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ABSTRACT OF THE DISSERTATION 

 
 

 
Quantifying Cellular Adhesion Strength of Tumor Cells as a Metric for Migratory and Metastatic 

Potential 
 

by 
 
 
 

Afsheen Banisadr 
 
 

Doctor of Philosophy in Biomedical Sciences 
 
 

University of California San Diego, 2020 
 
 

Professor Adam J. Engler, Co-Chair 
 

Professor Frank Furnari, Co-Chair 
 
 

The ability of tumor cells to reestablish a niche and cause recurrence of the tumor, either 

within the primary tissue that the tumor initially formed or to a secondary site within the body, 

enhances tumor malignancy and causes patient morbidity and mortality. The propensity of tumor 

cells to migrate away from their primary site poses several challenges. First is the high variability 

in driver mutations between patients, as well as the variability in patient background genetics, 
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both of which can induce variability in tumor cell migratory and metastatic propensity. Second, 

is a lack of universal markers, either genetic or molecular, which can accurately predict tumor 

cell migratory and metastatic potential. Together these challenges prevent the stratification of 

different tumors and prevents the implementation of patient-specific interventions tailored to 

prevent tumor cell migration and metastasis. 

An emerging field which is providing insight into the tumor metastatic process is 

biophysical analysis. However, the field is currently focused on analyzing the presence of 

circulating tumor cell through turbulent flow microfluidics as an indicator for metastasis, not 

predicting tumor metastatic potential from the primary site. Therefore, there is a need for a rapid 

and quantitative biophysical metric which can predict the migratory and metastatic potential of 

those primary tumors. This dissertation addresses the need to predict tumor migratory and 

metastatic potential by gaining an understanding of how those characteristics are linked to cell 

adhesion in glioblastoma and mammary tumors, respectively.  

In order to determine the relationship between adhesion strength and cell migratory and 

metastatic potential first we characterized the adhesion strength of metastatic and non-

metastatic mammary cancer cells.  In order to evaluate cellular adhesion strength as well as 

understand the effects of the tumor microenvironment on cell biophysical characteristics, we 

built a spinning disk shear device. This device gave us the capability of interrogating cellular 

adhesion characteristics in a quantitative and high throughput manner, as well as being able to 

modulate extracellular divalent cation conditions Mg2+ and Ca2+ to mimic those found in patients. 

We found that in the absence of divalent cations those metastatic cells showed an overall 

decrease in the cellular adhesion strength as well as a broader range of adhesion characteristics 
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than those non-metastatic cell lines. Comparison of those metastatic cells to their non-metastatic 

counterparts demonstrated a decrease in the assembly state of focal adhesions in both number 

and size. Similarly, the exposure of those non-metastatic cells to cyclic RGD peptides also induced 

a decrease in focal adhesion assembly state as well as decreasing cellular adhesion strength and 

increasing cell migratory phenotype. Together, these data suggest that there is a correlation 

between decreased cellular adhesion strength, an increase in metastatic potential, and that this 

correlation is due to altered assembly state of focal adhesion structures. 

Next, I wanted to understand if the correlation between decreased cellular adhesion 

strength and increased cell migratory phenotype extended beyond mammary tumors to 

glioblastoma (GBM). In order to investigate the effects of common GBM mutations on cellular 

adhesion strength, isogenic murine astrocytes were exposed to fluidic shear stress via spinning 

disk assay. Specifically, astrocytes with combinations of CDKN2A/B deletion (occurring in 61% of 

patients), Pten deletion (occurring in 41% of patients), or alteration of epidermal growth factor 

receptor (EGFR) (occurring in 57% of patients) were analyzed. This analysis showed that unlike 

mammary tumors, decreased astrocyte adhesion strength was dependent on the presence of 

divalent cations. Furthermore, I found that the decrease in adhesion strength was limited to 

those cells expressing EGFRvIII independent of other mutations, and correlated with increased 

migratory phenotype. Further analysis found that this change in EGFRvIII expressing cells 

biophysical phenotype is a result of a signaling-dependent decrease in integrin expression which 

results in alteration of focal adhesion assembly state. In order to investigate what EGFRvIII 

dependent signaling cascades modulate decreased adhesion strength, I utilized small-molecule 

inhibitors to target multiple pathway nodes such as: the EGFR receptor itself, MEK, SRC, and Stat3 
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in a systematic manner. I found that those cells treated with MEK inhibitor or EGFR inhibitor 

showed an increase in EGFRvIII cell adhesion strength, similar to non-EGFRvIII expressing cells. 

Lastly, it has been well documented that cell-cell communication allows those EGFRvIII cells to 

affect behavior of non-EGFRvIII cells within that tumor. In order to understand if EGFRvIII cells 

are capable of altering cell adhesion strength of other cells, I educated wtEGFR with EGFRvIII 

conditioned media prior to analyzing cellular adhesion strength. I found that those wtEGFR 

expressing cells altered their adhesion strength after education with vIII CM, and that this 

decrease in adhesion strength was dependent on the presence of the soluble factor TNF-α. 

Throughout this dissertation I will demonstrate the value of utilizing fluidic shear as a 

methodology for analyzing cellular adhesion strength and its application for predicting tumor 

migratory and metastatic potential. Furthermore, I will also demonstrate how fluidic shear can 

be used to understand the genetic and molecular mechanisms that contribute to and enhance 

tumor cell malignancy. 
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Chapter 1. 

Utilizing cell-ECM dynamics to model and measure 

epithelial cancers 

1.1 Abstract 

Detecting and predicting tumor cell migration and metastasis has been a focus of the 

tumor biology field for decades. This is because detection and prediction of tumor cell migratory 

and metastatic potential is fundamental in understanding and preventing tumor recurrence as 

well as related patient morbidity and mortality. Classically, analysis of tumor migratory 

characteristics and prediction of metastatic potential has been performed using a combination 

of histopathological analysis of the primary tumor and repeated follow-up imaging. With the 

expansion of genetic analysis and molecular testing, more quantitative prediction of those most 

common and malignant markers have been established. However, the large diversity in driver 

mutations, as well as patient background genetics, prevents prediction of tumor behavior 

through a universal biomarker. In this chapter we will discuss the benefits and shortcomings of 

these classic techniques, and will also look at how the field of tumor monitoring and predictive 

analysis has evolved. Specifically, we will focus on extracellular matrix modeling, microfluidics, 

biophysical analysis, and how these fields are being used independently, as well as in 

combination, to monitor and predict tumor cell migratory and metastatic potential. 
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1.2 Introduction 

Tumor recurrence is the primary cause of patient morbidity and mortality1,2. The ability 

of tumor cells to establish secondary sites, either in the same tissue or in distal sites in the body, 

prevents the complete removal of those cells and eventually results in recurrence3,4. The process 

of secondary tumor formation is universal in solid tumors extending from epithelial tumors such 

as mammary tumors to astrocytic tumors such as glioblastoma (GBM)3,4. More explicitly, the 

process of tumor cell dissemination is a coordinated one wherein a tumor cell must detach itself 

from the bulk tumor, migrate away from the tumor and invade into healthy stroma by utilizing 

insoluble extracellular matrix proteins i.e. fibronectin5–7 (Figure 1.1). The tumor cell can then 

establish residency in a secondary site with a favorable microenvironment in the surrounding 

proximal tissue stroma3,4. In the case of metastatic tumors, this means intravasating into the 

blood or lymph system, circulating around the body, extravasating from that system and invading 

into other tissues8–10. Migration is similar for invasive tumors but does not necessitate 

intravasation and extravasation (Figure 1.1).  

Despite the process of cancer cell migration being ubiquitous to all solid tumors, no 

universal biomarker for predicting tumor cell migratory and metastatic potential has been 

found11. This lack of a universal maker is due to the vast amount of genetic and epigenetic 

heterogeneity in cancer. This is true not only between different types of tumors, but also 

between patients with the same type of cancer, as well as for individual cells within a single 

tumor5,12,13. This genetic and epigenetic heterogeneity results in a large variety of pathways being 

altered, and as a consequence, leaves no universal pathway or gene which can sufficiently act on 

its own to induce a migratory or invasive phenotype.  
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In order to address this lack of universal markers, stratify patient populations, and 

interrogate the mechanisms involved in tumor cell migration and metastasis, targeted analysis 

of migratory and metastatic cells has been performed. Specifically, the implementation of 

techniques such as microdissection, circulating tumor cell isolation, and single cell sequencing 

have helped to resolve some of the previously undiscovered mechanisms involved in tumor cell 

migration and metastasis14–16. For example, the application of assays such as laser capture 

microdissection (LCM) has been utilized in extracting and analyzing those GBM tumor cells which 

have migrated into healthy parenchyma14,15. Similarly, the isolation and characterization of 

circulating tumor cells from the blood or lymph is being performed in order to understand what 

genetic, molecular, and physical properties (such as size, or circularity) those metastatic cells 

exhibit in comparison to their non-metastatic counterparts16,17. Though these data has given 

some insights into the mechanisms involved tumor cell migration, and metastasis, they are 

limited in their resource pool due to the rarity of these data they are trying to collect, throughput 

of data, and most importantly cannot necessarily predict tumor behavior from a primary tumor 

site15,18. 

A new field of research that is emerging in order to characterize primary tumor cell 

characteristics, independent of genetic or molecular markers is the field of biophysical analysis. 

Specifically, analysis of primary tumor cell properties such as nuclear stiffness, cellular 

deformability, interrogation of tumor cell migration characteristics, and investigation of cellular 

adhesion strength, are being look at as metrics for tumor cell migratory and metastatic 

potential19–25. These biophysical analyses serve as a more encompassing metric for predicting, 

interrogating, and understanding those metrics responsible for migration. Furthermore, these 



4 

data may serve to stratify patient populations and eventually allow for the targeting of those 

characteristics to improve patient outcomes. One example of this biophysical analysis is the 

interrogation of nuclear envelope stiffness and rupture during cellular migration through the 

surrounding microenvironment19,26. These analyses have shed light on the importance of nuclear 

composition and physical characteristics, and how they can be utilized to characterize those more 

migratory and metastatic tumor cells. However, these analyses present their own limitations as 

far as throughput and downstream analysis. 

In this chapter I will describe the strengths and weaknesses of using these various 

methodologies towards analyzing tumor cell migratory and metastatic potential. In addition, I 

will touch upon methodologies which show promise in improving our understanding of tumor 

biophysical characteristics, how that knowledge can be used to improve cancer therapeutics and 

eventually patient outcomes. 
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Figure is reproduced and modified with permission from ref.,27  

 
Figure 1.1. The process of tumor development, migration and metastasis: 
 
The mutation of a single cell leads to uncontrolled division, resulting in an excess of abnormal cells. As the mass 
grows, the cells can acquire additional mutations and remodel the surrounding tissue, forming a primary tumor. 
Tumors are heterogeneous and often lack the polarity and cellular organization of the original tissue. Epithelial-to-
mesenchymal transition (EMT) is a cellular program that causes cells within a primary tumor to lose characteristic 
cell–cell adhesions, to break the basement membrane associated with an epithelial phenotype, to transition to a 
mesenchymal phenotype that lacks cell polarity and to upregulate and/or activate specific transcription factors, such 
as Twist family bHLH transcription factor 1 (TWIST1). The EMT program enables cells of the primary tumor to locally 
invade the surrounding stroma and is characterized by a shape change of the cells in the primary tumor. Intravasation 
is the migration of cancer cells from tumor-adjacent stroma into a blood or lymphatic vessel. This is a multistep 
process, during which metastatic tumor cells migrate through the extracellular matrix and between cells in the vessel 
as well as through the water-tight junctions between endothelial cells to reach the fluid in the lumen of the vessel. 
Extravasation is the exit of cancer cells from a blood or lymphatic vessel through the endothelial cell layer lining the 
vessel and into a secondary site distant from the primary tumor. This is also a multistep process, during which 
circulating tumor cells slow down and stop along the vessel wall through adhesion to endothelial cells. Cells break 
through the water-tight junctions between endothelial cells and the matrix within the vessel to invade new tissue. 
A malignant tumor that grows in a secondary organ from cells originating from a primary tumor. 
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1.3 Tumor Analyses 

1.3.1 Conventional methodologies to investigate tumor migration and metastasis 

Once diagnosed with a solid tumor, patients undergo very similar treatment and 

diagnostic modalities. Specifically, patients undergo some combination of surgical resection of 

the tumor, pathology analysis of the tumor and surrounding tissue, as well as radiation, 

chemotherapy and post-treatment imaging to monitor disease progression28.  

These classic approaches to analyzing, detecting, and predicting tumor characteristics has 

extended the time of disease-free recurrence and has improved patient outcome. For example, 

post therapeutic imaging modalities such as mammograms for breast cancer, flexible 

sigmoidoscopy for colorectal cancer29 and chest radiography scans for lung cancer30–32 are some 

of the oldest and most effective ways of detecting tumor recurrence. The efficacy of imaging as 

a method for detecting tumor recurrence and metastasis is due to several factors. First, is its non-

invasive or minimally invasive rapid nature, which promotes patient compliance due to nominal 

impact on the body, and low false positive rate33.These imaging modalities are swift and allow 

for a rapid prognosis and intervention of the patient29–32. It is important to note, however, that 

tumor imaging presents its own shortcomings as well. Specifically, imaging resolution and 

sensitivity of solid tumors, is limited to the macroscopic scale and is often times obscured in 

dense tissue34,35. Furthermore, although imaging allows for a rapid analysis of tumor presence, it 

is not able to predict tumor malignancy nor is it able to provide any characterization of tumor cell 

genetic, molecular or biophysical properties.   
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Immunohistopathological analyses are a second tumor analytical technique which has 

been used for decades to measure tumor properties36–38. Through pathology, doctors and 

patients are able to better understand the tumor physical characteristics such as disease stage, 

and molecular profiling /genetic testing of the tumor itself36–38. For example, pathology analysis 

had been instrumental in establishing the TNM staging system for describing disease progression, 

and pairing that analysis with appropriate therapeutics39. Specifically, the TNM system 

determines tumor progression through visual inspection of the tumor and surrounding stroma 

and analyzing size and extent of the primary tumor, the number of nearby lymph nodes that are 

positive for tumor residence, and analysis of metastasis39. Once disease stage is determined, 

molecular analysis of the resected tumor is performed to investigate for the presence of markers 

which may indicate either increased likelihood of tumor metastasis (loss of cell-cell receptor E-

cadherin)39,40 or may be used to implement targeted therapy (targeting of estrogen receptor 

positive cells by tamoxifen)41–43.  

Although there are several benefits of tumor pathology analysis, there are several 

shortcomings as well. First, tumor analysis by pathology requires highly skilled and trained 

individuals and whom are limited in the throughput with which they can analyze tumor 

characteristics44–46. In addition, tumor pathology analysis is subject to variability due to the 

physical considerations that must be taken into consideration during surgical resection of the 

tumor. For example, surgeons are limited in the amount of healthy tumor-adjacent tissue they 

can remove when resecting a GBM tumor44–46. This limitation not only introduces variability into 

pathology analysis, but may present only a partial picture of the migratory front of the tumor. 

Importantly, however, these assays are not predictive of tumor malignancy. More specifically, 
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although interrogation of common molecular markers helps to focus patient therapies, these 

analyses do not predict tumor migratory or metastatic potential5,11–13,47–49. This is because, 

although the tumor pathology has made considerable strides in identifying molecular markers of 

tumor migration and metastasis non have been ubiquitous through all tumor types11. 

Furthermore, though the tumor TNM staging system is helpful in scaling cancer progression, it is 

also not necessarily predictive of future tumor malignancy. 

1.3.2 Modern genetic, molecular, and cellular analysis 

Alongside, and in complement with pathology, genetic testing has proven to be extremely 

valuable in understanding tumor initiation, proliferation, and migration characteristics. This is 

because, at a fundamental level, cancer is a disease of genetic alteration whether it be mutation, 

loss of function, or over expression50.  The advent of more accurate, rapid, and less expensive 

genetic testing of both the tumor and the patient samples has expanded our ability to more 

thoroughly understand tumor biology51. Specifically, sequencing has given us the ability to 

predict patient risk for tumor formation based on germline mutations, discover and analyze 

common and conserved driver mutations, predict of tumor malignancy based on recurring gene 

profiles, and target some of those common mutations50,52,53. These assays vary widely both in 

technique and the information they are able to discern, for example, analysis of chromatin 

availability54 to binding of transcription factors55 to quantification of gene expression. 

Furthermore, higher resolution techniques are continuing to be developed, in order to provide 

improved understanding of genomic information, and have reached the level of single-cell 

sequencing54–58. 
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On example of genetic analysis is whole-genome sequencing (WGS). WGS has expanded 

our ability to determine and test for those common mutations which contribute to tumor 

formation, and malignancy57,59,60. Analysis of common underlying germline mutations has shed 

light on those mutations which may predispose patients toward higher tumor risk61. WGS works 

by isolating DNA from patient blood and tumor samples, through commercially available 

methods62, enzymatically cleaved through restriction enzyme digestions, and amplified to ensure 

high signal purity during sequencing. The digested and amplified strands are then read through 

polymerization of the complimentary strand using fluorescently labeled nucleotides63. Together 

this knowledge has allowed for the implementation of more personalized therapies in 

preventing, detecting, and treating tumors. For example, the presence of  BRCA germline 

mutations has been shown to drastically increase the risk of developing a mammary or ovarian 

tumors50,64, and germline analysis of those patients. Likewise, genetic analysis of malignant 

melanomas tumors has found commonality in the BRAF65 and MEK pathway mutations66. Small 

molecular inhibitors against these pathways have been developed, and show significant 

improvement in patient survival67.  

Though whole genome DNA sequencing has proven to be extremely helpful in enhancing 

our understanding of tumor formation, and malignancy, it does not give a full-spectrum analysis 

of genomic effects on tumor cell behavior. For example, until recently, genetic testing has been 

limited to bulk tumor samples, and not individual cells. The tumor and its environment, however, 

are very diverse and heterogeneous68 comprised of many different cell types with a variety of 

genetic and epigenetic differences48,56,69,70. As a result, although bulk tumor sequencing is able 

to investigate genetic heterogeneity of tumors between patients (intertumoral), it is not able to 
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evaluate cell-to cell heterogeneity within a single tumor (intratumor)13,49,71. This means that the 

genetic signature of the small portion of the tumor cell populations which is highly migratory8 

and/or metastatic may be lost in comparison to the other tumor cells which are not13,49,71. 

Additionally, though DNA sequencing is able to determine the number of copies of a gene, it is 

not able to quantify expression of those genes in the way that RNA sequencing is able to57.  

In order to understand differences in gene expression and investigate intratumor 

heterogeneity, single-cell RNA sequencing (scRNA-seq) is now being performed on patient tumor 

samples56. The principles of scRNA-seq are similar to DNA sequencing, but necessitates additional 

steps in order to isolate individual cells. Specifically, once a tumor is resected, individual cells are 

isolated using either known cell-surface tumor markers (i.e. flow cytometry) or with marker-free 

methods (i.e. microfluidic chip)13. Both methodologies result in isolation of single-cells and allow 

for extraction of RNA, its conversion to cDNA, and genetic analysis13. These data are then 

compared to the other cells within the tumor, and across patients72. As previously mentioned, 

RNA-seq has several benefits over traditional bulk-tissue DNA sequencing such as ability to 

analyze gene expression levels, as well as stratification of heterogeneous cell populations in a 

tumor5,13,73. In addition, scRNA-seq allows for analysis of tumor cell “evolution” by investigating 

common mutations and reverse-engineering which cell populations contain original driver 

mutations and which cells combined those original drivers with other mutations74,75. This analysis 

is helpful in understanding central driver mutations of tumors, and the origins of tumor 

therapeutic resistance by identifying conserved and novel genetic alterations in primary and 

recurrent tumors respectively48,76. Moreover, the computational basis of scRNA-seq allows for 



11 

the combination of patient data in order to understand which genetic markers are most, common 

and stratify those groups which show the highest risk/lowest survival. 

Though scRNA-seq provides some distinct advantages over traditional WGS, it also 

demonstrates some shortcomings15. First is the trade-off between throughput of single-cell 

separation and the need for tumor-specific markers. More explicitly, in order to perform scRNA-

seq, cells have traditionally been isolated using FACS or antibody functionalized magnetic beads 

against tumor markers which have been previously characterized i.e. EpCAM15,17,77. Although 

these methodologies allow for the rapid and hi-throughput separation of tumor cells into single-

cells suspension, they rely on known markers and show only a limited scope of the tumor cells 

from the bulk tumor. Conversely, separation of tumor cells in to single-cell suspensions 

independent of cell markers is much slower and lower throughput15. Marker-free separation 

utilizes either microfluidic separation or manual isolation and is limited in the number of cells 

(10k-100k cells) but is able to capture a more diverse array of cells compared to marker-based 

methods15,78. This trade-off between low throughput assays which characterize a wide array of 

cells or high throughput which are limited to known molecular markers prevents the application 

of scRNA-seq in predicting tumor migratory and metastatic potential.  

Overall, tumor genetic analysis has made vast improvements in the field of tumor biology, 

not only in enlightening those common driver mutations, but improving understanding of tumor 

mutational evolution and heterogeneity74,75. Moreover, the cost, throughput and speed of these 

analyses is constantly improving allowing for more common implementation in helping to 

improve patient treatment and survival. However, its use as a methodology for predicting tumor 
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migratory and metastatic behavior is incomplete and must be complimented with other 

techniques. 

1.3.3 Current techniques for analyzing invasive tumor cell population 

In order to gain a more complete understanding of the mechanisms involved in tumor cell 

migration and metastasis, targeted genetic analysis of those migratory tumor cell populations is 

now being performed. To interrogate the differences of those migratory and the non-migratory 

cell populations (i.e. tumor bulk, and tumor periphery), cells are isolated using Laser Capture 

Microdissection (LCM)18 and analyzed downstream for their genetic, epigenetic and molecular 

differences. LCM has emerged as a vital tool in extracting and analyzing those migratory tumor 

cells. LCM works by using high-power IR lasers to capture cells of interest or UV lasers to ablate 

all non-essential cells from the sample of interest (Fig 1.2)79. In addition, LCM is able to isolate 

cells from heterogeneous tissue section, cytological preparation, or live cell culture without the 

effect of contamination from other cell populations. When paired with high resolution genetic 

and molecular analysis such as scRNA-seq LCM has been able to illuminate those alterations that 

are involved in increasing cellular migratory phenotype14. 

LCM presents several benefits when compared to other methodologies such as bulk 

tumor genetic/molecular analysis, or even whole tumor single-cell sequencing. As previously 

mentioned, when paired with genetic analysis, such as scRNA-seq, LCM is able to directly analyze 

those cells which have disseminated away from the tumor site without obfuscation from other 

cell populations14,80. These data provide a clearer understanding of how changes in tumor cell 

genetic lineage or genetic heterogeneity may contribute to cell migratory phenotype. The ability 

to isolate whole cells allows for molecular analysis of those cells through high sensitivity methods 
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such as protein micro arrays18. Moreover, LCM is able to isolate those migratory cells from 

healthy parenchyma and directly measure their migratory characteristics as a metric for 

malignancy14,81,82.  

Though LCM has shown some distinct benefits in analyzing invasive tumor cells, there are, 

however, also several limitations associated with LCM. For example, the ability to isolate those 

migratory cells, and analyze their genetic or molecular markers is dependent upon a variety of 

technical variables. These variables include sample quality, methodology of preservation/ 

fixation, and the quality of sample extraction, and all of which contribute variability to the data 

that is collected79. In addition, although LCM allows for the interrogation of those tumor cells 

which have migrated into the healthy tissue stroma, the number and of cells which can be 

analyzed is limited by the margin of tissue during surgical resection (e.g. GBM)46. These data 

limitations not only obfuscate the data but give an incomplete picture of cell malignancy, but also 

limits the types of assays which can be performed (i.e. 1 cell for scRNA-seq vs ~5,000-30,000 cells 

for molecular profiling array)18. Most importantly, the time-intensive and the low-throughput 

nature of LCM limits its application in detecting and predicting tumor migratory and metastatic 

behavior.  
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Figure is reproduced and modified with permission from ref.,18 

 
Figure 1.2. The mechanics of Laser Capture Microdissection: 
 
A) A thermolabile polymer is placed on a tissue section on a glass slide. An infrared laser melts the polymer in the 
vicinity of the laser pulse. The resulting polymer-cell composite is removed from the tissue. B) Properly melted 
polymer spots have a dark outer ring and a clear center, indicating that the polymer has melted and is in direct 
contact with the slide. Only cells lying within the diameter of the black melted polymer will be targeted for 
microdissection with each laser pulse. Poor spots have a fuzzy appearance, lacking a distinct black ring. C) Physical 
forces involved in LCM include an upward adhesive force between the substratum and the tissue, lateral forces 
between the cells, and a downward adhesive force between the polymer and the cells. D) A single cell is bound to 
the thermolabile polymer following microdissection with the infrared laser-capture technique.  
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1.4 Biophysical analysis: An emerging field in detecting, 

predicting, and understanding tumor migration and 

metastasis 

1.4.1 Using biomaterials to predict tumor migration and metastasis by mimicking the 

tumor microenvironment 

Due to the lack of universally applicable biomarkers to predict invasive and metastatic 

potential of solid tumors, biophysical analysis has made itself an attractive option for 

characterizing tumor invasive potential83. Because biophysical assays interrogate cellular 

properties such as size, deformability, circularity, etc. these assays are more broadly applicable 

in their ability to predict cellular behavior. These data have given considerable insight into which 

cell properties are important during the metastatic process, and serve as a more sensitive, 

accurate, and rapid indicator of cell migratory and metastatic phenotype when compared to 

traditional monitoring modalities. 

 One approach to analyzing cell biophysical characteristics is the use of engineered 

biomimetic materials in order to interrogate how cellular physical interaction with its 

microenvironment is indicative of its migratory phenotype. For example, it has been well 

documented that both epithelial mammary tumors and glioblastoma tumors exhibit an increase 

in mechanical stiffness compared to the surrounding tissue stroma84–86. In addition, analysis of 

mammary tumor and GBM microenvironment has demonstrated that these changes in tissue 

mechanics are due to an increase in the deposition, and remodeling of, structural ECM proteins87–
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91. Furthermore, it has been well described that these changes in fibronectin, collagen and 

Tenascin C only transform the topography of the tumor microenvironment, but serves as both a 

durotactic and receptor-signaling cue to enhance cellular migration into the surrounding tissue 

stroma84,88–92. 

In order to understand how these changes in the tumor microenvironment affect tumor 

cell behavior, in-vitro recapitulation of these biophyscial cues (such as increased matrix rigidity) 

have been performed93,94. Analysis of tumor niche biophysical changes have shed light on the 

tumor migratory and metastatic process, showing that those migratory and metastatic mammary 

tumor cells are sensitive to, and take advantage of, these structural changes in the tumor niche92. 

Specifically, these data indicate that migratory and metastatic tumor cell populations initiate a 

tension-induced response where, in response to this increase in matrix rigidity, cells increase 

focal adhesion assembly, and cellular contractility10,95. In mammary tumors, these cellular 

responses couple with signaling mechanisms such as extracellular signal-regulated kinase (ERK) 

downstream of the mechano-sensing as well as key transcription factors such as Twist family 

bHLH transcription factor 1 (TWIST1) to drive cells toward a migratory and invasive epithelial-to-

mesenchymal phenotype transition (EMT) (Fig 1.3)96,97. 

 Although interrogation of cellular mechano-sensitivity has both demonstrated the 

efficacy of cellular biophysical analysis, and illuminated some of the mechanisms involved in 

understanding cell migratory and metastatic potential there are also some limitations. First, is 

the technically challenging and time-consuming nature of the aforementioned assays both from 

a characterization and implementation perspective98,99. Specifically, prior to analyzing cellular 

biophysical response to differences in ECM properties, those tumor microenvironments must be 
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characterized in ECM composition and in mechanical properties (i.e. stiffness)25,100. This 

characterization is neither trivial nor rapid, and can require time and effort-intensive analysis 

such as immunofluorescent imaging (IF), immunohistochemical imaging (IHC) and atomic force 

Microscopy (AFM)100–105. In addition, ECM components, physical properties, and topographies 

must not only be recapitulated in-vitro, but also may not translate between tumor types. These 

restrictions require constant characterization of various tumor types, as well as extensive 

expertise in the materials and techniques necessary to fabricate, develop, and run such assays. 

Most importantly, the utilization of biomimetic materials to recapitulate the tumor niche is 

extremely low throughput, being limited by the number of cells whose migration can be observed 

and characterized by microscopy. In short, though mimicking cellular microenvironment is able 

to predict tumor cell migration and metastatic phenotype and is useful for understanding the 

mechanisms and pathways responsible for tumor cell behavior in a biomarker-independent 

manner, its implementation clinically is limited. 
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Figure is reproduced and modified with permission from ref.,96 

 
Figure 1.3. Matrix stiffness regulates TWIST1 nuclear localization: 
 
A) qPCR analysis of MCF10A cells grown in 3D culture on polyacrylamide hydrogels with the indicated rigidities (not 
significant, unpaired two-tailed t-test with Welch's correction, n = 3 independent experiments, statistics source data 
can be found in Supplementary Table 1; error bars represent s.d.). B) Cell lysates from MCF10A cells grown in 3D 
culture on polyacrylamide hydrogels with the indicated rigidities were analyzed by SDS–PAGE and probed for TWIST1 
and β-actin. Unprocessed original scans of the blots are shown in Supplementary Figure 7. C–E) Eph4Ras, MCF10A 
(C), Bt-549 (D) and MCF10DCIS (E) cells were cultured in 3D culture with the indicated rigidities for 5 days and stained 
for TWIST1 (green) and nuclei (blue; scale bars, 25 μm). 

  



19 

1.4.2 Capturing circulating tumor cells  

Although the use of biomaterials does predict tumor migration and metastatic propensity 

independent of the need for a biomarker, it is time-consuming, low throughput, and prohibitively 

complex to implement in a clinical setting. In order to more rapidly detect metastatic tumor cells 

as well as interrogate their biophysical properties, the use of turbulent flow microfluidics has 

been implemented106. Detection of circulating tumor cells (CTCs) is a clear metric of tumor 

initiation, growth and recurrence, because throughout tumor development, cells detach 

themselves from the primary tumor, and migrate into the surrounding stroma107,108. Once in that 

stroma, tumor cells migrate toward and intravasate into the vasculature in order to initiate 

metastasis to other organs. Moreover, these cells serve as a reservoir of tumor cells for tumor 

recurrence3,4. As a result, the presence of CTCs in the blood stream serves as an early indicator 

of tumor formation, and in addition, increased CTC prevalence is an indicator of increases in cell 

migration, tumor recurrence, and tumor metastasis109.  

In order to isolate tumor cells from patient blood, assays use either tumor-specific antigen 

labeling, or label-free methodologies, in conjunction with microfluidic principles16,17,77,110. In the 

case of tumor cells which express known antigens such as the rearrangement of ALK receptor, or 

chromosomal instability, these devices are able to rapidly and efficiently label those CTCs for 

isolation them from patient blood77,110–112. Once labeled, the cells can then be subjected to 

appropriate separation modalities such as magnetic bead separation or surface immobilization 

and further analyzed16,17,77,110. By contrast, those marker-free devices utilize differences in cell 

properties such as dimension, paired with optical analysis, and microfluidics properties such as 

turbulent flow to isolate those CTCs from patient blood (Fig 1.4)16,17,113.  
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The use of microfluidics to detect and isolate CTCs from patients has a multitude of 

benefits. In addition to allowing for the detection of CTCs in a biomarker-independent manner, 

CTC levels serve as a rapid, quantifiable, and sensitive metric for tracking tumor recurrence or 

metastasis16,17,113. Furthermore, once isolated from patient blood, CTCs are then subjected to 

both biophysical and genetic analysis in order to understand which properties contribute toward 

their increasing malignant phenotype16,17. More explicitly, by interrogating the differences in cell 

biophysical properties, such as cell membrane stiffness or deformability, we are able to gain a 

clearer understanding of those properties which play a key role in cell migration and metastasis.  

As with all methods, however, there are also a number of limitations associated with the 

use of microfluidic-based CTC analysis. The first is the rarity of events that these devices are 

attempting to detect, specifically it has been suggested that CTC may exist at a rate of 3 cell per  

mL of blood16,108,109, by contrast 1mL of blood has between 4 and 6 million non-tumor cells114. 

Second is the rate of CTC isolation which is limited by sample volume and which further decreases 

the signal to noise of downstream biophysical analysis. Most importantly, is the inability of these 

assays to predict tumor migratory and metastatic phenotypes from a primary tumor. More 

explicitly, although CTC isolation is a highly sensitive and rapid assay for detecting tumor cells 

progressing through metastasis, this process must still occur and cannot be predicted form the 

primary tumor. Additionally, not all tumors (such as GBM) metastasize to other organs in the 

body and as a result, detecting CTC’s would not prove effective.  
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Figure is reproduced and modified with permission from ref.,16 
 
Figure 1.4. Label-free isolation and enumeration of CTCs followed by downstream analysis: 
 
The Vortex HT chip is used to capture CTCs in vortices formed in microfluidic reservoirs. 
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1.4.3 Directly interrogating biophysical properties of primary tumor cells 

Due to the limitations associated with analyzing the presence of circulating tumor cells, 

new methodologies for directly interrogating primary tumor cell biophysical properties are being 

implemented. Specifically, in order to understand and predict tumor cell malignancy from the 

primary tumor, biophysical analysis of tumor cell properties such as membrane stiffness, nuclear 

rigidity, and migratory phenotype are being interrogated19,22. To assess these cell biophysical 

properties, cellular confinement and migratory assays have been utilized in order to understand 

differences between tumor cell populations115. These assays observe tumor cell biophysical 

properties as it migrates through a physically restrictive niche and assess which of those 

properties are critical to increasing cell malignancy. In addition, these assays can then be 

followed-up with genetic and molecular analysis in order to gain a mechanistic understanding of 

the genes and pathways driving these differences in tumor cell malignancy.  

One example of interrogating cell biophysical properties directly is through the use of 

cellular confinement assays. Cellular confinement assays work on the principle of physically 

restricting tumor cell migration through a series of physical barriers and analyzing a cells ability 

to modify its physical properties in order to navigate around those barriers116. These assays are 

highly relevant to predicting tumor malignancy, because they directly measure cellular migration 

and observe biophysical characteristics, in the context of an assay which recapitulates the 

restrictive tumor microenvironment20,117. Through these analysis we are able to gain an 

understanding of how cellular biophysical characteristics enhance tumor cell malignancy118.  

One example of cellular confinement assays is the use of ECM coated polydimethylsiloxane 

(PDMS) pillars which are packed at a density which hinders cellular migration19. These assays 
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prevent migration of cells through without deformation of cell membrane, or in some cases 

disassembly, of the nuclear envelope (Fig1.5)119. This direct analysis of cell biophysical properties 

is a good predictor of cell malignancy, because it demonstrates the properties that a tumor cell 

must have in order to migrate into the healthy stroma. In addition, it directly examines cell 

migratory characteristics through live-cell microscopy of the tumor cells, and is able to analyze 

tumor cell populations to determine the proportions of malignant cells19. Furthermore, 

confinement chamber assays allow for post-assay analysis once cells are stratified by migratory 

and biophysical properties. Specifically, once cells are trapped in a specific region of the device 

(limited by their ability to deformed cell membrane or disassemble their nuclear envelop) they 

can then be analyzed by genetic or molecular methods to gain a mechanistic understanding of 

the pathways contributing to malignancy. Together, these metrics use of biophysical analysis via 

confinement and migration assays, along with genetic and molecular analysis, can be used to 

predict tumor cell migratory and metastatic potential in a mechanistic manner. 

Though the confinement and migration assays are useful in their ability to analyze cell 

migratory and metastatic potential based on cell biophysical properties, they also exhibit some 

shortcomings. Specifically, though these assays allow for stratification of tumor cell populations 

based on migration characteristics, these assays require substantial investment in device design 

as well as a thorough understanding of PDMS fabrication methods. Furthermore, although these 

assays and can assess malignancy of a tumor, it is quite limited in the throughput of their analysis. 

More explicitly, the devices are limited to several hundred cells per assay, due to both physical 

restrictions of the device, and live-cell microscopy restrictions.  
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Cell confinement analysis has been very beneficial in expanding the biophysical and 

mechanistic understanding of malignant cell properties. Specifically, these assays have shed light 

on those cell properties (such as nuclear envelop disassembly) which tumor cells require in order 

to increase malignancy. These assays stratify tumor cell populations giving an accurate predictive 

analysis of malignancy in a tumor cell population, and can be paired with genetic and molecular 

assays in order to asses mechanism of action. However, the limitations of these devices prevent 

the implementation of cell confinement assays as a rapid and high-throughput methodology for 

assessing tumor migratory and metastatic potential.   
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 Figure is reproduced and modified with permission from ref.,19  

 
Figure 1.5. Confined cell migration in microfluidic devices: 
 
Schematic overview of the microfluidic device. Cells migrate along a chemotactic gradient through constriction 
PDMS channels, which provide precisely defined lateral and vertical confinement. 
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1.5 Utilizing cellular adhesion strength as a biophysical metric 

for tumor migratory and metastatic potential 

1.5.1 Methodologies for interrogation of cellular adhesion strength 

It has been well documented that cellular adhesion plays a vital role, and is altered, in 

many important biological processes such as development, proliferation, differentiation, and 

migration120. Furthermore, understanding how cellular adhesion strength is altered, and the 

effects that these changes have within the context of these fundamental biological processes, is 

crucial in shaping our understanding of biology121.  

In order to investigate how cellular adhesion strength changes and its consequences, a 

litany of assays have been developed to interrogate cell adhesion characteristics. Analysis of cell 

adhesion characteristics can range in scope and specificity, ranging from analysis of ECM-

Receptor interactions to whole cell-ECM adhesion interrogation. For example, interrogation of 

ECM-Receptor interactions can be performed qualitatively through bead binding assays (e.g. 

biomembrane force probes and optical tweezers) as well as quantitatively through AFM 

analysis122. By contrast, whole cell-ECM interactions can be analyzed qualitatively through fluidic 

wash assays123, as well as quantitatively through centrifugation assays124.  

These methods apply force to dissociate cell-ECM bonds shortly after initial attachment 

to the substrate even though it has been shown that fully adhered cells undergo adhesion 

strengthening by a complex interplay of integrin binding, focal adhesion assembly, and cell 

spreading over hours to days in culture125. Furthermore, these methods are either low in 

throughput but quantitative in their analysis, or are high in throughput and not quantitative. 
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Therefore, a methodology that permits quantitative assessment of large numbers of tumor cells 

simultaneously and in a manner that establishes and matures cell-ECM adhesion interactions is 

required.  

A recent development in the field of cellular biophysical analysis is the application of 

fluidic shear stress as a quantitative and high-throughput method for determining cellular 

adhesion strength126. One methodology for analyzing cellular adhesion via quantitative fluidic 

shear is through spinning disk platform126–128. Spinning disk fluidic shear analysis exerts a range 

of shear stress in parallel to the surface the cells have adhered to, and which increases linearly 

with radial position defined by the following equation: 𝜏 =
4

5
𝑟√𝜌𝜇𝜔3  where r is the radial 

position from the center of the disk, ρ is the buffer density, μ is the buffer viscosity, and ω is the 

rotational speed of the disk. A complimentary assay for analyzing cellular adhesion strength by 

fluid flow is parallel plate flow analysis129, which applies a defined shear stress across the cellular 

adhesion surface as described by the following equation:  𝜏 =
6µ𝑄

𝑤ℎ
2  where μ is the buffer 

viscosity, Q is volumetric flow rate, h is chamber height, and w is chamber width.  

1.5.2 Application of quantitative fluidic shear to interrogate cellular adhesion strength as a 

metric for tumor migratory and metastatic potential 

Classically, fluidic shear has been applied to investigate cell biophysical characteristics 

within the context of cytoskeletal remodeling87,130, and the effect of extracellular cues on cell 

adhesion131. Until recently, quantitative analysis of cell adhesion strength as a metric for tumor 

cell migratory and metastatic characteristics had not been implemented. However, given the 

delicate interplay between cellular adhesion and cellular migratory potential, changes in cellular 
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adhesion characteristics bode well as a biophysical marker for cell migratory and metastatic 

potential132. In order to evaluate cellular adhesion strength, the previously mentioned fluidic 

shear assays are utilized to interrogate cell biophysical properties. In addition, these assays are 

paired with genetic and molecular analyses in order to illuminate the mechanisms responsible 

for those differences in adhesion133.  

In order to perform cell adhesion analysis, spinning disk fluidic shear stress assays are 

conducted  on sterile substrates functionalized with a structural ECM protein of interest126. Post-

functionalization, the substrate is blocked to prevent deposition of cellular matrix components, 

and cells are seeded on to the substrates to allow for the initiation and maturation of cellular 

adhesion assemblies127. Once cells are adhered, they are subjected to fluidic shear (as defined by 

the equations above), fixed, imaged, and analyzed to determine the shear stress at which the 

normalized cell density has been reduced to half (Fig 1.6). This analysis allows for the rapid and 

quantitative determination of cellular adhesion strength, which has been shown to be an 

accurate metric for cell migratory and metastatic potential due to the inverse relationship 

between cellular adhesion and malignancy132.  

Specifically, spinning disk shear assays are able to characterize a cell population adhesion 

strength rapidly and in a quantitative manner due to the large range of fluidic shear stress that 

can be applied to the adherent cells126. More explicitly, due to the radially increasing shear 

characteristics, cells on the same substrate experience a range of shear stresses increasing from 

the center of the coverslip. In addition, although cells must be seeded in single-cell suspensions 

such that there are no compounding effects from cell-cell interactions, substrate dimensions (i.e. 

25mm diameter) allow for large numbers of cells to be analyzed simultaneously. Furthermore, 
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computational analysis allows for the combination of multiple shear stress conditions which 

more accurately describe the adhesion characteristics of the cell population132. Lastly, spinning 

disk assays also allow for interrogation of both ECM structural components (fibronectin vs 

collagen vs laminin) as well as soluble factors which may be involved in modulating cell 

biophysical characteristics.  As a result, spinning disk platform demonstrated its applicability as a 

rapid, high-throughput, quantitative and marker-free based analysis of malignancy of a tumor 

cell population. However, it does not allow for the stratification of the heterogeneity in a cell 

from that population to understand which sub-set of cells is more or less adherent, nor does it 

allow for live-cell imaging during shear analysis132. This is where PPFC can be applied, to 

compliment spinning disk shear analysis.  

As previously indicated, PPFC subjects cells to fluidic shear in a similar way that spinning 

disk analysis does, however looking at the equation above, it is obvious that for a single flow rate 

and chamber height, there is no continuously varying term in the equation and as a result the 

fluidic shear is uniform over the surface of the device. Although this inability to provide a range 

of shear stress prevents the utilization of PPFC as a device for characterizing cell adhesion in a 

population-based manner, it provides some advantages as well. Specifically, because PPFC allows 

for the interrogation of cell adhesion strength at discreet numbers (and collection of those cells 

post-shear), it can be used to stratify heterogeneous cell populations. More explicitly single shear 

stresses are able to isolate those cells on either extreme of adhesion strength and subject them 

to downstream analysis to understand what genetic and epigenetic alterations may be 

responsible for the difference in adhesion phenotype. Furthermore, PPFC analysis allows for the 

imaging of those cells during shear flow, this allowing for the direct verification of increased cell 
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migration characteristics based on adhesion differences133. Similar to spinning disk shear analysis, 

PPFC analysis is quantitative, rapid, high-throughput, and marker free demonstrating its utility in 

assessing tumor malignancy characteristics. In addition, (again similar to spinning disk analysis) 

PPFC assays allow for the analysis of both ECM structural and soluble components, allowing for 

higher-resolution understanding of the factors which contribute to tumor cell malignancy.  

Both the spinning disk and PPFC assays serve as excellent metrics for understanding and 

predicting tumor cell migratory and metastatic characteristics. Although these assays can only 

provide limited characterization of the tumor cells individually, they can be used in concert with 

each other (as well as with other genetic and molecular assays such as scRNA-seq) to provide 

high-quality and rapid prediction of tumor malignancy characteristics. Together these assays 

allow for a very complete analysis of cell biophysical properties and serve as a rapid and 

quantitative indicator of cell migratory and metastatic phenotype. 
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Figure is reproduced with permission from ref., 132 

 
Figure 1.6. Spinning Disc Assay Creates a Radially-dependent Shear Profile: 
 
A) The spinning disc device is illustrated with cells attached to an extracellular matrix protein-coated coverslip 
mounted and rotating on a spinning rod in buffer. The radially-dependent shear profile is highlighted showing that 
cells at the center only rotate in place while those at the edge move around at a high linear velocity. B) The plot 
shows the relationship of radial position on the coverslip and angular velocity versus applied shear stress at a given 
point for the indicated velocities (in revolutions per minute; rpm). C) Plot of the relationship between radial position 
and cell density. Inset images show heat maps of cell density. Warm (red) and cool (blue) colors indicate high and 
low densities, respectively. D) Plot of cell density, normalized to the center of the coverslip, versus the applied shear. 
Data is plotted for the indicated velocities. τ25 and τ50, i.e. the shear to detach 25% and 50% of cells, respectively, 
are indicated in the plot and are 438 and 346 dynes/cm2, respectively. 
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1.6 Perspectives and conclusion 

Analyzing, understanding, and predicting tumor migratory and metastatic characteristics 

is critical for improving patient survival through the tailoring of therapeutics to prevent the 

spread of tumor cells to other regions of the body. As the fields of tumor biology, and oncology 

continue to grow, more efficient and effective methodologies for predicting tumor behavior and 

assessing tumor malignancy are being developed. Some assays, such as genetic testing, are now 

being implemented in clinical setting and provide a clear picture of tumor driver mutations, and 

how these genetic alterations evolve during recurrence. In addition, genetic testing has been 

useful in identifying common genetic alterations (both in the tumor and germ-line cells) and 

determining the effects of those mutations on patient survival.  These data have been 

instrumental in developing novel therapeutics for inhibiting those common mutations such as 

the use of osimertinib in treating T790M EGFR point mutations in non-small-cell lung 

cancer134,135.  Although genetic testing has improved patient standard of care bulk tumor 

sequencing lacks the resolution to interrogate tumor heterogeneity or stratify highly malignant 

tumor cell populations. Furthermore, there is a lack of universally applicable markers which can 

predict tumor malignancy, limiting our ability to effectively target those cells which lead to tumor 

recurrence and metastasis. 

These shortcomings demonstrated the need to design and develop assays which can 

analyze patient tumor samples at higher resolutions, and which do not rely on biomarkers to 

predict malignancy. In order to address these needs, biophysical assays such as ECM mimetic 

biomaterials, analysis of CTCs by microfluidics, and interrogation of cell rigidity characteristics 

have been developed. These assays provide a more universal approach to analyzing tumor 
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malignancy, and allow for the systematic analysis of downstream pathways in a reductionist 

manner. More explicitly, improved in-vitro tumor models allow for a more thorough 

understanding of tumor progression, as well as mechanism of action and opportunity of 

therapeutic intervention. For example, analysis of GBM microenvironment has shown that 

increases in ECM components such as tenascin c95,136–138, result in increased tumor stiffness139 

and enhanced tumor migration  phenotype95,139–141 due to increased intracellular tension142. In-

vitro recapitulation of these matrix conditions via biomimetic materials provides a mechanistic 

understanding behind increases cellular migration i.e. increased migratory phenotype stems 

from focal adhesion assembly due to integrin-based mechano-sensing of the extracellular 

environment143. These analyses are extremely important not only in establish a more accurate 

in-vitro model system, but also provide a platform to analyze the effects of inhibiting those 

pathways on cellular malignant phenotype143.  

Similarly, analyzing cell biophysical characteristics such as membrane rigidity, and their 

synergistic effects with ECM modifying enzymes is essential in understanding mechanism and 

limitations of cell motility. Cell motility through the tumor microenvironment is a complex 

process that involves a large variety of mechanisms and the use of confinement assays to 

interrogate these mechanisms is vital towards understanding and inhibiting those migration 

phenotypes144. One example of this is the use of microchannels to understand how tumor cells 

are able to migrate through spaces with a diameter 7-20µm where actomyosin contraction 

cannot be used145. The use of confinement assays indicated the use osmotic pressure-based 

migration through aquaporins at the leading edge of cells occurring independent of actin 

polymerization24. This novel migration modality provides a mechanism of action for   
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phenomenon which had not been understood and which groups are now targeting through the 

use of ion channel pump inhibitors145. 

The ability to assess tumor cell malignancy is critical for improving patient outcome 

because it will allow for the design of treatment regiments aimed at mitigating cell migration. 

The utilization of cell biophysical properties has emerged, in recent times, as a marker-free and 

broadly applicable indicator for predicting tumor cell migratory and metastatic potential. 

Furthermore, these assays provide insight into those properties that enhance tumor cell 

malignancy, and can stratify tumor and tumor cell populations to predict tumor aggression. To 

this point, fluidic shear has recently been utilized to analyze and stratify metastatic mammary 

epithelial tumor cells from a heterogeneous population133. These analyses demonstrated that 

decreased cellular adhesion and increased migration can be attributed to decreased focal 

adhesion assembly state, and increased contractility of the cytoskeleton, and that inhibition of 

actin assembly by nocodazole reverses these phenotypes. Furthermore, longitudinal 

characterization and RNA-seq analysis is now being performed on these stratified populations to 

determine the stability of weakly adherent cell phenotypes, and to gain a genetic understanding 

of the gene expression differences between the weakly and strongly adherent tumor cells 

respectively.  

The use of biophysical analysis whether through biomaterials, confinement assays or 

fluidic shear has shown to be an effective toolset in understanding cell migratory and metastatic 

phenotypes from a novel perspective (Fig 1.7). Furthermore, the combination of biophysical 

assays with traditional genetic, molecular, and cellular analysis presents a new horizon in tumor 

analysis wherein samples can be rapidly characterized for malignancy, and therapeutic modalities 
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may be implemented to directly target those mechanisms. The application of these technologies 

is slowly being implemented in clinical settings toward the goal of improving patient outcome, 

and may soon serve as commonplace assays for informing personalized therapeutics. 
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Figure is reproduced with permission from ref.,27 

 
Fig 1.7. Next-generation material-based cancer technologies: 
 
The specific interactions between cancer cells and the tumor stroma can be exploited for the detection of cancer 
cells: A) Magnetic resonance imaging (MRI) or positron emission tomography (PET) contrast agents can be 
conjugated with extracellular matrix (ECM)-affinity peptides to create specific probes to target the dense ECM of the 
tumor stroma for the detection of mature tumors in vivo. B) Implantable scaffolds can be used to recreate a pre-
metastatic niche at the implant site, recruiting cells for capture and therapy and at the same time lowering the tumor 
burden in typical secondary metastasis sites. c,d) Confinement assays or adhesion assays can be applied to test cells 
obtained from tumor biopsy samples for their aggressiveness by measuring cellular deformation or adhesion to 
specific ECM molecules. Omega (ω) is the angular velocity that defines the shear stress applied to cells. E) Circulating 
tumor cells (CTCs) can be isolated from patient blood samples using nanotopography assays that take advantage of 
the affinity of CTCs for nano-roughed substrates. 
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Chapter 2. 

Metastatic state of cancer cells may be indicated by 

adhesion strength 

2.1 Abstract 

Cancer cells within a tumor are heterogeneous and only a small fraction are able to form 

secondary tumors. Universal biological markers that clearly identify potentially metastatic cells 

are limited, which complicates isolation and further study. However, using physical rather than 

biological characteristics, we have identified Mg2+- and Ca2+-mediated differences in adhesion 

strength between metastatic and nonmetastatic mammary epithelial cell lines, which occur over 

concentration ranges similar to those found in tumor stroma. Metastatic cells exhibit remarkable 

heterogeneity in their adhesion strength under stromal-like conditions, unlike their 

nonmetastatic counterparts, which exhibit Mg2+- and Ca2+-insensitive adhesion. This 

heterogeneity is the result of increased sensitivity to Mg2+- and Ca2+-mediated focal adhesion 

disassembly in metastatic cells, rather than changes in integrin expression or focal adhesion 

phosphorylation. Strongly adherent metastatic cells exhibit less migratory behavior, similar to 

nonmetastatic cell lines but contrary to the unselected metastatic cell population. Adhesion 

strength heterogeneity was observed across multiple cancer cell lines as well as isogenically, 

suggesting that adhesion strength may serve as a general marker of metastatic cells.  
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2.2 Introduction 

Cancer cell dissemination is a highly coordinated process in which a cell detaches and 

migrates away from the primary tumor to form a secondary metastatic site23. However, only a 

small subset of cancer cells from a tumor or even from a cancer cell line are capable of causing 

secondary tumors in vivo8. Successful dissemination requires collagen fiber deposition, 

alignment, and cross-linking in the adjacent stromal matrix9,10 to create tracks on which cells 

migrate. However, this will only occur in cells with labile adhesions20. Focal adhesion (FA) 

turnover permits the migration required of invasive cancer cells146, which tend to have more 

dynamic FAs than noninvasive cancer cells147,148. Due to the lack of a consistent set of biomarkers 

that predict metastatic potential across solid tumors11, a systematic quantification of adhesion 

strength could result in a unique biophysical metric to identify highly metastatic cells within a 

broader tumor cell population. Furthermore, a quantification of tumor cell adhesion strength 

could serve as a predictor of the metastatic potential of a solid tumor. 

 Population-based adhesion assays, e.g., the spinning-disk shear assay127,128, can monitor 

FAs by measuring adhesion strength. Specifically, by analyzing the magnitude of shear needed to 

detach 75% of the cell population (denoted by τ25), we are able to quantify the adhesion strength 

of a cell population and correlate it with FA assembly. In addition, the spinning-disk shear assay 

can capture adhesion heterogeneity within a population131. For example, by plotting a log shear 

stress versus linear cell density profile, we are able to analyze the logarithmic slope for the 

resulting sigmoidal curve. From these data, we are able to determine the attachment 
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heterogeneity of a cell type in a variety of conditions. In contrast, single-cell, single-shear, and 

wash assays cannot quantify these values148–153. Although some studies have shown a correlation 

between changes in adhesion and secondary tumor development151–153, substantial phenotypic 

heterogeneity can exist even within a single cancer cell line154. Thus, understanding the adhesive 

heterogeneity within an invasive population may improve our ability to physically monitor cancer 

cells and predict invasive behavior. Population-based adhesion assays also provide a reductionist 

niche for determining sensitivity to culture conditions (e.g., cation concentration and matrix 

composition)131. This is especially important because breast tumors have higher magnesium (Mg) 

and calcium (Ca) concentrations than healthy breast tissue155,156. Clinically, lower stromal cation 

concentrations have been associated with increasingly metastatic157 and aggressive158 tumors. 

As cancer cells migrate into the stroma, lower Mg2+ and Ca2+ concentrations may decrease 

integrin activation159 and clustering160,161, thus favoring the labile adhesions required for cancer 

cell migration20. These data appear consistent with observations that integrin activation is 

inversely proportional to the metastatic potential of mammary cell lines148, whereas traction 

forces are proportional162. These data collectively suggest that heterogeneity in the adhesion-

strength profile in stromal conditions may act as a biophysical marker, indicating the presence of 

a subset of metastatic cancer cells that are capable of disseminating into the stroma with lower 

Mg2+ and Ca2+ concentrations. Thus, we hypothesize that strongly adherent cells within a 

metastatic cell line will be the least migratory, and that adhesion strength is regulated by the 

sensitivity of assembled FAs to stromal Mg2+and Ca2+ concentrations. 

 To understand how Mg2+ and Ca2+ influences cancer cell adhesion, we performed a 

spinning-disk analysis on epithelial and invasive cancer cell lines across a spectrum of metastatic 
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potentials while varying the Mg2+ and Ca2+ levels. We observed a remarkable cellular 

heterogeneity and a decrease in cellular adhesion strength during the spinning-disk analysis. This 

was quantified by a decrease in logarithmic slope and a leftward shift in the τ25 value when shear 

stress was plotted versus cell density. This phenotype was only present in low Mg2+ and 

Ca2+ conditions for metastatic cell lines. These observations correlated with FA disassembly and 

were recapitulated in nonmetastatic cell lines that had been transformed to mirror their 

metastatic counterparts. The data further establish that metastatic cells with less labile 

adhesions and higher adhesion strength have reduced migration in collagen gels and transwell 

assays. These behaviors were independent of tumor and tissue type and were demonstrated 

isogenically. These results support the concept that adhesion strength may act as a universal 

biophysical regulator of metastasis. 

2.3 Results 

2.3.1 Mg2+ and Ca2+ concentrations influence the adhesion heterogeneity of metastatic 

cells 

To disseminate from primary tumors, metastatic cancer cells must invade adjacent 

stroma, which requires a transition from stable to labile adhesion. Using a spinning-disk device 

(Figure S2.1), we measured the adhesion strength, τ25, of mammary epithelial cell lines of varying 

metastatic potential. At physiological (serum) cation concentrations, i.e., 0.5 mM Mg2+ and 1 mM 

Ca2+ (denoted as PBS + MgCa), the adhesion strengths of nontumorigenic MCF10A cells, 

tumorigenic but not metastatic MCF7 cells, and tumorigenic and metastatic MDAMB231 cells to 
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fibronectin were very similar, with no dramatic differences (Figure 2.1, black). Mg2+ and Ca2+ 

concentrations differ between a healthy niche and tumor niche155,156, and their removal during 5 

min of shear application only slightly reduced the adhesion strength of MCF10A and MCF7 cells. 

However, the removal of Mg2+ and Ca2+ significantly reduced MDAMB231 cell adhesion strength 

(Figure 2.1, red) by more than an order of magnitude (Figure 2.1E). Notably, the cell adhesion 

strength of the latter metastatic cell line was very heterogeneously distributed, with a 

significantly lower logarithmic slope versus nonmetastatic lines (Figure 2.1F). Given the 

significant genetic differences between these lines, we also assessed the adhesion strength of H-

Ras-transformed MCF10A cells (labeled MCF10AT cells), which give rise to invasive carcinoma in 

vivo163,164. As was the case with MDAMB231 cells, the MCF10AT cells showed Mg2+ and Ca2+ 

sensitivity, with lower τ25 and slightly more heterogeneity than MCF10A cells (Figure 2.1D, open 

versus closed data points). In contrast to fibroblasts131, shear forces in the presence of Mg2+ and 

Ca2+ did not induce large changes in size for any of the cell lines tested. Furthermore, in the 

presence of Mg2+ and Ca2+, variation in cell size across different cell lines was within the same 

order of magnitude. In these analyses, we visually assessed the cells to ensure that they were 

sufficiently spaced apart to prevent cell-cell interactions from disrupting the shear analysis 

(Figure S2.2).  

Although these data were obtained over a wide range of Mg2+ and Ca2+ concentrations, 

concentration gradients likely exist between the tumor and adjacent stroma155,156sel. We found 

that homogeneous and strong adhesion strengths for metastatic cells, i.e., high τ25 and a 

logarithmic fit slope in density versus shear plots, could be gradually restored with increasing 

cation concentrations (Figure 2.2A), independently of cation type (Mg or Ca), with significant 
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sensitivity at tumor and adjacent stroma concentrations (Figure 2.2B). Mg2+- and Ca2+-dependent 

adhesion heterogeneity was also observed on type I collagen and could be gradually restored 

with increasing Mg2+ and Ca2+ concentrations (Figure 2.2, C and D). Conversely, adhesion strength 

changes were minimal for nontumorigenic cells, which always exhibited strong adhesion (Figure 

S2.3). Thus, metastatic mammary epithelial cells likely adhere in a metastatic- potential-

dependent manner based on a subset of FA parameters.  

Adhesive heterogeneity also extends beyond MDAMB231 cells to other metastatic cells. 

For comparison, we analyzed metastatic MDAMB468 and SUM1315 mammary cells by spinning-

disk assay to determine the heterogeneity of their adhesion strength. The cells were sufficiently 

spaced apart to enable measurements of only the cell- matrix adhesion strength130 (Figure S2.2). 

Although it was not as robust as that observed for MDAMB231 cells, their adhesion strength was 

also heterogeneously distributed in terms of a lower τ25 and logarithmic fit slope, especially in 

comparison with BT20, an invasive but non-metastatic mammary cell line, and BT549, a 

nonmalignant and nonmetastatic mammary cell line. PC-3 prostate carcinoma cells, a 

tumorigenic and highly metastatic cell line, also exhibited heterogeneously distributed adhesion 

(Figure S2.4), indicating that common FA parameters may make adhesion strength a unique 

biophysical metric of cell state. 
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Figure 2.1. Adhesion strength is heterogeneous for metastatic mammary epithelial cells in a stromal-like niche: 
 
(A–D) Normalized cell density is plotted versus shear stress for (A) MCF10A (closed) and MCFA10T (open), (B) MCF7, 
(C) MDAMB231, and (D) MCF10AT cells. Shear stress was applied in buffer with (black) and without (red) 0.5 mM 
Mg2+ and 1 mM Ca2+. t25, i.e., the shear to detach 25% of cells (also referred to as adhesion strength) is indicated in 
each plot. (E) Plot showing the average adhesion strength for cells exposed to shear in PBS buffer with (black) and 
without (red) cations. Crosshatched bars indicate data from MCF10AT cells. (F) Plot of the absolute magnitude of 
the logarithmic fit slope for each cell line and cation condition. All shear plots represent binned averages from 
biological triplicate experiments performed across multiple, overlapping shear ranges. All adhesion-strength assays 
were performed using fibronectin-coated coverslips. All other plots have n > 3.   
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Figure 2.2. Adhesion strength can be titrated but is independent of the matrix ligand type:  
 
(A) Representative plot for MDAMB231 cells bound to fibronectin-coated coverslips versus the applied shear. Each 
color corresponds to the indicated cation condition; 𝜏25 is indicated. (B) Plot of the average 𝜏25 adhesion strength 
for MDAMB231 cells bound to fibronectin-coated coverslips versus cation concentration. The data are plotted 
separately for modulation of Mg2+ (black squares) or Ca2+ (red circles), but the sigmoidal fit is for the combined data. 
The cation concentration range for the indicated tissue is provided for reference based on Seltzer et al.. (C) 
Representative plot for MDAMB231 cells bound to collagen type I-coated coverslips versus the applied shear. Each 
color corresponds to the indicated cation condition; 𝜏25 is indicated. (D) Plot of the average 𝜏25 adhesion strength 
for MDAMB231 cells bound to collagen type I-coated coverslips versus cation concentra- tion. The data are plotted 
separately for modula- tion of Mg2+ (black squares) or Ca2+ (red circles), but the sigmoidal fit is for the combined 
data. All shear plots represent binned averages from biological triplicate experiments performed across multiple, 
overlapping shear ranges. All other plots have n > 3. 
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2.3.2 Adhesion heterogeneity correlates with a migratory phenotype 

Although metastatic mammary epithelial cells display adhesive heterogeneity in a niche 

with low concentrations of Mg and Ca, it remains unclear how adhesion differences affect 

migration. We assessed cell migration in cell media containing physiological Mg and Ca 

concentrations first by selecting for strongly adherent cells, as outlined in (Figure 2.3A). Migration 

appeared to change with relative adhesive heterogeneity in the absence of Mg and Ca; for 

example, minimal migration was observed for MCF10A cells and MDAMB231 cells selected with 

45 dynes/cm2 shear, whereas unselected MDAMB231 cells were significantly more motile 

(Figure 2.3B) and progressive in their migration. Migration of unselected MDAMB231 cells in 

collagen gels was increasingly persistent and linear with collagen concentration. Conversely, 

strongly adherent cells selected with high shear progressively lost their persistent, linear 

migration (Figure 2.3C). Other metastatic mammary cells, i.e., SUM1315, also demonstrated 

adhesive heterogeneity (Figure S2.4), exhibiting more persistent, linear migration on collagen-

coated, planar substrates than on collagen hydrogels. Migration of unselected SUM1315 cells, 

however, was more persistent and linear on collagen hydrogels compared with strongly adhering 

cells (Figure S2.5A). Migration of PC3 prostate cancer cells was also more persistent and linear 

with the unselected cell population (Figure S2.5B). These data suggest that shear selection can 

selectively isolate highly adhesive, Mg- and Ca-independent MDAMB231 cells, which appear to 

be less migratory than unselected MDAMB231 cells. Cell migration was also assessed using a 

transwell assay over 48 h. Relative to MCF10A cells, twice as many unselected MDAMB231 cells 

migrated through the pores. Metastatic cells demonstrating a strongly adherent phenotype 

during shear selection also exhibited decreased migration in the transwell assay. Interestingly, a 
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significant number of MDAMB231 cells detached from the transwell insert and reattached to the 

chamber bottom. Significantly more MDAMB231 cells underwent this process compared with 

MCF10A (Figure 2.3D). Thus, the highly adhesive, Mg- and Ca-independent MDAMB231 cells 

appear to be less migratory than their unselected counterparts, which contain a highly migratory 

subpopulation. 

2.3.3 Labile FAs reduce adhesion strength and enhance migration in metastatic cells. 

Although these data illustrate adhesive differences and their correlation to a migratory 

phenotype, they do not suggest an origin for these differences. Strongly adherent MDAMB231 

cells did not differentially express integrins (Figure 2.4A), nor did phosphorylation of FAK change 

between MCF10A and MDAMB231 cells as a function of shear exposure (Figure 2.4B), suggesting 

a structural mechanism. Consistent with their adhesion strength, MCF10A cells did not fully 

disassemble their FAs (Figure 2.4, C and D) and maintained their size and shape (Figure 2.4, E and 

F) after Mg2+ and Ca2+ removal in the absence of shear. Conversely, metastatic MDAMB231 cells 

disassembled their FAs (Figure 2.4, G and H) without significant changes in their size or 

morphology (Figure 2.4, I and J). Thus, Mg2+ and Ca2+ sensitivity in the absence of shear suggests 

that MDAMB231 adhesions are transient and independent of the amount of elapsed culture time 

before shear application.  

Although MCF10A cells did not exhibit Mg2+- and Ca2+- sensitive adhesion, we next asked 

whether we could induce FA disassembly and adhesion strength heterogeneity in these cells. 

Cells were seeded onto a fibronectin-coated substrate and pretreated with the fibronectin 

integrin-blocking peptide RGD. When the fibronectin-binding integrins were blocked, cells 

without Mg2+ and Ca2+ exhibited statistically fewer FAs per area (Figure 2.5, A and B). These data 
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are consistent with fewer FAs but a different distribution from MDAMB231 cells (Figure 2.5B 

versus Figure 2.4H). When exposed to shear, RGD-treated MCF10A cells exhibited lower adhesion 

strengths but were not as heterogeneous as MDAMB231 cells (Figure 2.5C), possibly due to 

uniform integrin blocking with RGD ligand. Free RGD improved cell migration velocity (Figure 

2.5D) to rates similar to those observed for MDAMB231 cells versus untreated nonmetastatic 

cells. Overall, these data suggest that FAs in metastatic cells are more Mg2+ and Ca2+ sensitive 

than those in non-metastatic cells and disassemble in stromal conditions (in contrast to 

nonmetastatic cells), thus driving the metastatic potential. 
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Figure 2.3. The weakly adherent subpopulation of MDAMB231 cells is highly migratory: 
 
(A) Schematic of the selection assay, where Parafilm is used to block the center of the coverslip so that cells only 
adhere to regions exposed to high shear stress. After trypsinization from collagen- coated coverslips, the cells are 
re-plated in migration or transwell assays. (B) Rose plots of cell migration trajectories for the indicated cell lines and 
shear stress selection conditions. Each trajectory represents an individual cell path on a collagen-coated substrate, 
as observed over 24 h. (C) Total cell displacement over 24 h for the indicated cell lines, shear stress selection 
conditions, and substrates. Each bar represents experiments performed in biological triplicate with >20 per sample 
and with each cell trajectory quantified at 15 min intervals over 24 h of imaging. (D) At left is an illustration of the 
transwell migration assay, indicating cells that have migrated through the pores of the membrane (green; referred 
to as the ceiling) and those cells that subsequently detached and reattached to the bottom of the well (gray). At 
right are graphs of cell density for the indicated cell lines and shear stress selection conditions. Cell densities on the 
ceiling of the insert (top) and bottom of the well (bottom) are shown separately and represent the results of triplicate 

biological replicates. **p < 0.01, ***p < 0.001. 
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Figure 2.4. FAs are more Mg2+ and Ca2+ sensitive in MDAMB231 cells than in MCF10A cells:  
 
(A) Flow-cytometry profiles for the indicated integrins of MDAMB231 cells that were previously exposed (red) or not 
exposed (orange) to shear stress in the absence of cations. Unstained controls (blue) are shown for reference. (B) 
Representative Western blots for pFAK, total FAK, and GAPDH are shown for the indicated cells exposed to the 
indicated cation conditions for 5 min. Quantification of band intensity, normalized to GAPDH and total FAK, is shown 
for MCF10A and MDAMB231 cells with and without Mg2+ and Ca2+. (C) Images of MCF10A cells in the indicated buffer 
conditions for 5 min without shear. Upper images are lower magnification and show cells stained for actin (red) and 
DNA (blue). Lower images are at higher magnification for the same conditions as the upper images and were stained 
for paxillin (green), actin (red), and DNA (blue). (D) Scatter plot of MCF10A cells, counting the number of FA plaques 
per square micron. (E and F) Frequency plots of MCF10A cell area and aspect ratio. (G) Images of MDAMB231 cells 
in the same conditions indicated in (C) for MCF10A cells. Open and closed arrowheads in (C) and (G) indicate cells 
with and without visible FAs, respectively. (H) Scatter plot of MDAMB231 cells, counting the number of FA plaques 
per square micron. (I and J) Frequency plots of MDAMB231 cell area and aspect ratio. In (D–F) and (H–J), cells 
incubated with and without cations for 5 min before measurement are shown in black and red, respectively. The 
scale bar represents 50 μm for all images. All adhesion assays were performed with fibronectin-coated 
coverslips. ∗∗∗p < 0.001. All frequency and dot plots represent triplicate experiments analyzing 500+ cells per 
condition.  
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Figure 2.5: Integrin blocking reduces cation-dependent adhesion strength in nonmalignant cells: 
 
(A) MCF10A cells were stained for paxillin (green) and nuclei (blue). Open and closed arrowheads indicate FAs for 
the indicated RGD culture condition. Scale bars, 100 μm. (B) Plot of the number of FAs per cell area for cells without 
(black) and with (red) RGD. (C) Normalized cell density is plotted versus shear stress for cells without (black) and with 
(red) RGD. The inset shows the average τ25 adhesion strength for each condition in dynes per square centimeter. ∗p < 
0.05. All dot plots represent triplicate experiments analyzing >20 cells per condition. Shear plots represent binned 
averages from biological triplicate experiments performed across multiple, overlapping shear ranges. All adhesion-
strength assays were performed using fibronectin-coated coverslips. (D) Plot of cell velocity, in micrometers per 
hour, for cells treated (red) or not treated (black) with RGD on fibronectin-coated coverslips. ∗∗∗p < 0.001 for 
comparisons with unpaired t-test with Welch’s correction. To see this figure in color, go online. 
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2.4 Discussion 

Cancer is a heterogeneous disease, which can be observed in comparisons between 

tumors, across cell lines, and even within a single cancer cell population. Complex tumor 

genotyping has been used to predict metastatic risk165,166, and although these predictions are 

successful for some tumor subclasses167, they do not identify the functional mediators of 

metastasis76. Even in model cell lines, a subpopulation may develop increased metastatic 

potential under certain conditions that could inhibit metastasis for others. Rather than using 

biomarker(s) to predict metastatic potential11, we tested a functional assay that allows the 

strength of cell adhesion to an underlying substrate to be observed ex vivo and in the appropriate 

context (i.e., with specific Mg2+ and Ca2+ concentrations to recapitulate tumor stroma)155,156. It 

has been observed that lower cation concentrations, akin to those found in tumor stroma, create 

labile adhesions20 and lead to increased metastasis157 and invasion158. We demonstrated that 1) 

a systematic quantification of metastatic versus nonmetastatic cells can reveal different adhesive 

phenotypes, and 2) that these differences are driven by changes in FA dynamics resulting from 

stromal niche conditions.  

Cell-matrix adhesion is an exceedingly dynamic process23. To capture that complexity in a 

context-specific manner, a systematic quantification of adhesion under appropriate tumor and 

stromal cation conditions is required. Classic wash assays involve cells adhering for a short period 

of time (<1 h), with subsequent rinsing steps to remove unbound cells150. The undefined shear in 

such assays makes it difficult to quantitatively assess cancer cell adhesion. Although 

centrifugation and micropipette assays can impose a single shear amount per culture, they 

typically indicate that the number of bound cancer cells151–153 and the amount of activated 
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integrin148 is inversely proportional to the metastatic potential of those cells. However, with the 

spinning-disk device, force is applied in a quantifiable and reproducible manner across the 

population127. Furthermore, cation concentrations can also be probed directly since the cells 

remain in media131. Under conditions that recapitulate estimated tumor Mg2+ and Ca2+ 

concentrations, e.g., 0.1–0.5 mM155,156, we found that several mammary cell lines had adhesion 

strengths be- tween 300 and 400 dynes/cm2, regardless of the metastatic potential. At lower 

stromal cation concentrations, metastatic cells became significantly weaker and displayed 

adhesive heterogeneity, whether they originated from mammary (MDAMB231, SUM1315, and 

MDAMB468) or prostate (PC3) cancers. In contrast, nonmetastatic cell lines did not demonstrate 

significant adhesion strength heterogeneity. Moreover H-Ras transformation of a nonmetastatic 

cell line caused it to adopt adhesive heterogeneity only in Mg2+- and Ca2+-free conditions, 

indicating that independently of their genetic background, metastatic cell lines vary significantly 

in adhesion strength. Together with previous findings151–153, these data establish an adhesion 

dependence on stromal-like conditions for a subset of metastatic cells.  

The mechanism(s) behind adhesive heterogeneity and cation sensitivity in cells appears 

to be complex, whether the cells are selected by shear or not. Although metastatic behavior was 

previously linked to diminished integrin activation148, we found no change in integrin expression 

or FAK phosphorylation that was independent of the buffer conditions used. However, blocking 

ion channels in meta- static mammary and prostate cancer cells artificially enhanced their 

adhesion in single-cell assays versus control cells151, suggesting that cation effects are plausible. 

Indeed, we found that MCF10A adhesions were less cation sensitive than MDAMB231 adhesions, 

as their FA size and number changed less after Mg2+ and Ca2+ removal in comparison with the 
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MDAMB231 cells. Similarly, when MCF10A cell FA assembly was modulated by the addition of 

soluble RGD, the resulting changes in FAs reduced adhesion strength in a manner consistent with 

that observed for MDAMB231 cells. It should be noted that MCF10A cells were more sensitive to 

ligand type, although the sensitivity was always observed with adhesion strengths well above 100 

dynes/cm2. The sensitivity of MDAMB231 cells was observed at lower adhesion strengths and 

also induced heterogeneous adhesion, i.e., a shallow logarithmic slope. Under comparable matrix 

and cation conditions, MCF10A cells never exhibited heterogeneous adhesion. Together, these 

data suggest that assembly differences in low Mg2+ and Ca2+ conditions in the stroma could drive 

adhesion strength heterogeneity. As such, assembly changes have been equated to differences 

in turnover147 and might be expected to create MDAMB231 cells with labile adhesions required 

for 3D protrusion and migration168. This interpretation is consistent with metastatic and invasive 

behaviors observed in low Mg2+- and Ca2+-containing stroma158,159. We also showed that shear 

selection of the strongly adhering subpopulation of MDAMB231 cells (>45 dynes/cm2) 

suppressed their migration on collagen gels and their ability to migrate through transwells, such 

that they resembled the less cation-sensitive, nonmetastatic cells. Although the origin of 

increased FA cation sensitivity remains unclear, the mechanism is not specific to mammary cells, 

since adhesion-selected PC3 prostate cancer cells also failed to migrate on substrates and/or in 

transwell assays as did their unselected counterparts. Together, these data suggest that there is 

a common heterogeneous adhesive signature in cell lines described as having metastatic 

potential, and importantly, within this population is a subset of weakly adherent, highly 

migratory cells. 
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2.5 Conclusions 

Given the heterogeneity and plasticity observed in the adhesive phenotype and the 

inverse correlation between migration and strongly adherent subpopulations, the data 

presented here emphasize the importance of therapeutically targeting as many cancer cell states 

as possible, instead of focusing on the largest population or most aggressive phenotypes. These 

data also suggest that the adhesive state, when measured in the appropriate stromal cation 

concentrations, could serve as a unique biophysical marker for highly migratory behavior in 

metastatic cells generally.  

2.6 Methods 

2.6.1 Cell culture 

Cells were cultured in their respective media as indicated in Supplementary Table 2.6 in 

the Supporting Material, using typical formulations from Life Technologies (Carlsbad, CA) and the 

American Type Culture Collection (ATCC, Manassas, VA). When applicable, cells were selectively 

cultured with RGD peptides (Sigma, St. Louis, MO). All cells were cultured at 37C in a humidified 

incubator containing 5% CO2. Unless otherwise noted, cell culture products were purchased from 

Life Technologies. All cells were obtained from the ATCC cell bank and verified to be mycoplasma 

free. Cells were also authenticated by the ATCC based on morphology, growth curve analysis, and 

isoenzyme analysis, and were passaged for <6 months after resuscitation.  

2.6.2 Cell adhesion-strength assay 
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Glass coverslips (25 mm, Fisher Scientific, St. Louis, MO) were sonicated in ethanol and 

pure water before incubation with 10 mg/mL human fibronectin (isolated from serum169) for 60 

min at room temperature. All adhesion-strength assays were performed on fibronectin-coated 

coverslips unless otherwise noted, and 20 mg/mL type I collagen (rat tail; BD Biosciences, Franklin 

Lakes, NJ) was used. Under regular conditions, cells were allowed to attach for 24 h at 37C and 

5% CO2 using cation-containing media. The coverslips were then mounted on a custom-built 

spinning-disk de- vice and dipped into temperature-controlled spinning buffer (37C)131. 

Phosphate-buffered saline (PBS; without magnesium and calcium or with 0.5 mM MgCl2 and 1 

mM CaCl2 (Cellgro, Manassas, VA)) was used as the spinning buffer. All spinning buffers 

contained 4.5 mg/mL dextrose. Once immersed in the spinning buffer, the coverslips were spun 

for 5 min at defined angular velocities and then the culture was continued or the cells were fixed 

with 3.7% formaldehyde immediately after spinning.  

To select for strongly attaching cells, the center of the coverslips was covered with 

Parafilm that had been circularly cut with a crafting punch (The Punch Bunch, Temple, TX) and 

removed before shear application to ensure that all cells were subjected to a minimum shear. 

After 5 min of shear application, cells were allowed to recover in cell culture media for 1–2 h. The 

remaining cells were then trypsinized and re-plated on regular petri dish plastic. Control cells 

were treated likewise but without application of shear (i.e., 0 rpm).  

2.6.3 Quantification of adhesion strength  

Shear stress, t, by radial fluid motion over the surface of the coverslip was calculated127,130 

such that:  
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𝜏 =
4

5
𝑟√𝜌𝜇𝜔3, 

where 𝑟 is the radial position from the center of the disk, 𝜌 is the buffer density, 𝜇 is the buffer 

viscosity, and 𝜔 is the rotational speed. To obtain quantitative information about the adhesion 

strength, whole 25 mm coverslips were imaged at 10X magnification on a Nikon (Melville, NY) Ti-

S microscope (~1000 individual images stitched together with Metamorph 7.6 soft- ware and 

custom macros) and analyzed using a custom-written MATLAB (The MathWorks, Natick, MA) 

program. In brief, in this approach, the user defines the outer circle of the coverslip from a 

stitched overview image and the software then finds the position of each nucleus relative to the 

center of the coverslip. Cell densities, as a function of radial position and subsequently shear, are 

stored and combined with other measurements, e.g., those obtained at different RPMs. A 

sigmoidal decay fit is used to quantify values of adhesion strength and the logarithmic slope, i.e., 

the fit parameter in the sigmoid for curve steepness.  

2.6.4 Migration assays 

For two-dimensional migration experiments, tissue-culture-treated 12- and 24-well plates 

were coated with soluble rat-tail type I collagen in acetic acid (BD Biosciences) to achieve a 

coverage of 20 mg/cm2 and incubated at room temperature for 1 h. For two-dimensional 

migration, collagen matrices at 1.2 and 2.4 mg/mL concentrations were prepared as described 

elsewhere168. In brief, collagen was mixed with ice-cold PBS and 1 M NaOH was then added to 

normalize the pH to 7.0. Cells were imaged with a Nikon Eclipse Ti-S microscope equipped with a 

motorized temperature- and CO2-controlled stage. Cells were imaged at 10X in bright field at 

multiple positions every 15 min for up to 48 h. Most of the migration data were analyzed by Time 
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Lapse Analyzer, a freely available MATLAB program for cell migration analysis170. Samples that 

could not be analyzed by the automated software (due to gel swelling and/or z-migration of the 

cells) were tracked manually with ImageJ (NIH, Bethesda, MD).  

Additional migration experiments utilized six-well plates with transwell permeable 

supports (8 mm polycarbonate membrane; Corning, Corning, NY) that were seeded with 100,000 

cells. After cells adhered to the permeable support, media was added to the whole well. Cells 

were allowed to migrate through the membrane for 24 h and then fixed and stained for nuclei 

(DAPI). Cells that successfully migrated through the membrane were counted on the bottom of 

the permeable support (ceiling). Additionally, cells that dropped off the support and adhered to 

the bottom of the six-well plate were also counted (bottom).    

2.6.5 Immunofluorescence staining and focal adhesion analysis 

Fixed cells were incubated for 10 min with 0.25% Triton X-100 followed by 1% albumin 

overnight at 4ºC for blocking. Primary paxillin antibody (1:2000; ab32084, Abcam, Cambridge, 

UK) was applied for 2 h at room temperature. Then, a secondary Alexa Fluor 488-conjugated 

antibody (1:2000, Invitrogen, Carlsbad, CA) was applied for 1 h or rhodamine phalloidin (1:2000, 

Invitrogen) and Hoechst 33342 (3.2 mM, Invitrogen) were applied for 30 min at room 

temperature. The cells were subsequently mounted with Fluoromount-G (Southern Biotech, 

Birmingham, AL). All buffers contained 1 mM MgCl2. The samples were imaged with the use of a 

CARV II confocal (BD Biosciences) Nikon Eclipse Ti-S microscope equipped with a motorized, 

programmable stage using a Cool-Snap HQ camera (Photometrics, Tucson, AZ) and controlled by 

Metamorph 7.6 (Molecular Devices, Sunnyvale, CA). A custom-written MATLAB program was 
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used to quantify cell area and FA number and size131. All FA metrics were computed across the 

entire cell to avoid regional biases.  

2.6.6  Western blotting 

Cell lysates were collected in mRIPA buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 1.5 mM 

MgCl2, 1% Triton X-100, 1% Na-DOC, and 0.1% SDS) with 1 mM EGTA, 1 mM Na3VO4, 10 mM 

Na4P2O7, and 1 mM phenylmethanesulfonylfluoride for Western blots. Samples were run in 10% 

SDS-PAGE gels at 150 V until proteins were separated and then transferred onto polyvinylidene 

fluoride membranes (Bio-Rad, Hercules, CA) to be run at 100 V for 1 h 15 min in the transfer 

apparatus (Bio- Rad). The membranes were washed in buffer A (25 mM Tris-HCl, 150 mM NaCl, 

and 0.1% Tween-20) 5% bovine serum albumin overnight at 4ºC and then incubated for 2 h with 

the following antibodies: FA kinase (FAK; ab40794) at 1/500 and pFAK anti-phospho Y397 

(ab4803) at 1/500 (both from Abcam), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 

MAB374) at 1/250 (Millipore, Billerica, MA). After three 10-min washes with buffer A, secondary 

goat anti-rabbit horseradish peroxidase (Bio-Rad) and anti-mouse horseradish peroxidase 

(Abcam) were used for incubation for 30 min. Immunoblots were visualized using enhanced 

chemiluminescence reagent (Thermo Fisher, Waltham, MA).    

2.6.7 Fluorescence-activated cell sorting analysis 

Cells were detached from fibronectin-treated coverslips by incubation for 5–10 min with 

PBS without cations at 37ºC and gentle pipetting. After re-suspension in flow-cytometry buffer 

(DPBS, 2.5% goat serum, 1 mM EDTA (pH 7.4)), the cells were incubated with fluorescent-

conjugated antibodies against CD49e (phycoerythrin) and CD51 (fluorescein isothiocyanate) 
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(Biolegend, San Diego, CA) for 30 min on ice. Cells were analyzed using a FACScan flow cytometer 

(BD Biosciences).  

2.6.8 Statistical analysis 

Nonparametric Kruskal-Wallis analysis of variance tests were used for all statistical 

analyses unless indicated otherwise. All data in shear plots are expressed as mean 5 SD. All 

experiments were performed at least in biological triplicate, and analyses represent hundreds of 

cells per condition.   
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2.7 Supplementary Figures 

 

Supplementary Figure 2.1. Spinning Disc Assay Creates a Radially-dependent Shear Profile: 
 
(A) The spinning disc device is illustrated with cells attached to an extracellular matrix protein-coated coverslip 
mounted and rotating on a spinning rod in buffer. The radially-dependent shear profile is highlighted showing that 
cells at the center only rotate in place while those at the edge move around at a high linear velocity. (B) The plot 
shows the relationship of radial position on the coverslip and angular velocity versus applied shear stress at a given 
point for the indicated velocities (in revolutions per minute; rpm). (C) Plot of the relationship between radial position 
and cell density. Inset images show heat maps of cell density. Warm (red) and cool (blue) colors indicate high and 
low densities, respectively. (D) Plot of cell density, normalized to the center of the coverslip, versus the applied shear. 
Data is plotted for the indicated velocities. τ25 and τ50, i.e. the shear to detach 25 and 50% of cells, respectively, are 
indicated in the plot and are 438 and 346 dynes/cm2, respectively. 
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Supplementary Figure 2.2. Cell Morphology and Distribution are Independent of Mammary Epithelial Cell Line:  
 
At the left are low magnification images of MCF10A, MCF7, MDAMB231, MDAMB468, SUM1315, BT549, and BT20 
cells at low and high shear, which were stained with Rhodamine-Phalloidin. Inset images at higher magnification 
were also stained with DAPI. At right are plots of cell area (blue and red lines indicating high and low shear) and cell-
to-cell spacing frequency for the indicated number of cells (N). Indicated within the plots is the percentage of cells 
spaced further apart than the average diameter of each cell line. 
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Supplementary Figure 2.3. MCF10A Cells Exhibit Cation-Sensitive Change in Attachment Strength:  
 
MCF10A, cells had homogeneous and strong attachment strengths, i.e. τ25, as plotted versus cation concentration 
for Mg2+ (black squares) and Ca2+ (red circles) for cells bound to (A) collagen type I-coated and (B) fibronectin-
bound coverslips. Cation concentration range for the indicated tissue is provided for reference. A sigmoidal fit for 
each cation is shown in panel A but they are combined in panel B. 
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Supplementary Figure 2.4. Attachment Strength is Heterogeneous for Additional Mammary Epithelial Cells and 
Prostate Cancer Cells in Stromal-like Niche:  
 
Normalized cell density is plotted versus shear for MDAMB468, SUM1315, BT20, BT549 and PC-3 cells. Cells were 
tested with (black) and without (red) media containing cations as defined in Figure 1. Dashed lines in each plot 
indicate the fits for MDAMB231 cells with (black) and without (red) media containing cations.  
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Supplementary Figure 2.5. Migration for SUM1315 and PC-3:  
 
(A) SUM1315 cells, either unselected (blue) or selected with 80 dynes/cm2 (orange), plated onto collagen-coated, 
planar substrates (left) and 1.2 mg/ml (center) and 2.4 mg/ml (right) collagen hydrogels were plotted for the total 
distance migrated over 24 hours post-plating. Note that the migration of many unselected cells on planar surfaces 
exceeded the viewable window of the microscope over 24 hours, and thus these data represent a minimum distance 
traveled. (B) Total cell displacement over 24 hours for PC3 cells are plotted for the indicated shear stress selection 
conditions on collagen-coated substrates. PC-3 cell migration is more heterogeneous and thus displayed in a box 
and whisker plot **p <0.01, ***p < 0.001.   
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Supplementary Table 2.6. Media formulations for the indicated cell lines: 

Cell Line 
Base 

Media 
Serum Antibiotics Others 

MCF10A, 
MCF10A T 

DMEM/ 
F12 

5% HS 
100 units/ml Penicillin, 

100 μg/ml Streptomycin 

0.5 μg/ml Hydrocortisone, 
20 ng/ml hEGF, 10 μg/ml 

Insulin, 100 ng/ml Cholera 
toxin 

MCF7 DMEM 10% FBS 
100 units/ml Penicillin, 

100 μg/ml Streptomycin 
10 μg/ml Insulin 

MDAMB231, 
MDAMB468, 

BT20 
DMEM 10% FBS  

100 units/ml Penicillin, 
100 μg/ml Streptomycin 

 

SUM1315 
DMEM/ 

F12 
5% FBS 

100 units/ml Penicillin, 
100 μg/ml Streptomycin 

5μg/ml hEGF, 5 μg/ml 
Insulin 

BT549 DMEM 10% FBS 
100 units/ml Penicillin, 

100 μg/ml Streptomycin 
1 μg/ml Insulin 

PC3 F-12K 10% FBS 
100 units/ml Penicillin, 

100 μg/ml Streptomycin 
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Chapter 3. 

Cell adhesiveness serves as a biophysical marker 

for migratory potential 

3.1 Abstract 

A lack of biological markers has limited our ability to identify the invasive cells responsible 

for Glioblastoma multiforme. To become migratory and invasive, cells must down regulate matrix 

adhesions, which could be a physical marker of invasive potential. Murine astrocytes were 

engineered with common GBM mutations, e.g. Ink4a (Ink) or PTEN deletion and expressing a 

constitutively active EGF receptor truncation (i.e. EGFRvIII), to elucidate their effect on adhesion. 

While loss of Ink or PTEN did not affect adhesion, counterparts expressing EGFRvIII were 

significantly less adhesive. EGFRvIII reduced focal adhesion size and number, and these cells with 

more labile adhesions displayed enhanced migration. Regulation appears dependent not on 

physical receptor association to integrins but rather on the receptor’s kinase activity resulting in 

transcriptional integrin repression. Interestingly, EGFRvIII intrinsic signals can be propagated by 

cytokine crosstalk to wildtype EGFR cells, resulting in reduced adhesion and enhanced migration. 

These data identify potential intrinsic and extrinsic mechanisms that gliomas use to invade 

surrounding parenchyma. 
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3.2 Introduction 

Although the prevalence of brain tumors is lower than other tumor types, e.g. mammary 

or prostate61,171, the mortality rate for brain tumors is much higher (5-year survival rate is 35% vs 

>90%); patient outcomes are even more drastic for Glioblastoma multiforme (GBM), a stage-4 

astrocytoma characterized by infiltration into healthy parenchyma, tumor heterogeneity, 

resistance to apoptosis, and genomic instability172. GBM accounts for ~45% of all invasive brain 

cancers and >12,800 new cases annually in the US173. Average GBM patient survival is low (12-15 

months174) despite standard of care i.e. tumor resection, radiation therapy and treatment with 

the DNA alkylating agent temozolomide175,176. Poor prognosis is due in part to GBM’s poorly 

margined, highly invasive phenotype, recurring anywhere within 1 cm of the original lesion to the 

other side of the corpus callosum3,4, thus prohibiting a surgical cure. Tumor cell invasion requires 

conversion away from a proliferative phenotype3,4  and is characterized by a significant increase 

in migration and interaction with, and degradation of, multiple brain ECM proteins5–7. Despite 

advances in our understanding of glioma invasion and migration, little is known about the 

molecular mechanisms that regulate this switch and if these mechanisms are cell intrinsic, 

extrinsic or a combination of both.  

The presence of multiple invasive mechanisms may be due to significant intratumoral 

genetic heterogeneity177. GBM tumors with the worst prognoses typically have mutations in one 

or more of three genes: cell cycle regulator Ink4a/Arf (p16) deletion178,179, tumor suppressor Pten 

deletion180,181, and epidermal growth factor receptor (EGFR) amplification and truncation70,182,183. 

For example, changes in EGFR occur in approximately 60% of GBM184,185, and its most common 

EGFR variant–truncation of exons 2-7, i.e. EGFRvIII–causes constitutive self-phosphorylation, 
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pathway activation186,187 and reduced apoptosis188. None of these properties are conferred to 

cells overexpressing wild-type EGFR (wtEGFR), which cannot drive glioma formation 

alone179,189,190. We have previously found that EGFRvIII-positive cells, which are often scattered 

diffusely within a tumor191, actively educate neighboring wtEGFR cells49,70,192, hinting that inter-

clonal communication could illustrate a paradigm for cooperativity of GBM cells. However, the 

mechanisms that EGFR alterations individually or collectively use to drive GBM migration and 

invasion are less clear. 

To ensure dissemination into healthy tissue, cells at the invasive front must detach from 

the tumor mass, changing adhesion from largely cell-cell to cell-matrix. For epithelial tumors, 

invasive potential and adhesion strength are inversely correlated132 due to altered focal adhesion 

assembly131 and turnover147 allowing cells to move through the tissue effectively. As a result, 

cancer cell adhesion to ECM proteins is becoming a more accepted metric for metastatic 

potential150,152. While this relationship is not clear for GBM, the studies mentioned above suggest 

that EGFR variants could play an intrinsic role in directly binding to and indirectly modifying 

signaling pathways that affect adhesion. Conversely, wtEGFR cells could cooperatively invade 

with EGFRvIII cells that recruit and convert them epigenetically. Using a spinning disc assay126,132  

which subjects cell populations to radially increasing shear stress, we interrogated these 

possibilities using an isogenic mouse glioma cell line containing combinations of Ink4a/Arf (p16) 

deletion179, Pten deletion180, and with wtEGFR or EGFRvIII overexpression70,183. We found that 

combinations of Ink4a/Arf deletion, Pten deletion and EGFR overexpression did not reduce cell 

adhesion across a population of cells, but EGFRvIII overexpression did reduce adhesion. EGFRvIII 

reduced focal adhesion formation via canonical GBM pathways resulting in repression of integrin 
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expression, suggestive of an intrinsic adhesion mechanism. Given the lower frequency of these 

cells in heterogeneous tumors178,181 we further found EGFRvIII expressing cells produced cytokine 

signals which, when applied to wtEGFR cells, could reduce their adhesion and increase their 

migration. Together these data suggest that EGFRvIII creates cell intrinsic signals that regulate 

adhesion strength as well as extrinsic signals that instruct heterogeneous tumor cell populations 

to invade the surrounding parenchyma. 

3.3 Results 

3.3.1 GBM Driver Mutations Reduce Adhesion Strength and Increase Migration  

Tumor recurrence post-resection suggests that some subset of GBM cells have 

transitioned from a proliferative3,4 to an invasive and migratory phenotype4,175 using cell-matrix 

adhesions. To determine which of the most common mutations could affect adhesion, we utilized 

low passage isogenic murine astrocytes expressing combinations of Ink4A/arf deletion, Pten 

deletion, or EGFR alterations, i.e. overexpression of wild-type receptor or a constitutively active 

truncation mutant (Table S1)189. Cell genotypes were confirmed by western blot analysis (Figure 

3.1A) and then adhesion characterized by spinning disk assay127,128 i.e. a quantitative population-

based assay where cells are detached from a fibronectin-coated coverslip by radially increasing 

shear stress (Figure S3.1). In the absence of cations, each line exhibited similar adhesion strength 

(Figure 3.1B, striped bars), yet in the presence of cations, adhesion strength was lower only for 

lines containing EGFRvIII (Figure 3.1B, solid bars). This difference may indicate that EGFRvIII plays 

a significant role in modulating cation-dependent astrocyte adhesion, regardless of other 
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mutations or wild-type receptor overexpression; conversely, epithelial tumor adhesion is 

reduced in the absence of cations132.  

Adhesion changes likely manifest themselves in migration differences132,133, so we next 

determined whether reduced EGFRvIII cell adhesion improved migration speed and persistence 

on fibronectin in cation-containing media. Cells expressing EGFRvIII had significantly longer 

pathlength and migrated at a significantly faster speed compared to Ink-/- and were somewhat 

faster than wtEGFR expressing cells, i.e. EGFR amplification is beneficial for tumor cell migration 

but not as much as receptor truncation (Figure 3.2A-B; Figure S3.2). wtEGFR cells had significantly 

greater average displacement resulting in more processive motility compared to Ink-/- cells, 

whereas EGFRvIII cells had slightly lower displacement and thus less processive migration (Figure 

3.2 C-D; Figure S3.2), indicating that they explored a greater area than cells simply with EGFR 

amplification. Therefore, these data indicate that EGFRvIII cells tend to rapidly investigate a larger 

portion of their environment consistent with GBM invasivity. 
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Figure 3.1. Cation-Dependent Astrocyte Adhesion is Reduced by EGFRvIII: 
 
(A) Western blot of indicated genotypes for Pten, EGFR, and Actin. (B) Shear stress at which 50% of the population 

detaches, i.e. adhesion strength of 50, is plotted for the indicated genotypes. Cells assayed in buffer with (solid bars) 
and without (hatched bars) cation-containing media are shown. *p<0.05, and **p<0.01 by paired student t-test (n=4 
per genotype and condition; solid and dashed lines indicate comparisons of cells with and without cation-containing 
media, respectively). 
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Figure 3.2. Migratory Characteristics Scale with Adhesion and Depend on EGFR:  
 
(A) Total cell migration distance, (B) speed, (C) displacement, and (D) persistence over 24 hours is plotted for the 
indicated genotypes (n=3). *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 by paired student t-test (n=30, 91, 
and 74 cells for Ink-/-, wtEGFR, and EGFRvIII cells). 
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3.3.2 Weakly Adherent Cells Display a Decrease in Focal Adhesion Assembly State 

The link between diminished cation-dependent adhesion strength and migration further 

suggests that EGFRvIII could in some manner affect focal adhesion dynamics. Thus, we 

interrogated focal adhesion assembly on fibronectin-coated coverslips via immunofluorescence 

and found significant assembly differences between EGFRvIII and wtEGFR cells (Figure 3.3A-B). 

When normalized to cell area, EGFRvIII cells were nearly 2-fold fewer and had smaller focal 

adhesions per cell area (Figure 3.3C-E). Moreover, EGFR is enriched in the plasma membrane at 

focal adhesions for cells expressing EGFRvIII (Figure 3.3F), suggesting that there could be direct 

regulation of integrins by EGFR amplification and truncation which in turn could reduce cell 

adhesion strength and increase migration speed.  
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Figure 3.3. Focal Adhesion Assembly is Suppressed by EGFRvIII:  
 
Immunofluorescent images of (A) EGFRvIII and (B) wtEGFR cells stained for paxillin (red), EGFR (green), and nucleus 
(blue). Dashed boxes indicate regions shown in inset images A’ and B’, which are related from panels A and B, 
respectively. Filled and open arrowheads indicate regions of diffuse and assembled adhesion complexes. Scale bar 
is 10 microns. (C) Cell area, (D) focal adhesion area to cell area, (E) focal adhesion number to cell area, and (F) EGFR 
signal intensity within a focal adhesion per average cell intensity are plotted for both EGFRvIII (orange) and EGFR 
(purple) (n=3). ****p<0.0001 by paired student t-test (n=68 and 57 cells for wtEGFR and EGFRvIII cells). 
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3.3.3 Labile Focal Adhesions are the Result of Intrinsic Kinase-Dependent Signaling 

Although EGFRvIII appears to be more localized at adhesion sites than their receptor 

amplified counterparts, it is unclear if the receptor’s constitutively active kinase activity179 or if 

its proximity to or potential interactions with integrin193 create more labile adhesions. To 

determine if physical associations between EGFRvIII and integrins reduce adhesion, αV and β3 

integrins were observed by western blot, and consistent with staining, were found to be less 

expressed in EGFRvIII vs. wtEGFR cells. Yet when the receptors were immunoprecipitated, we 

were unable to find any association between either receptor and either integrin (Figure 3.4A). 

These data indicate that, despite enhanced co-localization, EGFRvIII does not directly interact 

with integrins and rather may indirectly regulate adhesion via enzymatic activity of its kinase 

domain and downstream signaling effectors. Western blot of phosphorylated EGFR, however, did 

confirm the receptor’s constitutively active kinase activity for EGFRvIII (Figure 3.4B), which 

suggests that adhesion regulation could be kinase-dependent.  

To determine if this was the case, a kinase defect mutant receptor was created by lysine 

to methionine substitution (K721M)194 within the receptor’s catalytic domain (Figure S3.3A), i.e. 

EGFRvIII kinase dead (EGFRvIIIKD), and validated by FACS sorting (Figure S3.3B) and western blot 

to confirm equal EGFR protein expression and loss of autophosphorylation for EGFRvIIIKD (Figure 

S3.3C). Although EGFRvIII reduced adhesion strength, loss of kinase activity in EGFRvIIIKD 

restored adhesion to native wtEGFR levels (Figure 3.4C). Similarly, cell migration speed, which 

increased with EGFRvIII, decreased in EGFRvIIIKD cells as did the distance traveled (Figure 3.4D; 

Figure S3.4). These data indicated that constitutive activation of the vIII receptor, and not it its 

residence on the cell surface195, is responsible for altered adhesion. 
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Figure 3.4. Adhesion Strength is Modulated by Kinase-Dependent Mechanism(s):  
 
(A) Western blots of whole cell lysate (WCL; left) confirm genotypes and integrin expression pattern. Additional blots 
(right) for EGFRvIII and wtEGFR show the results of EGFR immunoprecipitation with supernatant (supp.) and 
pulldown (IP) lanes for the indicated integrins and Actin. (B) Western blot for total EGFR, phosphorylated EGFR, and 

Actin for wtEGFR, EGFRvIII, and EGFRvIIIKD. (C) Adhesion strength, i.e. 50, was plotted for the indicated genotypes. 
*p<0.05, and **p<0.01 by paired student t-test (n=4 for each genotype). (D) Cell speed and total migration distance 
for the same genotypes in panel C. *p<0.05, and ****p<0.0001 by paired student t-test (n=4 biological replicate 
analyzing 39, 88, 65, and 93 cells for Ink-/-, wtEGFR, EGFRvIII, and EGFRvIIIKD cells, respectively). 
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3.3.4 Intrinsic transcriptional variation in microtubule proteins contributes to increased 

migration of weakly adherent cells. 

Although kinase-dependent, it is uncertain which downstream signaling effectors result 

in focal adhesion disassembly, thus we assessed adhesion protein expression and 

phosphorylation status in EGFRvIII cells compared to the Ink-/- and wtEGFR cells. We found that 

there were no phosphorylation or protein expression differences in FAK or vinculin but there 

were marked decreases in fibronectin binding integrins αV, α5 and β1 and increases in paxillin 

and talin in EGFRvIII cells (Figure 3.5A). Consistent with smaller focal adhesions in EGFRvIII cells, 

these data could indicate that the truncated receptor prevents integrin production, but that cells 

attempt to compensate by overexpressing adhesion components.  

To better understand at what point integrins are downregulated, we first assessed 

transcript levels, finding that EGFRvIII cells downregulated αV and β1 integrins (Figure 3.5B), 

which are some of the strongest binding integrins (Bharadwaj et al., 2017). Next because 

constitutive receptor activation induces a plethora of downstream signaling exclusive to 

EGFRvIII196, we assessed which kinase-dependent signals could result in adhesion changes by 

detecting and perturbing these signals. Along with differential expression of those adhesion 

proteins above, we observed differential phosphorylation of SHC, Jun kinase (JNK) and c-Jun, SRC, 

Stat3, and MEK in the EGFRvIII cells as compared to wtEGFR or EGFRvIIIKD cells (Figure 3.5C).  

To validate these pathways, we first chose to block phosphorylation of EGFR/SHC 

(Erlotinib), and MEK (Trametinib), as shown by western blotting (Figure 3.5D). Small molecule 

inhibition of EGFR via Erlotinib and of MEK via Trametinib decreased signaling by 58% and 56%, 

respectively. To determine their effect on adhesion, cells were treated with inhibitor for 48hrs. 
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We found that blocking EGFR signaling to SHC via Erlotinib increased adhesion strength and in 

addition, we found that MEK inhibition also increased adhesion strength (Figure 3.5E), implicating 

its involvement in adhesion modulation and potentially intrinsic signaling that transcriptionally 

represses integrins to increase EGFRvIII cell migration. 
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Figure 3.5. Kinase Signaling Downstream of EGFR Transcriptionally Silences Integrins:  
 
(A) Western blots of indicated adhesive proteins expressed in EGFRvIII, wtEGFR, and Ink-/- cells. Those that show 
differential expression with EGFRvIII being different from the other isogenic cell lines are colored in red. (B) Plot of 
transcript expression of the indicated integrin genes showing the fold reduction of EGFRvIII cells normalized to 
wtEGFR cells, i.e. truncated and amplified receptor normalized to amplified receptor only. §p<0.1 by paired student 
t-test (n=6 biological replicates). (C) Western blots of indicated receptor, adhesive, and signaling proteins expressed 
in wtEGFR, EGFRvIII, and EGFRvIIIKD cells. (D) Western blots of indicated signaling proteins expressed in wtEGFR, 
EGFRvIII, and EGFRvIIIKD cells as well as EGFRvIII when treated by the indicated drugs and concentrations. (E) 

Adhesion strength, i.e. 50, was plotted for the indicated genotypes, including those selectively treated for the 
indicated drugs (EGFRvIII hatched bars; n=3 biological replicates). *p<0.05, ***p<0.001, and ****p<0.0001 by paired 
student t-test between the indicated comparisons. 
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3.3.5 Extrinsic crosstalk “educates” the adhesion of receptor amplified cells 

Given that GBM tumors are exceedingly heterogeneous and can contain cells with all of 

the mutations studied here thus far, we next sought to determine if cell extrinsic communication, 

which has been previously observed for wtEGFR and EGFRvIII70,192, could alter the adhesion of 

cells with amplified EGF receptor alone. To first determine if paracrine communication was 

sufficient, we treated wtEGFR cells with EGFRvIII conditioned media for 24 hours to “educate” 

them prior to shear exposure. When wtEGFR cells were conditioned, cell adhesion strength was 

reduced to near EGFRvIII levels. However, for Ink-/- and EGFRvIIIKD cells, exposure to conditioned 

media did not affect adhesion strength (Figure 3.6A). These data indicate that the receptor’s 

kinase activity is necessary to affect adhesion strength, but it does not identify the specific 

cytokine(s) required to alter the cellular adhesion strength.  

Although IL-6 and LIF have been suggested70 as cytokines involved in the extrinsic 

alteration of cellular phenotype, we performed a cytokine screen on EGFRvIII and wtEGFR 

conditioned media to broadly determine components necessary for “education.” Limiting hits to 

cytokines with a greater than 2-fold change, we identified a subset of candidates with differential 

secretion in EGFRvIII conditioned media (vIII CM), including TNF-α (Figure 3.6B).  

To determine to what extend TNF-α signaling affects adhesion strength of wtEGFR 

expressing cells, EGFRvIII conditioned media was treated with either a neutralizing antibody for 

TNFα or rabbit IgG prior to dosing wtEGFR cells. TNF-α inhibition eliminated the decrease in 

adhesion strength conveyed by EGFRvIII CM. In contrast, dosing with rabbit IgG did not reverse 

the decrease (Figure 3.6C). These data indicate that TNF-α, among possible other cytokines, is 

necessary for cell crosstalk and cooperative adhesion modulation of neighboring cells expressing 
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wtEFGR. These findings suggest that not only does EGFRvIII modulate adhesion strength 

intrinsically, but it modulates the adhesion strength of non-EGFRvIII expressing cells via secretion 

of TNF-α (Figure 3.7) 
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Figure 3.6. Cell Extrinsic Cytokines from EGFRvIII Reduces Adhesion of wtEGFR cells:  
 
(A) Adhesion strength was measured for cells from the indicated genotypes in unconditioned (solid bars) or EGFRvIII 
conditioned media (hatched bars; n=3 biological replicates). (B) Cytokine production was measured by microarray 
and plotted for wtEGFR and EGFRvIII conditioned media as normalized to unconditioned media. Gray box indicates 
all cytokines measured below a ratio of 1. Unity line is shown to illustrate those cytokines differentially expressed in 
wtEGFR or EGFRvIII conditioned media. Data points highlighted in red and with labels indicate cytokines 

overproduced in EGFRvIII conditioned media. (C) Adhesion strength, i.e. 50, was plotted for wtEGFR cells selectively 
cultured in the indicated conditioned media that was pre-treated with the indicated antibodies (hatched bars 
represent cells treated with EGFRvIII conditioned media; n=3 biological replicates). *p<0.05 by paired student t-test 
between the indicated comparisons. 
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Figure 3.7. Proposed Mechanism of Action:  
 
Schematic depicting how EGFR expression and vIII variant in the Ink-/- parental line affects cell functions and integrin 
expression. Indicated drug treatments that affect the EGFR-MEK signaling axis alter adhesion of EGFRvIII cells 
whereas cytokines from those cells can affect adhesion of wtEGFR expressing cells. 
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3.4 Discussion 

Tumor heterogeneity and complex cooperative signaling between cells have impaired our 

ability to dissect the signaling pathways that promote GBM’s highly invasive nature in vivo3,4. 

While crosstalk between cells in this heterogenous mass certainly occurs49,70,192, current in vivo 

methods to elucidate pathway details in GBM, e.g. laser capture microdissection82, have been 

limited in throughput and cannot resolve crosstalk between individual cells. On the other hand, 

dissemination cues are not limited to biochemical signals; as cells detach from the tumor mass 

to invade, significant adhesive changes must occur that should be ubiquitous for solid tumors.  

Biophysical analyses have correlated adhesion with cell migration and metastatic 

potential132. Such assays also stratify tumor heterogeneity and provide a clearer understanding 

of the molecular mechanisms responsible for cancer cell migration133. Here for example, we 

applied a spinning disk shear assay to engineered murine astrocytes, finding that cells expressing 

the EGFRvIII mutation had decreased adhesion strength relative to those expressing similar wild 

type receptor levels, regardless of additional mutations. Cell adhesion scales inversely with 

migration and is the result of EGFRvIII kinase-mediated integrin transcriptional repression. These 

data demonstrate the utility of biophysical analyses to predict cell migration and shows that they 

serve as effective means of determining which cell populations may affect tumor recurrence.  

While the cell-intrinsic role of EGFRvIII in astrocyte adhesion has not been examined 

previously, it has been studied elsewhere. Generally, EGFR kinase-dependent 

autophosphorylation activates downstream growth and cell survival pathways197. For cell 

adhesion, migration, and invasion of surrounding parenchyma, however, little is known about 

the impact of amplified levels or receptor truncation. EGFRvIII does modulate adhesion as shown 
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in ovarian cancer cells198,199, but its adhesion effects in glioblastoma are uncertain. Given that 

nearly 60% of GBM exhibit EGFR alterations184,185, this would appear to be a significant gap in our 

understanding of how biophysical changes in astrocytes affect disease progression. Adhesion 

data here identifies a unique role for EGFRvIII in transcriptional silencing of fibronectin-binding 

integrins via kinase signaling, which results in more labile adhesions capable of enhancing 

migration. The reliance on kinase-dependent signaling is consistent with GBM literature187 but 

different from epidermoid carcinomas where EGFRvIII appears to directly associate with α2β1 

¬integrins200. So, while there is precedent for interactions elsewhere, we believe these data 

establish a new function for the vIII variant in glioma. 

While intrinsic signaling can modulate a cell subtype, glioma invasion is rarely the result 

of a single subtype and is more likely the result of cooperative signals. EGFR-expressing astrocytes 

are not tumorigenic upon intracranial injection unless super-physiological levels of EGF ligand are 

infused into the injection site189. Amplified wild-type receptor can also respond to EGFRvIII-

secreted cytokines to cooperatively invade into healthy parenchyma70,192. We found that these 

extrinsic signals may modulate adhesion of wild type receptor counterparts to cooperatively 

invasion. A variety of cytokines such as IL6, LIF, IL8, and TNF-α are differentially expressed by 

EGFRvIII cells. TNF-α has been linked to more aggressive and migratory phenotypes in other 

tumors201, and our analysis indicated that not only was TNF-α differentially expressed, it is a 

necessary component in modulating the adhesion strength of cells overexpressing wtEGFR. 

These data highlight the importance of cell-extrinsic factors in modulating adhesion and thus 

migration and gives us insight into possible cooperative behaviors that lead to larger, collective 

migration of tumor cells. 
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GBM is a heterogeneous disease, and these data suggest that additional attention should 

be paid to how certain receptor variants modulate adhesion and subsequent migration 

intrinsically as well as how they recruit other cells to cooperatively migrate and locally invade 

adjacent parenchyma. Similar to epithelial tumor cells133, GBM cell adhesion strength is inversely 

correlated with migration, and thus adhesion may serve as a physical means of stratifying tumors 

and an alternative to genetic markers. The most aggressive gene variants may dominate their 

behavior, e.g. EGFRvIII, but the plasticity we observed in adhesion strength for wtEGFR cells when 

exposed to conditioned media suggests that stratification by genetics alone may only explain a 

part of tumor outcomes; cell state plasticity has recently been shown to give rise to tumor 

diversity202, so it is conceivable that cytokine crosstalk could drive phenotype and possible 

epigenomic changes that reduce adhesion strength throughout a population, as observed here. 

Overall, these data are supportive of a shift to more collective migration which has recently been 

thought to be a significant mode in which tumors invade in vivo203. 

3.5 Methods 

3.5.1 Cell lines, media, and mutagenesis 

Mouse astrocytes, mAstr-Ink4a/Arf-/-, mAstr-Ink4a/Arf-/--wtEGFR, mAstr-Ink4a/Arf-/--

EGFRvIII, were obtained and cultured as previously described70,189,204. Briefly, cells were cultured 

in media composed of high glucose DMEM supplemented with L-Glutamine4 (ThermoFisher 

Scientific, Prod#: 11965), 10% fetal bovine serum (Gemini Bio-Products, Prod#: 900-208), 1% 

Penicillin/Streptomycin (10,000 u/mL, ThermoFisher Scientific, Prod#: 15140122), and 1% L-

Glutamine (200mM, ThermoFisher Scientific Prod#: 25030081). All cells were cultured at 37°C in 
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a humidified incubator containing 5% CO2, and all media was sterile filtered. Cells were grown 

on tissue-culture treated polystyrene (TCPS) substrates unless otherwise indicated. Cells were 

passaged every 2-3 days depending on confluency using 0.25% Trypsin (ThermoFisher Scientific 

Prod#: 25200056), were neutralized by media, and were resuspended in fresh complete media 

at dilutions appropriate for each line.  

For conditioned media, EGFRvIII cells were seeded overnight, media subsequently 

removed, and fresh media added for 24 hours. Conditioned media was collected, filtered using a 

0.22 µm steriflip (MilliporeSigma Prod#: SCGP00525), and used immediately or frozen at -80°C in 

specific assays described below. 

To briefly describe the generation of mAstr-Ink4a/Arf-/--EGFRvIIIKD cells, EGFRvIII in 

pBABE-puro192 was altered by site directed mutagenesis to generate lysine 721 to methionine 

(K721M)194 within the receptor’s kinase domain (Figure S3.3A). To produce retrovirus, 293T cells 

were plated and adhered for ~18 hr before transfection by Lipofectamine 2000 (ThermoFisher 

Scientific Prod#: 11668019) along with retrovirus packaging construct pCL10A1 and the kinase 

dead receptor construct pBABE-puro EGFRvIII kinase dead. Retroviral supernatant was then 

harvested up to 48 hr post transfection, filtered and used to transduce mAstr-Ink4a/Arf-/-. 

Following overnight incubation, transduced cells were selected with 2 μg/ml puromycin for 4 

days.  

To ensure equivalent EGFRvIIIKD and EGFRvIII expression, cells were sorted via 

fluorescence-activated cell sorting (Figure S3.3B). Cells were grown to ~80% confluency under 

selection of puromycin (5 μg/mL, ThermoFisher Scientific Prod#: A1113802), and detached with 

Verscene (ThermoFisher Scientific Prod#: 15040066). Cells were counted, pelleted, and 
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resuspended in flow-cytometry buffer (FACS buffer, 1x DPBS, 2% BSA, 1 mM EDTA (pH 7.4)) at a 

concentration of 1x107 cells/mL. After resuspension, DH8.3 anti EGFRvIII (Novus Biologicals 

Prod#: NBP2-50599) primary antibody was added to the resuspended cells and incubated on ice 

for 1hr. Cells were then washed, labeled at 1:100 with Goat Anti-Mouse IgG H&L Alexa Fluor 488 

(Abcam Prod#: ab150113), and then washed again. Propidium Iodide (1 mg/mL; ThermoFisher 

Scientific Prod#: P1304MP) was added at a 1:1000 ratio to differentiate live vs. dead cells prior 

to sorting. Sorting parameters were then set using non-EGFRvIII expressing and EGFvIII 

expressing cells, and kinase dead cells were sorted to an equivalent expression level of cell 

surface receptor using a SH800S Cell Sorter (Sony Biotechnology). 

3.5.2 Cell adhesion-strength assay 

In the spinning disk device127, cells are seeded onto 25 mm glass coverslips functionalized 

with 10 μg/mL human fibronectin (isolated from serum5) for 60 min and blocked with media 

(10% FBS) for 60 min at room temperature; all adhesion-strength and cellular-migration assays 

were performed on fibronectin-coated coverslips unless otherwise noted. Cells were seeded at a 

density 10,000 cells/cm2 to minimize cell-cell contact. Cells attached to coverslips for a minimum 

of 12 hrs using cation-containing media at which time they were then mounted on a custom-built 

spinning-disk device and submerged into temperature-controlled phosphate-buffered saline 

spinning buffer containing (PBS+MgCa; Corning Prod#: 20-030-CV) or lacking cations (PBS; 

Corning Prod#: 20-031-CV), supplemented with 4.5 g/L of dextrose, and warmed to 37°C. Cells 

were exposed to a range of fluid sheer–depending on rotational speed–for 5 min.  

Once spun, cells were then fixed with 3.7% formaldehyde. Cell nuclei were then stained 

with 4',6-Diamidino-2-Phenylindole (DAPI, 1:2500, ThermoFisher Scientific Prod#: D1306) and 
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mounted on slides with Fluoromount-G (Southern Biotech, cat # 0100-01). Slides were then 

imaged using a CSU-X1 confocal scanner unit (Yokogawa), QuantEM:512SC camera 

(Photometrics, Tucson, AZ), and MS-2000-WK multi-axis stage controller (Applied Scientific 

Instrumentation) on a Nikon (Melville, NY) Ti-S microscope. Metamorph 7.6 software and a 

custom-written MATLAB (Mathworks) program was used to stitched together 1500 individual 

images of nuclei and quantify average cell adhesion, i.e.τ50, which is defined as the shear stress 

at which 50% of the initial cell population is removed by fluid sheer stress132. Thus was calculated 

based on equation 1: 

𝜏 =  
4

5
𝑟√𝜌𝜇𝜔3        (1) 

where r is the radial position from the center of the disk, ρ is the buffer density, μ is the 

buffer viscosity, and ω is the rotational velocity. To compare cell adhesion characteristics, cellular 

adhesion strength was analyzed in a minimum of triplicate and compared using a paired student 

t-test. All code associated with image analysis can be obtained at: 

https://github.com/englea52/Englerlab. 

3.5.3 Co-Immunoprecipitation Protocol (co-IP) 

EGFR was covalently crosslinked to other proteins, isolated from cell lysate, and analyzed 

for integrin association. Briefly, cells were washed and treated with of either 2 mM DTSSP or DSP 

(ThermoFisher Scientific Prod#: 21578, 22585 respectively) for 60 min to covalently crosslink 

interacting proteins; Tris Buffered Saline (TBS) was added to neutralize remaining crosslinker. 

Cells were then removed from the dish using a cell scraper (Corning, Prod#: 3010) and pelleted.  

https://github.com/englea52/Englerlab
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After TBS rinse, cells were resuspended in 200 μL of non-denaturing lysis buffer (20 mM 

Tris HCL pH 8, 137 mM NaCl, 0.5% Trition X-100, 2 mM EDTA) to lyse cell without destroying 

protein conformation. Lysate was vortexed and then centrifuged to pellet debris. The 

supernatant was collected to determine protein concentration via BCA Assay (ThermoFisher 

Scientific Prod#: 23225).  

Next, protein G Dynabeads™ (ThermoFisher Scientific Prod#: 10007D) were 

functionalized with mouse Anti-EGF Receptor Clone 13 antibody (BD Biosciences Prod#: 610017) 

with or without BS3 crosslinker to covalently bind the antibody to the bead. To 

immunoprecipitate EGFR, samples containing 37 μg of protein were added to functionalized 

beads, pipetted to resuspend, and incubated overnight @ 4°C to allow antigen binding. Samples 

were magnetically pelleted and the supernatant decanted and saved for parallel analysis. Protein 

was eluted from the beads using denaturing gel loading buffer/dye, 50 mM DTT DTT, 1x  Laemmli 

Sample Buffer (Biorad Prod#:1610747) and filled to 30 μL with mRIPA (50 mM HEPES, 150 mM 

NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1% Triton, 10% glycerol, 25 mM sodium deoxycholate, 0.1% 

SDS, Roche Complete Protease Inhibitor (SigmaAldrich, Prod#: 11697498001) and PhosSTOP 

(Sigma-Aldrich, Prod#: 4906845001)). Samples were heated for 5 min at 95ºC, IP solution was 

separated from beads and a western blot was run on all samples to determine EGFR-integrins 

association. 

3.5.4 Immunoflourescent Staining 

Cells fixed in 3.7% formaldehyde in solution A (1x DPBS with 0.5 mM MgCl2 and 1 mM 

CaCl2) for 15 min were washed and stained with deep red CellMask (ThermoFisher Scientific 

Prod#: C10046) to label cell membranes. Cells were washed again, permeabilized, blocked (0.3M 
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Glycine, 10% Goat Serum, 15 BSA, 0.1% BSA) for 1hr at room temp, and stained 1:500 with 

primary antibody Mouse anti EGFR ((BD Biosciences Prod#: 610017)) and Rabbit anti Paxillin 

(abcam Prod#: ab32084) at 4oC. Cells were washed and incubated 1:1000 with secondary 

antibodies goat anti-rabbit 568nm (ThermoFisher Scientific Prod#: A11011) and goat anti-mouse 

488nm (ThermoFisher Scientific Prod#: A11001) at room temperature. Cells were finally washed, 

stained 1:2000 with Hoechst 33342 (ThermoFisher Scientific Prod#: H3570) at room temperature, 

and mounted with Fluoromount-G (Southern Biotech, Prod#: 0100-01).  

Samples were imaged using the 60x objective on a Nikon Eclipse TI fluorescent 

microscope with a CSU-X1 confocal scanner unit (Yokogawa), QuantEM:512SC camera 

(Photometrics, Tucson, AZ), MS-2000-WK multi-axis stage controller (Applied Scientific 

Instumentation), and controlled by Metamorph 7.6 (Molecular Devices). A custom-written 

ImageJ script was then used to quantify cell area and FA number and size. All FA metrics were 

computed across the entire cell to avoid regional biases. 

3.5.5 Measuring percent detachment versus migratory capability 

12-well glass bottom plates with high performance #1.5 cover glass (Cellvis Prod#: P12-

1.5H-N) were coated with 1.5 mL of fibronectin in DPBS at a concentration of 10 μg/cm2. Plates 

were incubated at room temperature for 1hr to allow for fibronectin adsorption and then blocked 

with 10% FBS for 1hr at room temperature. Cells were then seeded at a density of 300 cells/cm2 

and allowed to adhere for 4 hours prior to live-cell imaging for 12 hours. Cells were imaged with 

a Nikon Eclipse Ti-S microscope equipped with a motorized stage (MS-2000-WK multi-axis stage 

controller (Applied Scientific Instumentation), as well as a temperature, humidity, and CO2-

controlled live cell chamber (Pathology Devices Inc., LiveCell). Cells were imaged at 10x in bright 
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field at multiple positions every 15 min for 9 hrs. Cell migration data were analyzed using a 

combination of Image J (NIH, Bethesda, MD) or a custom matlab script (Github 

repository:byeoman-eng/CellTracking, MathWorks, Natick, MA) to determine cellular migration 

characteristics. Cellular speed, pathlength, displacement and persistence were calculated and 

plotted in rose plots for each individual cell and grouped in scatter plots. 

3.5.6 Western Blotting 

Protein was collected by isolating cells from an 80% confluent plate using a cell scraper 

(Corning, Prod#: 3010) and pelleted. Cells were resuspended in mRIPA buffer (50 mM HEPES, 150 

mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1% Triton, 10% glycerol, 25 mM sodium deoxycholate, 

0.1% SDS) containing Roche Complete Protease Inhibitor (Sigma-Aldrich, Prod#: 11697498001) 

and PhosSTOP (Sigma-Aldrich, Prod#: 4906845001). Lysate concentrations were determined 

using a Pierce BCA Protein Assay kit (ThermoFisher Scientific, Prod#: 23225). 12 µg of protein 

from each sample was combined with 50 mM DTT, 1x Laemmli Sample Buffer (Biorad Prod#: 

1610747) and heated to 95°C for 5 minutes to denature the lysates.  

Protein mixtures were electrophoretically separated on reducing and denaturing gradient 

Bis-Tris gels (ThermoFisher Scientific, Prod#: NW04120BOX). Protein was transferred via 

nitrocellulose membrane using the iBlot 1 semi-dry transfer system (ThermoFisher Scientific, 

Prod#: IB1001) and membrane cassettes (ThermoFisher Scientific, Prod#: IB301001). Membranes 

were incubated with 5% Seablock blocking buffer (ThermoFisher Scientific Prod#: 37527) in Tris 

buffered saline with Tween (TBS-T, 150 mM NaCl, 15 mM Tris-HCl, 20 mM Tris Base, 0.1% Tween) 

and probed with primary antibodies. Membranes were washed, incubated with goat anti-rabbit 

790nm (ThermoFisher Scientific, Prod#: A11374) and goat anti-mouse 680nm (ThermoFisher 
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Scientific, Prod#: A10038) secondary antibodies. Membranes were washed and imaged utilizing 

the Odyssey CLx Imaging System and ImageStudio (Licor) software. Immunoblots were 

normalized to loading control proteins to ensure accurate loading of protein samples.  

3.5.7 Phospho-kinase Antibody Array 

Media was analyzed using the Proteome Profiler Mouse XL Cytokine Array (R&D Systems, 

cat # ARY028). Briefly, membranes were blocked for 1 hour using array buffer, and media was 

then combined with array buffer overnight at 4ºC with rocking. Membranes were washed, 

incubated with the antibody cocktail diluted for 1 hour, washed, and incubated with streptavidin-

HRP for 30 minutes, and finally treated with chemiluminescent reagent mix; membranes were 

exposed to film and imaged. Pixel quantification was performed in ImageJ and normalized to 

positive and loading controls. Conditioned media was normalized to unconditioned media to 

allow for accurate comparison across conditions. 

3.5.8 Real-Time Quantitative Reverse Transcription PCR 

Cells were grown to 80% confluency, RNA extracted by Trizol-chloroform (ThermoFisher 

Scientific, Prod#: 15596), and concentration measured via nanodrop 2000 (ThermoFisher 

Scientific, Prod#: ND-2000). 2 µg RNA was reverse transcribed using Super Script III Reverse 

Transcriptase (Thermo Scientific, Prod#: 18080093). Quantitative PCR was performed using the 

iQ SYBR Green Supermix (Bio-Rad Laboratories, Prod#: 1708880) using a 7900HT Fast Real-Time 

PCR System (ThermoFisher Scientific, Prod#: 4329001) green (45 cycles, 95°C for 15 seconds 

followed by 60°C for 1 min) with the primer sets described in Table S2. Analysis of gene expression 

was performed compared to actin gene expression via the ΔΔCT method.  
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3.5.9 Small molecule treatment 

To understand if small molecule inhibition of EGFRvIII as well as its downstream pathways 

was able to modulate cellular adhesion, cells were exposed to select inhibitors prior to spinning. 

In brief, 25 mm glass coverslips were functionalized with fibronectin prior as previously 

described. Cells were then seeded at a density of 2,000 cells/cm2 and allowed to adhere 

overnight in media without inhibitor. Once adhered, cells were incubated with either 10 μM 

Erlotinib (LC Laboratories, Prod#: T-8123) to inhibit constitutive EGFR activation or 15 nM 

Trametinib (LC Laboratories, Prod#: T-4007) to inhibit downstream MEK activation for 48 hours 

prior to spinning. Cells were compared to DMSO dosed controls then spun, fixed, stained, imaged 

and analyzed as previously described. To confirm the effect of the inhibitors on pathway 

activation, cells were seeded for western blot analysis in parallel to the spinning disk assay. 

Similar to the spinning disk methodology, cells were seeded into 10 cm tissue culture dishes at a 

density of 10,000 cells/cm2 and allowed to adhere overnight before being exposed to their 

respective inhibitors (Erlotinib, Trametinib) and were incubated for 48 hrs prior to collection and 

analysis as previously described.  
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3.6 Supplementary Figures 

 
 
Supplemental Figure 3.1. Spinning Disc Creates a Radially-dependent Shear Profile:  
 
(A) An illustration of the spinning disc device is shown indicating the radially-dependent shear profile (red to yellow 
gradient) created by the angular velocity, which causes lineage velocity at the center to effectively be zero while 
those at the edge move around at a high linear velocity. (B) Plot of cell density, normalized to the center of the 
coverslip, versus the applied shear. Data is plotted for the indicated velocities. τ50, i.e. the shear to detach 50% of 
cells, is indicated in the plot. Inset images show heat maps of cell density. Warm (red) and cool (blue) colors indicate 
high and low densities, respectively. 
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Supplemental Figure 3.2. Migration is Driven by Receptor Truncation:  

 

Rose plots are shown for individual cells of a common genotype (each colored differently). Path length, distance 

traveled, and velocity were all measured from these traces. For ease of view, a limited number of traces are shown. 

 

A B

C Ink -/- EGFRvIII

Ink -/- Ink -/- wtEGFR
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Supplemental Figure 3.3. Construction of Isogenic EGFRvIIIKD cell line:  
 
(A) Plasmid map of the puromycin-selectable lysine to methionine substitution (K721M) construct for EGFR. (B) EGFR 
fluorescently-labeled cells were analyzed by flow cytometry for IgG only EGFRvIII (red), dual-labeled EGFRvIII (gold) 
and dual-labeled EGFRvIIIKD (blue). The gate indicates those cells that were serially sorted and puromycin-selected 
to establish a stable population. (C) Western blots of wtEGFR, EGFRvIII, and EGFRvIIIKD cells for EGFR, 
phosphorylated EGFR, and actin. 
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Supplemental Figure 3.4. Migration of Isogenic EGFRvIIIKD:  
 
Rose plot is shown for individual cells of EGFRvIIIKD. Path length, distance traveled, and velocity were all measured 
from these traces. For ease of view, a limited number of traces are shown. 

  

Ink -/- EGFRvIIIKD
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Supplemental Table 3.5. Mouse Astrocyte Lines: 

This table shows the genotypes of each line. 

 
Ink4a/Arf Pten EGFR Tumor Characteristics 

-/- +/+ N/A Non-Tumorigenic 

-/- -/- N/A Tumorigenic 

-/- +/+ wt Tumorigenic 

-/- +/+ vIII Tumorigenic Invasive 

-/- -/- vIII Tumorigenic Invasive 

-/- +/+ Kinase Dead vIII Tumorigenic 
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Supplemental Table 3.6. PCR Primers:  

This table shows all of the qPCR primers and in which figure each primer was used. 

 

Primer Name 5'-Primer Sequence-3' 

Kinase Dead EGFRvIII Forward 
Mutagenesis Primer 

GCT ATC ATG GAA TTA AGA GAA GCA 

Kinase Dead EGFRvIII Forward 
Mutagenesis Primer 

TTT AAC TTT CTC ACC TTC TGG GAT CCA GAG T 

Kinase Dead EGFRvIII Sequencing 
Primer 1 

TTT ATC CAG CCC TCA CTC CTT CTC TAG 

Kinase Dead EGFRvIII Sequencing 
Primer 2 

GGG TTT TTG CTG ATT CAG GCT TGG 

Kinase Dead EGFRvIII Sequencing 
Primer 3 

CAG ACA ACT GTA TCC AGT GTG CCC 

Kinase Dead EGFRvIII Sequencing 
Primer 4 

AAC ATC TCC GAA AGC CAA CAA GG 

Kinase Dead EGFRvIII Sequencing 
Primer 5 

TCC ATC CTG GAG AAA GGA GAA CGC 

Kinase Dead EGFRvIII Sequencing 
Primer 6 

AAA CCA GTC CGT TCC CAA AAG G 

Mouse Integrin AlphaV Forward 
Primer 

CCG TGG ACT TCT TCG AGC C 

Mouse Integrin AlphaV Reverse 
Primer 

CTG TTG AAT CAA ACT CAA TGG GC 

Mouse Integrin Alpha5 Forward 
Primer 

CTT CTC CGT GGA GTT TTA CCG 

Mouse Integrin Alpha5 Reverse 
Primer 

GCT GTC AAA TTG AAT GGT GGT G 

Mouse Integrin Beta1 Forward 
Primer 

ATG CCA AAT CTT GCG GAG AAT 

Mouse Integrin Beta1 Reverse 
Primer 

TTT GCT GCG ATT GGT GAC ATT 

Mouse Integrin Beta Actin Forward 
Primer 

GGC TGT ATT CCC CTC CAT CG 

Mouse Integrin Beta Actin Reverse 
Primer 

CCA GTT GGT AAC AAT GCC ATG T 
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Chapter 4. 

Conclusions 

4.1 Introduction 

Understanding and predicting tumor migratory and metastatic phenotype is critical in 

improving patient diagnosis, developing novel therapeutics, and preventing tumor recurrence 

either within the same tissue or systemically. The field of tumor biology has grown rapidly, with 

new assays and novel technologies improving our understanding of tumor development, tracing 

tumor evolutions, and predictive of tumor cell behavior. In particular, as demonstrated in chapter 

1, the ability to analyze tumor malignancy through molecular, genetic, and biophysical properties 

has seen an exponential growth in the past decade. These assays have proven to be extremely 

effective in elucidating the multitude of variables which contribute to tumor cell malignancy from 

loss of tumor suppressors, to constitutive signaling of mutant receptors, and novel cell motility 

mechanisms such as osmotic engines. Of particular importance is the development and 

application of fluidic shear assays in assessing cellular adhesion characteristics. As demonstrated 

throughout this dissertation, the ability of these assays to predict tumor migratory and 
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metastatic characteristics, as well as interrogate the mechanisms involved in those phenotypes 

demonstrates their utility and importance.  

4.2 Metastatic cancer cell populations display decreased 

adhesion strength and more labile focal adhesions 

compared to non-metastatic counterparts 

Mammary epithelial tumors exhibit a large amount of heterogeneity in their migratory 

and metastatic characteristics between patients. This variability is due to a plethora of genetic 

diversity between patients in both within the tumor and at the germ-line. As a result of this 

heterogeneity, there is an inability to determine a universal biomarker which is capable of 

predicting tumor malignant potential from a primary tumor. As indicated in Chapter 1, in lieu of 

biomarkers, the use of cell biophysical properties is now being utilized as a more universal metric 

for interrogating cell migratory and metastatic potential. These assays vary in methodology, 

speed, throughput, and data output, but are more universal in their predicting tumor behavior 

and provide a much more thorough insight into the mechanisms involved in cell malignancy. In 

chapter 2 we were able to interrogate cellular adhesion strength as a biophysical metric for 

mammary epithelial tumor migratory and metastatic characteristics. Cellular adhesion strength 

analysis by the quantitative and population-based spinning disk fluidic shear assay served to 

differentiate the properties of metastatic MDA-MB-231 from non-metastatic MCF10A breast 

cancer lines.  It has been previously shown that mammary tumors chelate Mg2+ and Ca2+ away 

from the surrounding tissue stroma, causing a gradient of divalent cations from the blood vessel 
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to the tumor. In order to recapitulate the extracellular conditions found in the tumor 

microenvironment, cellular adhesion strength was evaluated in the presence or absence of 

divalent cations (Mg2+ and Ca2+). Cellular adhesion characteristics indicated that in the presence 

of divalent cation concentrations which mimic healthy tissue those MDA-MB-231 and MCF10A 

cells exhibited similar adhesion strength characteristics. Conversely, in the absence of Mg2+ and 

Ca2+ MDA-MB-231 cells show a marked decrease in adhesion, whereas the MCF10A cells 

maintained strong adhesion characteristics. In addition, this decrease in cellular adhesion 

correlated with an increase in cellular migration through transwells, in 2D collagen coated 

substrates, and on collagen gels. The mechanism responsible for this decrease in adhesion 

strength and increased cell migration in the metastatic MDA-MD-231 cells, is due to a loss of focal 

adhesion assembly state. In addition, focal adhesion disassembly, decrease in adhesion strength, 

and increase in migration can be recapitulated in the MCF10A cells by exposing the cells with 

cyclic RGD peptide prior to analysis. All together these data indicate that decreased cellular 

adhesion strength is indicative of tumor cell metastatic potential, in the context of proper 

extracellular cues, and that this decrease in adhesion strength is due to more labile focal 

adhesions which disassemble more readily in metastatic cells.  
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4.3 EGFRvIII expressing astrocytes exhibit decreased adhesion 

strength due to receptor-mediated integrin suppression, 

and decrease adhesion strength of wtEGFR expression cells 

through TNF-α paracrine signaling 

As previously described in chapter 2, the utilization of fluidic shear stress to measure 

cellular adhesion strength demonstrates a clear correlation between decreased adhesion 

strength and increased tumor malignancy in epithelial tumors. However, in order to understand 

if cellular adhesion strength analysis may be implemented as a more universal marker of tumor 

cell migratory and metastatic potential, application to other tumor types needed to be validated. 

In chapter 3 we address this through the analysis of isogenic murine astrocytes which were 

engineered to express those genetic alterations most commonly found in glioblastoma tumors. 

These GBM tumor model systems presented an ideal candidate for analysis for several reasons. 

First is the astrocytic derivation of GBM tumors, which presented the opportunity to determine 

if adhesion strength analysis in a different tissue type and which is directly recapitulated in the 

murine astrocyte model. Second is the isogenic nature of the cells which allows for a systematic 

and reductionist approach to evaluating the impact of those most common GBM genetic 

alterations. Third, is the highly migratory nature of GBM tumors, which have been shown to cross 

the corpus callosum, and which are the cause of tumor recurrence in patients. Characterization 

of cellular adhesion strength as a metric for migratory characteristics was performed in a 

quantitative and population-based manner by spinning disk shear assay. Analysis of these data 
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showed a decrease in adhesion strength for those cells where the EGFRvIII mutation was present, 

regardless of the presence of other gene alterations (i.e. loss of Pten). Furthermore, live cell 

microscopy demonstrated an increase in migratory phenotype of those EGFRvIII expressing cells, 

further validating the correlation between decreased cell adhesion strength and increased cell 

migration. Molecular analysis of these cells by immunofluorescent microscopy indicated that the 

decrease in cell adhesion was due to a lack of focal adhesion assembly, a key component of 

adhesion strength properties, compared to wtEGFR expressing sister cells. In order to interrogate 

the mechanism by which the mutated receptor induces these changes, a cell line expressing the 

kinase dead version of the EGFRvIII (kdEGFRvIII) was generated and analyzed for both properties. 

Adhesion strength and molecular analysis of kdEGFRvIII cells showed a restoration of cellular 

adhesion strength properties, and an increase in ECM receptor integrins compared to kinase-

competent sister astrocytes. Together, these data implicating the kinase-dependent mechanism 

of action in the EGFRvIII expressing cells. Furthermore, increased cellular adhesion strength was 

observed in the EGFRvIII cells when kinase function of the receptor, or downstream MEK 

pathways, was achieved by the small molecule inhibitors Erlotinib or Trametinib, respectively. 

Furthermore, education of wtEGFR expressing astrocytes by the soluble factor TNF-α secreted 

from EGFRvIII expressing cells induced a decrease in cellular adhesion strength of those wtEGFR 

cells. This study reveals the effects of EGFRvIII on cellular adhesion, not only intracellularly 

through the suppression of integrins through signaling of the receptor, but intercellularly through 

the secretion of cytokine TNF-α. 
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4.4 Future directions 

Although the results and conclusions of this dissertation have demonstrated the 

applicability of adhesion strength as a biophysical marker of cancer cell malignancy, further 

analysis is needed to understand the implications of these findings. In chapter 3 we 

demonstrated that EGFRvIII expressing cells demonstrate a decrease in cellular adhesion strength 

compared to wtEGFR expressing cells, and that the EGFRvIII cells can modulate the adhesion 

strength of the wtEGFR cells through the secretion of cytokines. The next step in analyzing the 

impact EGFRvIII mutations on cell adhesion is two-pronged. First is to perform an analysis of 

EGFRvIII expressing cell adhesion heterogeneity to understand what mechanisms are responsible 

for differences in adhesion for genetically identical cells. Second is to investigate the mechanism 

of action by which TNF-α from the EGFRvIII cells is able to affect wtEGFR cell adhesion properties.  

To investigate these adhesion differences in a heterogeneous EGFRvIII expressing cell 

population isolation of those cells exhibiting the weakest and strongest adhesion phenotypes 

must be performed. In order to achieve this, we would utilize the parallel-plate flow chamber 

fluidic shear assay which has been utilized for similar experiments in mammary epithelial tumors. 

This device works on the same principle of attaching cells to an ECM-coated coverslip, however, 

those cells in the device are exposed to a single uniform shear stress. This uniform application of 

fluidic shear allows us to tune the assay in such a manner which stratifies discreet cell populations 

by their adhesion strength. Furthermore, unlike the spinning disk device, the PPFC allows us to 

collect cells-post shear and perform analysis on these stratified cell populations. For example, in 

order to interrogate how epigenetic changes manifest as adhesion strength differences in the 

EGFRvIII cell population, we would expose cells to low fluidic shear and collect those most weakly 
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adherent cell populations. We would then apply extremely high shear to remove all but the most 

adherent cells, and then collect those strongly adherent cells through trypsinization of the 

coverslip. Once both cell populations were collected, we would submit them for RNA-seq analysis 

to determine gene expression differences that occur between the populations. Furthermore, in 

order to understand the in vivo effects of these gene expression and adhesion differences I would 

isolate weakly and strongly adherent populations as before. Cells would then be fluorescently 

labeled, and orthotopically inject them into mice to evaluate how adhesion and epigenetic 

heterogeneity affects in vivo tumor formation and invasion over a long-term period. 

Secondly, in order to understand pathways that EGFRvIII activates or inhibits in the 

wtEGFR cell through the secretion of TNF-α, I would do phospho-mass-spec and RNA-seq of 

wtEGFR expressing cells in the presence and absence of EGFRvIII cell conditioned media. I would 

then analyze those gene ontologies and phosphorylation pathway for differences in cell adhesion 

pathways, contractility pathways, and cytoskeletal proteins. 
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