with a plasmid coding for the full length wild 

type HER2 protein and Geneticin (G418) resistance.  After transfection and clonal 

selection in G418 supplemented media multiple established clones expressed upregulated 

HER2 expression compared to those cells transfected with an empty vector (EV), and 

untransfected BT-549 cells.  Expression of HER2 in BT-549 transfected clones (now 

referred to as BTHER cells) did not, however, reach that of ZR-75-30 cells (Figure 5.1B). 

BTHER cells were then subjected to Marimastat, Trastuzumab and the 

combination of both drugs as discussed earlier.  The addition of HER2 to the BT-549 

cells in the way of BTHER clones significantly altered the response to both drugs.  

Marimastat was able to increase expression of HER2, MT1-MMP and p-Akt S308.  The 

increase in MT1-MMP was also observed in BT-549 cells, however, the presence of 

HER2 in this cell line influenced the increase in both HER2 and the PI3K signaling node 

p-Akt S308.  Although not readily expressed in ZR-75-30, p-Akt S308 is a direct 
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presence of Trastuzumab shows that downregulation of HER2 in this cell line does not 

lead to a decrease in PI3K pathway signaling or proliferation. Proliferation in response to 

Marimastat, Trastuzumab and the combination of both drugs was essentially unchanged 

between BT-549 and BTHER cell lines (Figure 5.6A, columns 1-3 and 7-9).  This 

suggests that Trastuzumab induced HER2 downregulation is not a mechanism by which 

Trastuzumab abrogates hyperproliferation in BTHER cells.  This may due to the fact that 

the BTHER cell line displays a possible mechanism of resistance to Trastuzumab via 

upregulation of an alternative pathway (ERK pathway) upon Trastuzumab treatment.  It 

remains possible; therefore, that HER2 downregulation due to Trastuzumab treatment 

may result in a decrease in proliferation in other cancer cell lines.   

Our results indicate a possible mechanism for resistance in BTHER cells in the 

form of upregulated p-ERK.  Upregulation of p-ERK in response to Trastuzumab was a 

result also observed in HER2 negative BT-549 cells (Figure 5.2), however, in BTHER 

cells the degree of activation is much more dramatic and was consistently observed.  This 

result suggests that the increase in p-ERK expression upon Trastuzumab treatment 

coordinates with HER2 expression in BT-549 and BTHER cells and implies further that 

the increase in p-ERK expression is dependent on the interaction between HER2 and 

Trastuzumab.  It may then be hypothesized (at least in this instance) that a greater 

reliance or utilization of the HER2 pathway leads to a more dramatic increase in alternate 

pathway activation upon Trastuzumab treatment and HER2 downregulation.  Previous 

reports have shown that Trastuzumab has a discordant effect on p-ERK expression 

suggesting that the response is cell line dependent [424].  Our results corroborate this 
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hypothesis with the HER2+/CD44- ZR-75-30 cells showing sensitivity to Trastuzumab 

and decrease in p-ERK activity and HER2+/CD44+ BTHER cells displaying the opposite.  

These patterns suggest that the action of Trastuzumab may be dependent on the status of 

another protein other than HER2. 

  

5.3.3 MT1-MMP expression is necessary for HER2 mediated PI3K and ERK activation 

in response to Marimastat and Trastuzumab 

Expression of MT1-MMP in BT-549 cells was significantly downregulated via 

transfection of siRNA against the target compared to control cells and those transfected 

with a scramble RNA (Figure 5.1A).  Upon siRNA mediated transfection of BTHER 

cells, many of the previously observed changes in HER2, p-Akt S308, and p-ERK in 

response to Marimastat and Trastuzumab were no longer present.  While Trastuzumab 

was still able to decrease expression of HER2, culture with Marimastat no longer 

increased MT1-MMP, HER2, or p-Akt S308 expressions.  Trastuzumab also lost its 

potential to increase p-ERK (Figure 5.4).  These results suggest that MT1-MMP plays an 

integral role in HER2 mediated PI3K and ERK pathway responses to protease inhibition 

as well as treatment with Trastuzumab in BTHER cells.  Serving as a model for 

HER2+/CD44+ breast cancer, these results also indicate that MT1-MMP may influence 

other cell lines of similar expression profiles. 

In order to uncover potential avenues by which MT1-MMP knockdown 

contributed to the loss of efficacy in Marimastat and Trastuzumab treatment in altering 

the PI3K and ERK pathways, protein expression was examined in the case of low MT1-
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MMP expression.  Upon siRNA transfection, both EV and BTHER cell lines experienced 

a decrease in HER2 and CD44 expression.  MT1-MMP knockdown was also able to 

increase p-ERK expression in both cell lines as well as decrease total Akt protein (Figure 

5.5).  While downregulation of MT1-MMP was been demonstrated to decrease CD44 

expression in osteoclasts [420], there have to our knowledge been no reports of this affect 

in breast cancer cells, nor has MT1-MMP been shown to govern HER2 expression. It is 

possible that siRNA against MT1-MMP is able to decrease HER2 via downregulation of 

CD44, however, a similar report in which CD44 was downregulated in breast cancer cells 

did not result in a decrease in HER2 expression [173].  In fact, it is postulated that 

expression of CD44 and HER2 are inversely related due to the ability of CD44 to 

enhance endocytotic internalization of HER2 [176].  This suggests that knockdown of 

MT1-MMP imparts a separate reaction outside of CD44 downregulation that induces a 

decrease in HER2 expression.  It of course is also very possible that CD44 expression is 

maintained by HER2 expression.  In this case siRNA against MT1-MMP may 

downregulate HER2 and as a consequence CD44 through the initial loss of HER2 

expression.  HER2 has been shown to functionally couple to CD44 and influence its 

shedding and internalization and one study has reported that HER2 downregulation 

influences total CD44 expression in MCF-7 cells [425].  Therefore, the downregulation 

of CD44 may be a consequence from loss of HER2 expression through some other 

mechanism mediated by MT1-MMP.  While MT1-MMP has been shown to influence 

signaling cascades, the intracellular region is both small and does not contain any 

homologous binding regions to common focal adhesion proteins [426].  Therefore, the 
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action by which downregulation of MT1-MMP inhibits CD44 and HER2 expression most 

likely lies in either its capacity for proteolytic processing of transmembrane receptors or 

through physical disruption of focal adhesion formation. 

Although the data clearly shows that MT1-MMP knockdown inhibits the action of 

Marimastat in upregulating the full form HER2 and PI3K signaling in the way of p-Akt 

S308, the mechanism behind this action needs to be further probed.  The lack of p-Akt 

S308 upregulation upon Marimastat treatment in MT1-MMP siRNA transfected cells 

may, however, simply be due to the failure of the drug to increase full length HER2 

expression.  In BTHER cells with ample MT1-MMP expression Marimastat was able to 

increase HER2 expression (Figure 5.4).  It is perhaps this action of Marimastat that was 

able to concurrently increase p-Akt due to the influence of HER2 in the PI3K signaling 

pathway.  We therefore hypothesize that Marimastat was able to increase PI3K signaling 

due to upregulation of the full form of HER2 in BTHER cells.  Loss of MT1-MMP 

expression then disrupted this interplay by no longer allowing Marimastat to increase 

HER2.  How MT1-MMP knockdown influences the ability of Marimastat to increase 

HER2 expression needs to be explored further in order to be fully understood.  Although 

one may postulate that the increase in HER2 full length form due to Marimastat is from 

reduced ectodomain cleavage, the loss of MT1-MMP expression would hypothetically 

only serve to synergize this action, not oppose it as our data describes, suggesting that 

some other action besides HER2 cleavage plays a role in this result.   

Another interesting observation that was made upon siRNA transfection was the 

relative increase in p-ERK activity.  The increase in p-ERK upon MT1-MMP knockdown 
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corresponds well to previous data showing that Trastuzumab treatment in BTHER cells 

also increases p-ERK [427,428].  In both cases, an increase in the ERK pathway is 

observed as HER2 is downregulated further implicating that the upregulation of this 

pathway may serve as an escape mechanism for cells no longer capable of utilizing the 

PI3K growth factor pathway.  Indeed, our data shows that BT-549 and BTHER cells did 

not experience any decrease in proliferative potential even after MT1-MMP knockdown 

and Trastuzumab treatment (Figure 5.6A, columns 4-6 and 10-12).  Due to the fact that 

CD44 has been shown to protect HER2 positive cells from Trastuzumab treatment via 

enhanced internalization, one would also assume in our system that the decrease in CD44 

due to MT1-MMP knockdown would result in increased sensitivity to drug.  The null 

result observed here coupled with the concurrent increase in p-ERK signaling suggests 

that this alternate pathway activation may play a role in the sustained resistance to 

Trastuzumab even after CD44 expression is compromised in these cells.   

Due to the fact that Trastuzumab and MMPs including MT1-MMP have been 

shown to influence the action of CD44 shedding, we probed the concentration of soluble 

CD44 (sCD44) in conditioned media to determine whether CD44 shedding could serve as 

a mechanistic cue to the observed changes in expression upon Trastuzumab, Mariamstat 

and siRNA treatments in BT-549 and BTHER cells.  As predicted from previous work, 

Marimastat, Trastuzumab, and MT1-MMP knockdown all were able to independently 

decrease sCD44 concentration (Figure 5.6B).  sCD44 has been shown to interfere with 

HER2 activation by preventing Hyaluronan (HA) binding and also plays a role in CD44 

expression, HER2 internalization, and the binding of Trastuzumab to HER2 [419,429].  
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Therefore one may inquire as to whether the expression level changes in the PI3K and 

ERK pathway seen in our data are a direct result of any changes in CD44 cleavage 

behavior, apart from the loss of CD44 expression upon MT1-MMP knockdown.  Our 

data, however, shows no change in the CD44 cleavage pattern between BT-549 (Figure 

5.6B, columns 1-8) and BTHER (Figure 5.6B, columns 9-16) cells.  As a result we 

hypothesize that while CD44 cleavage may play a role in the mechanistic underpinnings 

of the observed expression levels changes, a more likely culprit is the dramatic loss of 

CD44 expression (which in its own right also contributes to the loss of sCD44 

concentration) when MT1-MMP is knocked down. 

 

5.3.4 Summary 

 Analysis of the data has revealed several important observations regarding the 

function of MT1-MMP in HER2 positive breast cancer.  While Trastuzumab was able to 

effectively decrease proliferative capacity and activation of the PI3K and ERK pathways 

in ZR-75-30 cells, a different response was seen in both triple negative BT-549 cells and 

the HER2+/CD44+ BTHER line.  The BTHER cells in particular were not only resistant 

to Trastuzumab treatment, but were also expressed downregulation of the full form HER2 

as well as an increase in activity of the ERK pathway.  In addition, these cells showed 

differential sensitivity to Marimastat, which was able to increase MT1-MMP, HER2, and 

PI3K activity.  However, upon downregulation of MT1-MMP in these cells, the action of 

both Trastuzumab and Marimastat was abrogated, suggesting that MT1-MMP plays a 

role in these drug related mechanisms. In addition, loss of MT1-MMP decreased HER2 
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and CD44 content, while increasing ERK activity further.  From this we conclude that 

MT1-MMP is necessary for Trastuzumab and Marimastat induced activation of the PI3K 

and ERK pathways mediated by HER2 expression in HER2+/CD44+ breast cancer cells.  

We identify the loss of HER2 and CD44 expression as well as the increase in p-ERK 

expression in these cells as part of a possible mechanism that not only disrupts 

upregulation of p-ERK and p-Akt S308 in the presence of Trastuzumab and Marimastat 

but also protects from further decrease in proliferative potential. 

 Resistance to treatment in HER positive cells remains a prevalent problem in the 

treatment of breast cancer.  The mechanisms by which these cells avoid common 

treatments such as Trastuzumab continue to be studied, however, the interaction of this 

and other drugs on the less common HER2+/CD44+ cell type remain elusive.  Our work 

provides the initial observation that MT1-MMP is involved in expression level changes in 

response to both Trastuzumab as well as Marimastat, part of another class of anti-cancer 

drugs, in this cell type.  Clear future studies may be enacted to elucidate the mechanism 

by which MT1-MMP governs HER2, CD44 and p-ERK expression in these cells to 

overcome this highly resistant and invasive cell type. 
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5.4 Figures 
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Figure 5.1: Establishment of stably transfected BTHER cells and siRNA mediated 

knockdown of MT1-MMP.  MT1-MMP knockdown in control, scramble 

siRNA, and siRNA against MT1-MMP samples 48 hours post transfection 

(A).  HER2 expression in multiple isolated transfected clones (BTHER 

Clone 1,2,3), empty vector (EV) clones, untransfected BT-549 cells, and 

positive control sample ZR-75-30 (B).  
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Figure 5.2: Expression of HER2, CD44, MT1-MMP, and the Akt, and ERK pathways 

in BT-549 and ZR-75-30 cells for control cells and in response to 

Marimastat (10 µM, 72 hours), Trastuzumab (25 µg/mL, 72 hours) and a 

combination of both drugs (Marimastat 10 µM, Trastuzumab 25 µg/mL, 

72 hours) (B)  
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Figure 5.4: Characterization of BTHER cells and the role of MT1-MMP in the HER2 

mediated PI3K pathway.  Expression of HER2, CD44, MT1-MMP, and 

the Akt, and ERK pathways in response to Marimastat (10 µM, 72 hours), 

Trastuzumab (25 µg/mL, 72 hours) and a combination of both drugs 

(Marimastat 10 µM, Trastuzumab 25 µg/mL, 72 hours) for HER2 positive 

transfected cells (BTHER), empty vector transfected cells also transfected 

with siRNA against MT1-MMP (EV-MT1), and BTHER cells also 

transfected with siRNA against MT1-MMP (BTHER-MT1).  



154 

  



155 

Figure 5.5: Changes in expression for empty vector and HER2 positive cells in 

response to MT1-MMP knockdown.  Expression of HER2, CD44, MT1-

MMP, and the Akt, and ERK pathways for empty vector transfected cells 

(EV), EV cells transfected with siRNA against MT1-MMP (EV + siRNA), 

HER2 positive transfected cells (BTHER), and BTHER cells also 

transfected with siRNA against MT1-MMP (BTHER + siRNA).  
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6.6 Figures 
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CHAPTER SEVEN: COMBINATIVE IN VITRO STUDIES AND 

COMPUTATIONAL MODEL TO PREDICT 3D CELL MIGRATION RESPONSE 

TO DRUG INSULT 

 

7.1 Introduction 

Cell migration plays a vital role in several key biological processes including 

development, wound healing, and disease progression [471].  The migration process has 

also been the target of drug development in treating inflammatory diseases and cancer 

[311].  It is therefore paramount to understand how certain drugs influence migration on 

the cellular and sub-cellular level.  Unfortunately, while migration has been studied 

extensively for several decades, there remains an incomplete picture of the process of 

drug action.  This is because migration is seldom predictable, often differing between cell 

types and microenvironmental conditions [472,473].  To meet these challenges, a 

multitude of in vitro, in vivo, and computational approaches have been designed to assay 

cellular response to changes in extracellular matrix (ECM) content, drug insult, or 

signaling pathway modulations.  However, to truly understand the process, and ultimately 

predict how drugs will influence this process, multifaceted platforms need to be created 

that are able to combine the various interdependent aspects that govern migration. 

The most commonly studied modulators of migration are protein signaling 

pathways.  However, migration is controlled not only by protein signaling, but the 

surrounding ECM as well.  Even a simple change from planar two-dimensional (2D) 

culture to three-dimensional (3D) matrices can substantially alter cell behavior [474,475].  
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adhesions, and p-ERK expression all independently influence migration, specifically 

speed and persistence.  We also describe how this system is capable of providing insight 

into drug development by using the model to perform predictions of drug combinations to 

more effectively ablate speed and persistence in 3D.  Finally, we highlight how our 

model is capable of providing basic knowledge of the phenomenological mechanisms of 

migration.  This represents an integrative and customizable methodology that can directly 

compliment and inform future in vitro assays in drug development. 

   

7.2 Results 

 

7.2.1 Matrix density, proteolytic activity, p-ERK expression all interdependently drive 

migration in 3D collagen matrices 

In vitro experimental data was collected to serve as the basis for model 

assumptions.  3D experiments with cells cultured in collagen matrices demonstrated that 

increasing matrix concentration decreased both cell speed and persistence in 3D collagen.  

Migration speed and persistence was also decreased from the blocking of proteolytic 

activity via Marimastat and knockdown of MT1-MMP (Figure 7.1).  MT1-MMP 

knockdown was confirmed via western blot and RT-PCR analysis.  Zymograms on 

conditioned media treated with siRNA showed that knockdown of the protein also led to 

a decrease in MMP-2 activation (Figure 7.4).  Since MT1-MMP is a known activator of 

MMP-2, this provides further evidence toward efficient MT1-MMP knockdown.   
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Decreases in speed due to Marimastat or MT1-MMP knockdown were very 

similar.  However, Marimastat treatment, while depressing persistence to a lower value in 

the 1.75 and 3 mg/ml matrix densities, did not abolish persistence to the extent of MT1-

MMP knockdown (Figure 7.1B).  Unlike Marimastat, MT1-MMP siRNA was also 

responsible for knockdown of p-ERK activity (Figure 7.3A).   

p-ERK expression was also effected by the drugs U0126 and Y27632.  U0126 

decreased p-ERK expression (Figure 7.3C) and was able to ablate persistent movement in 

3mg/ml samples while leaving cell speed intact (Figure 7.2A,B).  This relationship was 

observed in control cells as well as those cells cultured with siRNA to MT1-MMP.  

Interestingly, the loss of persistent movement via treatment with siRNA to MT1-MMP 

was rescued upon treatment of Y27632 (Figure 7.2B).  This rise in persistence was 

accompanied by the re-emergence of p-ERK expression (Figure 7.3B).  In addition to 

rescuing persistent motion, Y27632 decreased cell speed at 3mg/ml, (Figure 7.2A).  

These results were later used to make assumptions and optimize the model. 

 

7.2.2 Optimized model faithfully followed trends observed in in vitro experiments 

The model was created and optimized based on assumptions established from the 

data as described in the methods.  It was then validated to ensure it was able to recreate 

these relationships.  The effects of several model inputs on p-ERK expression or the 

driving variables were tested.  Each model parameter was found to have successfully 

altered their intended variables in a linear fashion as outlined by the model assumptions 

(Figures 7.5-7.9).   



201 

Next, the different relationships between the input variables and output speed and 

persistence were examined.  The results showed that the model followed the general 

trends displayed by the data in figure 7.1 and figure 7.2.  Marimastat was able to decrease 

speed along with MT1-MMP knockdown.  While MT1-MMP knockdown was also able 

to significantly decrease persistence, Marimastat did not exhibit as strong of a response 

(Figure 7.10-7.11).  Changes in drug concentrations through the model also followed 

trends displayed by the data.  While an increase in the concentration of Y27632 led to a 

decreased cell speed, the effect of U0126 on speed was negligible (Figure 7.12A, Figure 

7.13A).  Increases in concentration for both drugs were able to control persistence.  

Y27632 was able to rescue persistence from MT1-MMP siRNA treated samples (Figure 

7.12B).  Finally, U0126 was able to ablate persistence with increasing concentration 

(Figure 7.13B).   

After all model relationships were expressed appropriately by the model, initial 

tests were performed to confirm its general action.  Both speed and persistence were 

probed as a function of lattice spacing and azimuthal angle.  Since neither of these terms 

is expressed in the terms of equation 7.3 for cell speed they should not perturb speed 

output from the model.  In contrast, the azimuthal angle as well as lattice spacing (which 

like azimuthal angle also contributes to the allowable range of lamellipodial contacts) 

should directly influence the directionality of movement.  As anticipated, both angle and 

lattice spacing have no effect on cell speed but influence the persistence (Figure 7.14).  

As the allowable angle is decreased cells follow a more directed path and persistence 

increases.  Similarly, as lattice spacing is increased cells are given fewer adhesion options 
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within the allowable azimuthal angle projection and therefore stochastic variability is 

lessened leading to a more direct and persistent motion.  Cell tracks are also able to 

visually depict the difference in control and MT1-MMP samples to show the model is 

performing and intended.  Control tracks exhibit much more persistent movement as 

displayed through the increased displacement after 3 hours (Figure 7.15).  The adherence 

of these principle relationships stemming from variable optimization allowed next for the 

testing of the model in its ability to recapitulate migration responses as well as test its 

predictive capacity. 

Optimization of variable relationships allowed the model to match the previous 

migration data in 3 matrix densities under conditions of siRNA and Marimastat 

treatment.  Both speed and persistence of the optimized model closely mimicked the 

experimental results with minimal error (Figure 7.1).  The model was also able to match 

the results from migration experiments for samples treated with drugs Y27632 and 

U0126 in 3 mg/ml for both control and siRNA treated samples.  (Figure 7.2). 

 

7.2.3 Model accurately predicted speed and persistence in response to drugs in 3D 

The model was then used to predict migration in other scenarios without changing 

any model parameter relationships.  Migration predicted by the model for control and 

siRNA treated cells in the presence of Y27632 or U0126 at a new matrix density of 1.75 

mg/ml was performed and validated via experimental procedures.  The same was done 

for the predictions made at 1.75 mg/ml and 3 mg/ml for cells treated with both 
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Marimastat and U0126.  The predicted speed and persistence matched our values 

recorded from cells migrating under those conditions in vitro (Figure 7.16,7.17).   

To ensure that predictions at the 1.75 mg/ml density were valid protein expression 

was also observed.  The protein expression patterns of p-ERK under the predicted 

conditions remained consistent with initial observations depicted in figure 7.3.  

Marimastat, MT1-MMP knockdown, Y27632 and U0126 all retained their effects on p-

ERK as observed at 3 mg/ml.  This confirmed that the relationships and assumptions 

based on signaling data were still applicable in the predicted scenarios and that no 

significant signaling changes would contribute to major alterations in behavior when 

progressing from 3 mg/ml to 1.75 mg/ml cell culture (Figure 7.18). 

 

7.2.4 Integrin-ECM adhesions do not solely govern migration of HT-1080 cells in 3D 

collagen 

  To model the behavior of cells under the influence of integrin inhibitor 4B4, the 

concentration of integrins and p-ERK content were reduced significantly as informed 

from previous works discussed in the methods.  As expected, predictions of speed and 

persistence from the model dropped well below control values for unperturbed cells at 3 

mg/ml.  The prediction of persistence due to 4B4 treatment matched well with 

experimental techniques (Figure 7.20B).  As predicted from a phenomenological 

standpoint, this corresponded with a decrease in p-ERK activity in the presence of 4B4 

(Figure 7.19C).  However, experimental data revealed that 4B4 treatment did not 

decrease cell speeds to the extent predicted in the model (Figure 7.20A).  In order to 
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Our approach resulted in the accurate prediction of migration response to drug 

from different matrix concentrations and alterations to protein signaling pathways.  

Sufficient data was collected to measure the accuracy of predictions via statistical 

analysis between in vitro and computational results; however, these tests were not 

performed.  This is because we are more concerned with the ability of the model to 

recreate trends seen between different in vitro samples than its capacity to output any 

particular numerical value within significance.  In addition, our observed results in our 

estimation did not merit the use of any given statistical test due to the fact that the 

differences seen between any two in vitro or model data sets, while displaying the 

potential to be technically statistically significant, were not practically significant in the 

context of migration speeds or persistences.  In such cases the lack of overlap shown 

between reported confidence intervals may be due to very large sample sizes.  The 

differences between in vitro and model data uncovered through these large data sets may 

be valuable toward evaluating the weaknesses of the model; however, they are not 

necessary in the assessment of the model to predict bulk level processes.   

The results from both arms of the study also provided additional knowledge into 

how matrix density, proteolytic activity, integrin adhesions and p-ERK influence speed 

and persistence.  Specifically, our experimental and computational results showed that p-

ERK expression is required for persistent migration in HT-1080 cells in 3D matrices, 

however, downregulation of this protein alone does not affect speed.  We also conclude 

that matrix density can alter both speed and persistence of cells, and drugs that alter the 

proteolytic processing of the matrix such as Marimastat can alter speed and persistence 
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nature of integrin knockdown events also breeds caution when speculating the actual 

numbers of integrin-ligand interactions that are present at any given time.  It is entirely 

possible that our model can and will predict accurate speeds in response to integrin 

inhibition given the exact extent to which inhibition occurs in vitro. 

Nevertheless, our data confirms that lower migration speeds for these cells are 

possible when both contractile force mediated by integrins and proteolytic capacity are 

hindered together.  This suggests that in 3D both of these cellular processes play an 

additive role in motility.  Neither is fully responsible for motility.  Indeed, during periods 

of amoeboid migration, in which cells primarily utilize actin-myosin contractile forces in 

order to progress, cells are thought to rely less upon integrins and in extreme cases of 

amoeboid motion adopt a form of integrin-independent migration [262,484].  It is by 

these mechanisms that the cells observed in this study may continue to migrate despite 

integrin blocking and downregulation.  This suggests that other factors must be included 

outside the realm of a simple integrin driven contractile force mechanism (perhaps an 

integrin indepdent actin-myosin contractility upon loss of integrin expression) when 

attempting to fully characterize cellular motility.  

Our conclusions on this subject are validated through other work observing cells 

migrating in 3D networks in the presence of integrin inhibitors.  Wolf et. al. has shown 

that while speeds of cells decrease in 3D upon integrin inhibition, further losses in speed 

can also be seen when MMP activity is also abrogated [406].  Furthermore, Zaman and 

colleagues has reported that integrin inhibition potentiates a preference for softer matrices 

in order to achieve maximal migration speed, suggesting that proteolysis becomes ever 
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network of individual fibers expressing multiple adhesion opportunities, cellular speed 

and directionality would both be influenced by the necessity to detach various unique rear 

adhesions during each migration event.  Each adhesion experienced by the cell may also 

express differential force generation due to the heterogeneity of fiber stiffness felt by the 

cell leading to further modulation of both speed and persistence.  In this way the 

abundance and local stiffness heterogeneity of matrix fibers would govern speed as well 

as persistence.  Inclusion of a matrix with fibers of heterogeneous stiffness and adhesion 

opportunities in our model (presumably represented similarly to elastic springs with 

spring constants dependent on local matrix stiffness) would therefore most likely not 

result in a complete decoupling of speed and persistence.  This setup would also allow for 

specific migration behaviors such as durotaxis and would account for the natural variance 

in migration speeds, a characteristic that was introduced in the model artificially.  

Perhaps more importantly our predicted results, validated via time lapse 

migration, show that while U0126 is only able to ablate cell persistence, the combination 

with Marimastat can produce a state in which both speed and persistence are decreased 

significantly.  Targeted ERK inhibition remains an active chemotherapeutic strategy 

[485].  Our model shows that the particular inhibitor U0126 does not affect migration 

speed, but the combination with MMP inhibitor Marimastat can help augment this 

treatment.  This type of prediction represents the potential this model can bring to drug 

discovery. 

Limitations of the model may stem from variations within cell lines, and other 

culture conditions.  While the model was made to predict drug response at varying matrix 
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densities, more complex matrices with an unclear compositional structure (e.g.  Matrigel) 

may show deviation from the model.  Nonetheless, this model provides a novel approach 

to characterize and predict migration behavior in a non-generalized manner.  An 

additional limitation of the model stems from the structural framework regarding the 

relationship between the contractile migration force and matrix rigidity.  Previous 

research has established that cells utilize integrins to act as mechano-sensors and as such 

are able to match contractile force upon matrix fibers with the inherent stiffness of the 

ECM [467].  The relationship between cell contractile force and ECM stiffness has also 

been shown to be logarithmic in nature, with traction forces reaching an asymptotic 

maximum upon very stiff substrates [486].  This behavior of cells has been incorporated 

into several models of migration and particular for cells in 3D matrices [382,486,487].  

The underlying characteristics that a variable contractile force imparts are that of a 

bidirectional relationship between substrate stiffness and motility.  At low substrate 

stiffness, the contractile force is insufficient to propel cell migration.  As the stiffness of 

the ECM increases, cells are then able to utilize myosin-actin machinery to increase 

speeds and contractile force.  However, in the regime of high substrate stiffness 

contractile force no longer increases with the stiffness and migration speeds decrease.  

The hypothesis for this behavior is that stagnant contractile forces can no longer compete 

with the opposing forces of an increasing viscous force in higher density gel 

environments, and the inability to release rear adhesions due to large focal adhesion size 

and strength.   
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tools to probe cell behavior in a high throughput manner.  Current computational 

approaches perform admirably however; they often neglect multiple facets of the 

migration process.  Models that are constructed from phenomenological systems may 

also have little applicability and predictability in real in vitro settings.  The overarching 

benefit of this platform stems from its ability to incorporate cell signaling, changes in the 

ECM, integrin adhesions, and proteolytic activity governed by MMPs to predict 

migration response to drug in 3D.  This structure allows for prediction in a wide variety 

of drug concentrations, siRNA treatments, and matrix concentrations, that work 

synergistically with and are directly applicable to an in vitro data set. 

As our knowledge of migration becomes increasingly complex, our platforms to 

study it must also adapt and evolve.  The framework described here represents a step 

toward systems to study migration as set of connected, interdependent processes.  To our 

knowledge, a model to allow for prediction of migration in 3D matrices using signaling 

data together with attention to MMPs, integrin adhesions and proteolysis has not yet been 

undertaken.  Future iterations of this model may be adopted to predict migration response 

to drugs to probe for patterns worthy of further in vitro analyses. 

 

7.4 Conclusions 

 We have presented an integrated technological method combining both in vitro 

and computational approaches in a simple manner to predict migration response to drug 

in 3D matrices.  Our platform is able for the first time to incorporate 3D culture along 

with the action of proteases as well as signaling pathway function.  The results show that 
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and persistence through its viscosity and fiber density, we hypothesize that Marimastat 

influences speed and persistence in a similar way, by controlling fiber density and 

viscosity by blocking proteolytic activity and disrupting matrix remodeling.  In a way, 

adding Marimastat translates to moving from a lower to higher density matrix.  From this, 

the assumption is made that Marimastat decreases speed and persistence by increasing the 

viscosity of the matrix and decreasing the lattice spacing, similar to the action of moving 

from a sparse to dense matrix.   

The knockdown of MT1-MMP via siRNA showed a similar, but different result 

than treatment with Marimastat.  siRNA decreased MMP-2 activity (Figure 7.4B), 

reducing total proteolysis similar to Marimastat.  However while speed values for cells 

cultured with Marimastat and siRNA MT1-MMP were similar, the persistence values 

were much lower for those cells with MT1-MMP knockdown.  Cells treated with siRNA 

against MT1-MMP also showed reduced p-ERK expression.  In order to fully understand 

out how MT1-MMP knockdown effects migration, the changes in p-ERK expression and 

proteolytic blocking due to siRNA against MT1-MMP need to be examined separately.  

The drugs U0126 and Y27632 shed insight into the relationship between MT1-MMP 

knockdown, p-ERK expression, and proteolysis in speed and migration. 

 In siRNA treated cells, Y27632 rescued p-ERK expression and persistence to the 

level of control cells.  From this data we observe that MT1-MMP knockdown cells 

cannot decrease cell persistence without decreasing p-ERK.  They can however continue 

to decrease speed.  Cells cultured with siRNA MT1-MMP and treated with Y27632 still 

decreased speed compared to control cells treated with Y27632 alone.  These data 
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contribute to the assumption that p-ERK correlates with persistence.  When p-ERK is 

knocked down, persistence falls, however in samples when this protein is preserved, the 

migration is persistent.  This is further supported by the decrease in persistence seen 

when treated with U0126 a potent MEK inhibitor which prevents p-ERK expression.  

Changes in p-ERK do not, however, lead to changes in speed.  These trends are observed 

in control and siRNA treated samples.  From this we assume that MT1-MMP knockdown 

cells reduce persistence by reducing p-ERK expression.   

How then does MT1-MMP knockdown lead to changes in cell speed? Changes in 

proteolytic processing and matrix remodeling are the likely culprit.  This is supported by 

the fact that MT1-MMP knockdown cells that express p-ERK due to Y27632 treatment 

still have lower cell speed compared to control cells treated with Y27632.  Since this 

decrease in speed cannot be due to any changes in p-ERK expression, we therefore make 

the assumption that siRNA against MT1-MMP decreases speed by increasing the 

viscosity of the matrix.  We also assume that while Marimastat is able to affect lattice 

spacing by blocking proteolysis, MT1-MMP knockdown cannot match this effect 

because MT1-MMP is bound to the membrane, and does not block as many MMPs as 

Mariamstat.  For the basis of our model only we therefore conclude that siRNA 

knockdown of MT1-MMP does not affect lattice spacing. 

Our final model assumption is that Y27632 decreases cell speed by decreasing 

cell contractility.  The main function of this drug is the selective inhibition of p160ROCK 

which mediates cell polarity, actin organization, and stress fiber formation.  Addition of 

this drug decreased speed at 3 mg/ml and in other works has been described to directly 
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prediction cases was obtained to ensure that the signaling patters used to develop the 

model still held under the predicted conditions. 

 

7.6 Acknowledgments  

The authors acknowledge research support from the National Institutes of Health 

(U01-CA177799) and the National Science Foundation (DMR-1206335) for this work.  

We deeply appreciate the input from members of our lab during the course of this 

research. 

  



228 

7.7 Figures 
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Figure 7.1: Cell speed and persistence as observed from experiments and model 

simulations.  Experimental data shows a decrease in cell speed and 

persistence as matrix density increases.  Further losses in cell speed are 

evident during MT1-MMP knockdown and treatment with MMP blocker 

Marimastat (A).  While depressing speed similarly, MT1-MMP 

knockdown was also able to decrease persistence with greater significance 

than Marimastat (B).  Model optimization allowed for the recreation of 

trends seen from experiments at different matrix concentrations for speed 

and persistence.  Error bars represent standard deviation. 
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