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Abstract 

 

 

Mechanobiological Regulation of Glioblastoma Initiation and Invasion 

 

by 

 

Sophie Yanlok Wong 

 

Joint Doctor of Philosophy in Bioengineering 

with University of California, San Francisco 

 

University of California, Berkeley 

 

Professor Sanjay Kumar, Chair 

 

 

 

 

Glioblastoma remains elusive to treat due to the diffuse infiltration of single tumor cells into the 

surrounding tissue. Current standard therapies - surgery, radiation, chemotherapy - have been 

ineffective at significantly increasing survival time. Although many studies have focused on 

factors that affect glioma growth and invasion, it is still unclear how and why this disease is so 

aggressive. Promising chemotherapeutic drugs have failed in clinical trials even though specific 

targets were identified. The existence of tumor-initiating cells (TICs), a subpopulation within 

primary tumors, could explain how the heterogeneous makeup of the bulk tumor leads to quick 

adaptability to resist surrounding cues that limit migration and growth. The work presented in 

this dissertation has approached this problem from a biophysical perspective, demonstrating that 

the extracellular matrix (ECM) can serve as a regulator of TIC invasion and initiation both in 

vitro and in vivo.    

 

We first characterized TIC migration and growth on 2D ECMs and found that they were able to 

migrate readily even on soft ECMs. Noting that cellular contractility is important for cells to 

sense environmental cues in the surrounding tissue, we manipulated the TICs with upregulation 

of myosin activators. Thus, we were able to rescue mechanosensing in the TICs and found that 

migration of the CA RhoA TICs was limited on soft ECMs. We then used 3D invasion assays to 

confirm that high contractility in TICs limits invasion and migration in 3D as well. Lastly, we 

implanted CA RhoA TICs in orthotopic mouse models and found that increased cellular 

contractility limits tumor occupancy and significantly increases survival time.   
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1.1  Abstract 

 

The recognition that the progression of many tumors may be driven by specific subpopulations 

of cells with stem/progenitor-like properties (tumor-initiating cells or TICs, a.k.a. cancer stem 

cells) represents an important recent paradigm shift in cancer biology and therapeutics. TICs in 

solid tissues are expected to interface with the extracellular matrix (ECM), which can strongly 

influence cell behavior through a variety of biochemical and biophysical mechanisms. 

Understanding ECM regulation of TIC behavior is important for developing strategies to isolate, 

expand, and characterize TICs in a laboratory setting and for understanding the roles ECM-based 

inputs may play in disease progression and therapy. In this chapter, we discuss how the ECM 

regulates TICs, starting with a brief overview of TIC biology, isolation, and characterization, 

molecular mechanisms through which TICs may be regulated by ECM-based signals, and the 

potential importance of these signals to TIC-driven tumor progression and metastasis. 

 

 

1.2  Introduction 

 

It is an unfortunate reality in cancer that a single treatment strategy is rarely if ever effective for 

all patients at all times. For example, a chemotherapeutic regimen that initially produces tumor 

regression may fail later as a resistant population of tumor cells emerges. Moreover, two patients 

with clinically and histologically similar tumors may exhibit dramatically different responses to a 

given chemotherapeutic regimen depending on the genomic and proteomic profile of the patient 

and tumor. This immense heterogeneity between and within tumors frustrates efforts to identify 

reliable molecular and cellular targets and thus represents a key therapeutic barrier to treatment 

(1–3). While the nature and implications of this heterogeneity remain incompletely understood, 

one important and recently appreciated manifestation of this heterogeneity is the variable ability 

of cells within a given tumor to propagate the tumor and seed new tumors. In particular, it is 

becoming clear that for many tumors, a privileged and comparatively rare subpopulation of cells 

is uniquely able to seed new tumors, whereas the vast majority of tumor cells, presumably this 

rare subpopulation’s more differentiated progeny, contribute to the tumor “bulk” (Figure 1.1). In 

this sense, this tumor-initiating subpopulation shares conceptual similarities with stem or 

progenitor cells, in that these cells can both self-renew and differentiate to yield more specialized 

progeny.  

 

Some of the first evidence that a population of cancer cells may have stem-like capabilities 

emerged in 1994 when Lapidot and colleagues found that only the CD34
+
/CD38

-
 subpopulation 

of leukemia cells generated new tumors in mice (4). The authors also found that the frequency of 

immature tumor cells was 1000 times less than mature tumor cells, suggesting that this tumor-

initiating population could be rare. These findings led to what the field now recognizes as the 

cancer stem cell (CSC) hypothesis (5–7), which states that a subpopulation of tumor-initiating 

cells (TICs) is more tumorigenic than the rest of the tumor cell population and is capable of 

recapitulating all components of the tumor (e.g. those involved in growth, invasion, and 

metastasis) and may be highly resistant to therapeutics. TICs have been identified in several 

cancers including breast cancer (8,9), prostate cancer (10,11), lung cancer (12), and brain cancer 

(13,14). These cells now go by many names, including TICs, CSCs (6,15,16), and tumor-

propagating cells. Whatever the terminology, the common concept is that these cells share key 
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functional properties of stem cells and can initiate new tumors when introduced in small numbers 

to tumor-free tissue. Most importantly, TICs can initiate and propagate tumors that are 

histologically equivalent to their tumors of origin when orthotopically implanted into 

immunocompromised animals. 

 

 

 

 
 

 

 

1.3 Significance of TICs  

 

In addition to lending fundamental new insight into the pathophysiology of tumor progression, a 

deeper understanding of TIC biology may accelerate the optimization and discovery of treatment 

regimens. There are at least two ways in which deeper engagement of TICs could aid therapy: 

first, the development of modalities that directly and specifically target TICs would theoretically 

represent the most effective way to contain or eradicate a tumor. For example, even after surgical 

resection of a primary tumor and aggressive follow-up chemo- and/or radiation therapy, the 

tumor would be expected to recur if a small number of TICs are left behind that could seed new 

tumors, perpetuate angiogenesis, and invade surrounding tissue. In principle, precise 

neutralization of TICs would effectively stop tumor initiation (17). Second, TICs offer a route to 

personalized medicine, in that they may be specifically isolated from a given patient’s tumor and 

used for patient-specific molecular profiling, drug screening, and disease modeling. Molecular 

sequencing technologies can be combined with tumor sampling techniques to quantify tumor 

heterogeneity, trace cell population ancestry, and measure tumor-specific characteristics. For 

example, Sottoriva and colleagues (18) developed a framework that could generate patient-

specific profiles days after tissue collection and did not require xenotransplantation. TIC 

characteristics considered in this model included a variety of factors such as: fraction of TICs in 

Figure 1.1: Tumor-initiating cells drive secondary tumor formation. Tumors are recognized to 

consist of a highly heterogeneous population of cells, only some of which can propagate and seed 

new tumors. This population of tumor-initiating cells (TICs) can diffusely infiltrate tissue (in this 

example, brain parenchyma), leading to secondary tumor formation. TICs also give rise to more 

differentiated progeny, which can both add to the tumor "bulk" as well as contribute to more 

specialized stromal functions such as angiogenesis.  
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the tumor, TIC symmetric division rate, methylation/demethylation rate per cell division, relative 

tumor age from malignant transformation, and rate of apoptosis. The modeling results matched 

those reported from xenotransplantation assays, supporting the clinical relevance of this model 

and its potential for designing patient-specific treatments. 

 

The role of TICs in driving glioblastoma (GBM) has been an especially active area of study. 

GBM is the most aggressive primary brain tumor and has a median survival time of about 15 

months, even with surgery and aggressive chemo- and radiotherapy (19). A variety of 

laboratories have isolated subpopulations of TICs from GBM tumors that can recapitulate 

characteristics of the original tumor when transplanted into immunocompromised mice, such as 

migratory and infiltrative capabilities, nest-like formations, vascular proliferation, nuclear 

pleomorphism with mitotic figures, and areas of pseudo-palisading necrosis (5,6,20–24). The 

continuous cell lines that have been extensively used as culture models of GBM (e.g. U87-MG) 

typically grow in vivo by direct expansion and do not recapitulate the infiltrative character and 

other key histologic features of the original tumor when transplanted into mice (22–25). Thus, 

while these lines may adequately capture more differentiated elements of the tumor that 

primarily participate in tissue infiltration, TICs may serve as a more clinically relevant model for 

investigating cellular aspects of the initiation and maintenance of GBM. 

 

A number of studies have supported a role for TICs in tumor propagation (26) and correlated 

TIC presence with clinical outcome (27,28). One study used matched TIC and non-stem tumor 

cells and followed the single cells from injection to tumor growth to show that TICs are more 

tumorigenic than more differentiated tumor cells (26). The TICs proliferated faster than the 

nonstem tumor cells and more fully recapitulated tumor heterogeneity. Furthermore, analysis of 

secondary tumors contained a high population of TICs and their progeny. A clinical study that 

compared expression of the TIC marker CD133 (see below) and patient outcome using a panel of 

95 gliomas found that high-grade glioma is strongly associated with high CD133 expression. 

This study also found that high frequency and clusters of CD133 positive cells—independent of 

tumor grade, extent of resection, and patient age—could be prognostic factors for gliomas (27). 

Finally, another study found that low-grade gliomas have low expression of the neural stem cell 

marker nestin, whereas more aggressive, high-grade gliomas have higher nestin expression and 

produce shorter survival times. Xenotransplantation of tumor-derived spheroids in mice gave rise 

to tumors in which nestinpositive cells localized to the invasive front (28). 

 

 

1.4  Identification and isolation of TICs 

 

Manipulation of TICs in culture presupposes an ability to reliably identify and isolate these cells. 

As a result, much effort has been devoted to the search for sensitive and specific TIC markers 

that may be exploited in flow cytometry, fluorescence-activated cell sorting, 

immunofluorescence, and other applications. For identification and isolation of GBMTICs, many 

studies have used neural stem cell surface markers such as CD133 (29), CD15 (30), and A2B5  

(31). Similarly, the integrin subunit α6 was shown to be expressed at high levels in GBM TICs 

and to play a functional role in GBM TIC maintenance and tumor formation capacity (32). 

Although several markers have been identified, use of any one marker alone has proven to be 

somewhat unreliable. For example, bothCD133
+
 andCD133

-
 glioma cells can display stem-like 
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properties and can generate secondary tumors in orthotopic mouse models (33,34). As a result, 

while the field continues to search for sensitive and specific molecular markers, the gold 

standard for verification of GBMTICs remains a functional one—i.e., GBMTICs are defined by 

their ability to recapitulate the tumor of origin when orthotopically implanted into 

immunocompromised mice. A variety of in vitro functional screens have been developed to 

streamline and augment in vivo implantation studies. For example, cell survival in neural stem 

cell medium over several passages has been successfully used to select GBM TICs from bulk 

tumor tissue (20). Another study exploited the inverse correlation between proliferation rate (cell 

cycling speed) and tumorigenicity to select for GBMTICs (5,35). Improved characterization of 

TIC properties and the development of new screening/isolation methodologies are critical for 

further studies that seek to better understand tumor pathogenesis. 

 

 

1.5  Role of extracellular matrix and mechanical signals in regulating TIC function 

 

Having described the identification and isolation of GBM TICs, we now turn to a more detailed 

discussion of how the extracellular matrix (ECM) may regulate TIC behavior, with a special 

focus on GBM. In GBM, it is now evident that TICs invade along perivascular spaces, which 

have a high concentration of ECM proteins such as collagen, fibronectin, and laminin (36). TICs 

sense and process these matrix-bound factors through adhesion receptors such as integrins 

(32,37) and CD44 (38). For example, Lathia and colleagues discovered that integrin α6, a 

laminin receptor, is necessary for TIC survival and proliferation and directly correlates with TIC 

stem cell marker expression (32). Another recent study showed that integrin α3, which adheres to 

laminin and fibronectin, is overexpressed in CD133-positive TICs. Suppression of α3 slowed 

random migration and reduced transwell invasion in glioma cell lines, which in turn depended on 

ERK1/2 phosphorylation (37). In addition to integrins, the adhesion receptor CD44 has been 

widely studied and characterized in multiple cancers (39). High expression of CD44 in GBM 

TICs correlates with poor clinical prognosis and has been shown to regulate TIC growth through 

Akt and other signals (38,40). These adhesion receptor studies support an important role of ECM 

in TIC function and tumorigenesis. 

 

While these and other studies clearly demonstrate that ECM ligation can trigger signals that 

modulate TIC behavior, it has also become clear over the past two decades that mechanical cues 

encoded within the ECM can also direct tumor invasion and growth. Features within the ECM 

such as matrix geometry, density, and rigidity have been shown to regulate fundamental cellular 

functions such as motility, proliferation, and gene expression (41–45). For example, endothelial 

cells and fibroblasts have higher cell spreading area and motility on stiff matrices when 

compared to soft matrices (44,46). It has also been shown that continuous GBM culture models 

have increased motility, spreading area, and proliferation on stiff matrices (41). Interestingly, 

differences in ECM rigidity can also direct the differentiation of adult stem cells, including 

mesenchymal and neural stem cells (42,47). In the first and perhaps bestknown such study, 

Engler and colleagues showed that mesenchymal stem cells preferentially undergo neurogenesis 

on soft ECMs ranging in stiffness from 0.1 to 1 kPa, myogenesis on ECMs ranging from 8 to 17 

kPa, and osteogenesis on stiff ECMs ranging from 25 to 40 kPa (42). They also found that 

inhibition of nonmuscle myosin II blocked differentiation, thus implicating myosin-based 

contractile signaling in stiffness-dependent differentiation. Later, Keung and colleagues showed 
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that soft matrices (0.1–0.7 kPa) directed neural differentiation of adult neural stem cells, whereas 

stiff matrices (1.5–75 kPa) produced relative enrichment of astrocytic differentiation (48). 

Mechanistic studies then revealed that the GTPases RhoA and Cdc42 were key to these effects, 

with suppression of these proteins rescuing neuronal differentiation on stiff ECMs. 

 

 

1.6  Propagation of TICs in ECM-adherent cultures   

 

Since the ECM can instruct or select for specific cellular behaviors, it is important to consider 

the role the ECM may play in culturing TICs in the laboratory setting (49). For example, GBM 

TICs can be grown in adherent cultures (21) or as neurospheres in suspension (50,51) (Figure 

1.2). While TICs were long thought to retain their tumor-initiating capacity only when 

propagated long term as neurospheres, more recent studies reveal that TICs may be propagated 

as adherent cultures without loss of marker expression or tumor-initiating capacity (21,22). 

Specifically, the authors of this study verified the tumorigenicity of each adherent TIC line by 

injecting 100,000 TICs intracranially into immunocompromised mice. After the mice were 

sacrificed, the resulting tumors had infiltrated brain tissue and expressed characteristic molecular 

markers (e.g. nestin) and displayed histopathological hallmarks of GBM. Remarkably, limiting 

dilution studies revealed that some TIC lines could form aggressive tumors upon transplantation 

of as few as 100 cells. In addition, adherent cells could be differentiated in culture into marker-

positive neuronal, oligodendrocytic, and astrocytic lineages. Some important practical 

advantages of adherent culture over neurosphere culture include more straightforward 

quantification of cell proliferation, improved cellular homogeneity, and fewer gradients in 

oxygen, nutrients, and other soluble factors. Perhaps most importantly, the adherent culture 

paradigm facilitates high-throughput screening; to illustrate this, the authors screened their TIC 

lines with 450 drugs from the NIH Clinical Collection and found that 23 of these drugs killed all 

TIC lines tested, including, unexpectedly, seven agents that target monoamine signaling (e.g. 

serotonin-specific reuptake 

inhibitors). 

 

This is not to say that TICs in a small neurosphere (e.g. 150–200 μm) cannot maintain stem-like 

properties; however as the neurosphere grows larger, the percentage of stem-like cells rapidly 

decreases (49), which has been ascribed to the increasingly uneven access to growth factors and 

oxygen as the neurosphere grows and may be further complicated by increases in juxtacrine and 

paracrine signaling. In adherent culture, all cells have effectively equal access to soluble factors 

in the medium, and cells may be plated at sufficiently low density as to minimize cell–cell 

contacts. In addition, the increased exposure to laminin in the matrix can promote maintenance 

of stem-like properties for adherent cells, which has been found to be an important factor in 

identifying TICs (32). Although debate continues about which culture method is best for a given 

application, both are used to successfully propagate TICs in vitro. 
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1.7  Mechanisms of mechanotransduction 

 

The finding that TIC behavior is regulated by ECM engagement and biophysical properties 

raises the question of whether the molecules that mediate these effects may bear value as drug 

targets. For example, Cilengitide, an αv integrin antagonist, inhibits GBM growth in preclinical 

models and is currently being evaluated in clinical trials (52). Recent studies with breast and 

prostate cancer have used integrins to select for a tumor-initiating subpopulation from the bulk 

tumor (8,11). As described earlier, the laminin receptor integrin α6 is highly expressed in GBM 

TICs and is necessary for BTIC selfrenewal, proliferation, and tumor formation capacity (32). 

Since laminin is abundant in the BTIC perivascular niche, this result is significant because it 

suggests a mechanism through which this ECM protein can contribute to maintenance of 

stemness. 

 

Several actin binding proteins (53,54) and transcription factors relevant to integrin signaling and 

mechanotransduction (55–58) have been identified to have the capability of regulating GBM 

initiation, invasion, and chemosensitivity. For example, the transcription factor ZEB1 is highly 

expressed in GBM TICs and is known to be correlated with shorter survival and poor response to 

Temozolomide (58,59). ZEB1 is regulated by tyrosine receptor type A, and increased expression 

leads to increased binding to E-box regions of E-cadherin, resulting in highly motile cells and 

increased tumor invasion. Downstream targets of ZEB1 have subsequently been shown to 

include ROBO1, OLIG2, CD133, and MGMT. Knockdown of ZEB1 sensitizes cells to 

temozolomide and decreases expression of stem cell markers SOX2, OLIG2, and CD133 (58). 

 

Another example is the influence of the actin binding protein, Girdin, which is activated by the 

PI-3-Kinase/Akt pathway. Activation of the Akt pathway can induce conversion from low-grade 

to high-grade glioma and regulates angiogenesis, apoptosis, and invasion (60,61). Girdin is 

known to regulate cell migration, cell polarity, and epithelial–mesenchymal transition, and in 

Figure 1.2: Comparison of adherent and neurosphere-based TIC cultures. Both neurosphere 

and ECM-adherent cultures are widely used to propagate TICs. (A) An acknowledged limitation of 

neurosphere culture is the possibility of gradients across the sphere in oxygen, nutrients in the 

culture, and cell-secreted factors, as well as uneven access to extracellular matrix. (B) Adherent 

culture has recently emerged as a complementary paradigm to neurosphere culture, with the 

prospect of minimizing these gradients while also offering greater scalability. 
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GBM TICs contributes to self-renewal and tumorigenicity (54). Tumor grade is positively 

correlated with Girdin expression, and knockdown of Girdin decreases motility and invasion, 

neurosphere formation, tumorigenicity, and expression of nestin and CD133, and induces 

differentiation. These studies collectively show that tumor initiation, invasion, and 

chemoresistance are linked by pathways that are activated by biochemical and potentially 

mechanical factors in the ECM. 

 

Liu and colleagues recently tied together these concepts by showing that the composition and 

mechanics of the ECM used to culture TICs can exert powerful instructive and/or selective 

effects that can profoundly influence subsequent tumorigenicity (62). The authors examined the 

formation of melanoma TICs in 3D fibrin gels of varying stiffnesses and found that the softest 

gel (0.09 kPa) generated the most and largest spheroids over a 5-day period when compared to 

the stiff gel (1.05 kPa). Subcutaneous transplantation of TICs propagated in the soft gel resulted 

in greater primary tumor formation and lung metastasis compared to TICs propagated on hard 

plastic. Furthermore, spheroids grown in the soft gel exhibited increased expression of stem cell 

markers CD133, nestin, and Bmi-1. 

 

 

1.8  Discussion 

 

While it has long been recognized that tumors are highly heterogeneous, only recently has it been 

appreciated that this heterogeneity may reflect a hierarchy of cellular entities in which a 

comparatively rare subpopulation of TICs are capable of initiating and propagating the tumor. 

Over the past decade, significant effort has been devoted to identifying and clarifying the 

function of these TICs, which has allowed investigators to dissect specific contributions of 

individual factors to tumor progression. As described in this review, the field is only beginning 

to understand the importance of the ECM and other solid-state components of the 

microenvironment in regulating TIC behavior, and there is every reason to expect that 

mechanical inputs will prove to be an important dimension of this regulation. As our 

understanding of the role of ECM and mechanical signals to TIC biology advances, there are 

several open questions to address, each of which presents important opportunities to innovate. 

First, what are the defining characteristics of the TIC physical microenvironment in vivo, how is 

this different from the normal tissue microenvironment, and which characteristics are most 

important to tumor initiation and propagation? Second, if mechanical inputs are important to TIC 

function, how do the signaling systems that process these inputs interface with more canonical 

oncogenic signaling systems? Specifically, can aberrant mechanotransductive signaling “tip the 

balance” between TIC quiescence and tumorigenesis, and could this be leveraged in some way to 

identify new druggable targets? Third, combining these concepts, is it possible to develop 

advanced in vitro culture systems that enable one to investigate ECM and mechanobiological 

regulation of TICs in a systematic, high-throughput, and physiologically mimetic fashion? One 

envisions that advances in this last area could dramatically accelerate both fundamental 

discovery and therapeutic design, with standardized culture platforms serving as key enabling 

technologies for personalized molecular and chemotherapeutic screening. Realizing this vision 

will require a highly multidisciplinary effort, including input from biomaterials scientists, micro- 

and nanotechnologists, cell and ECM biologists, and of course cancer biologists. The coming 

years and decades are likely to be extremely exciting ones for this field, with advances in basic 
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science directly informing technology and therapeutics and therapeutic advances opening new 

avenues for scientific inquiry. 
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Chapter 2: Constitutive activation of Myosin-

dependent contractility sensitizes glioma 

tumor-initiating cells to mechanical inputs 

and reduces tissue invasion 

 
Reprinted with permission from the American Association for Cancer Research, from the article, 

"Constitutive activation of Myosin-dependent contractility sensitizes glioma tumor-initiating 

cells to mechanical inputs and reduces tissue invasion", by Sophie Y. Wong, Theresa A. Ulrich, 

Loic P. Deleyrolle, Joanna L. MacKay, Jung-Ming G. Lin, Regina T. Martuscello, Musa A. 

Jundi, Brent A. Reynolds, and Sanjay Kumar in Cancer Research, 75(6): 1113-22, 2015.  
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2.1  Abstract 

 

Tumor-initiating cells (TIC) perpetuate tumor growth, enable therapeutic resistance, and drive 

initiation of successive tumors. Virtually nothing is known about the role of 

mechanotransductive signaling in controlling TIC tumorigenesis, despite the recognized 

importance of altered mechanics in tissue dysplasia and the common observation that 

extracellular matrix (ECM) stiffness strongly regulates cell behavior. To address this open 

question, we cultured primary human glioblastoma (GBM) TICs on laminin-functionalized 

ECMs spanning a range of stiffnesses. Surprisingly, we found that these cells were largely 

insensitive to ECM stiffness cues, evading the inhibition of spreading, migration, and 

proliferation typically imposed by compliant ECMs. We hypothesized that this insensitivity may 

result from insufficient generation of myosin-dependent contractile force. Indeed, we found that 

both pharmacologic and genetic activation of cell contractility through RhoA GTPase, Rho-

associated kinase, or myosin light chain kinase restored stiffness-dependent spreading and 

motility, with TICs adopting the expected rounded and nonmotile phenotype on soft ECMs. 

Moreover, constitutive activation of RhoA restricted three-dimensional invasion in both spheroid 

implantation and Transwell paradigms. Orthotopic xenotransplantation studies revealed that 

control TICs formed tumors with classical GBM histopathology including diffuse infiltration and 

secondary foci, whereas TICs expressing a constitutively active mutant of RhoA produced 

circumscribed masses and yielded a 30% enhancement in mean survival time. This is the first 

direct evidence that manipulation of mechanotransductive signaling can alter the tumor-initiating 

capacity of GBM TICs, supporting further exploration of these signals as potential therapeutic 

targets and predictors of tumor-initiating capacity within heterogeneous tumor cell populations. 

 

 

2.2  Introduction 

 

Glioblastoma (GBM) is the most aggressive primary brain tumor and is characterized by poor 

survival even in the setting of surgery, radiation, and chemotherapy (19). Diffuse invasion of 

single cells within the parenchyma and along vascular structures frequently renders complete 

surgical resection impossible and leads to recurrence and eventual mortality. This in turn has 

motivated much effort to understand mechanisms of GBM invasion, an important goal of which 

is to discover potential molecular targets that could be manipulated to slow disease progression 

(63,64). Although soluble and cell-bound factors have long been recognized as important 

regulators of tumor invasion, it has only recently become clear that biochemical and biophysical 

cues encoded in the extracellular matrix (ECM) can also strongly regulate tumor invasion. For 

example, in previous work, we showed that ECM rigidity can regulate GBM cell adhesion, 

motility, and proliferation, which in turn requires the contractile activity of myosin II (41), as 

well as the cell–ECM adhesion proteins α-actinin (65) and talin-1 (66). More specifically, when 

GBM tumor cells are cultured on comparatively stiff ECMs, they spread and migrate very 

readily whereas they adopt a rounded and immotile phenotype on highly compliant (soft) ECMs. 

This is consistent with observations in other tumor types that ECM stiffening can promote tissue 

dysplasia and local invasion through integrin-dependent potentiation of cell–ECM adhesion (67–

69). 
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Much of our understanding of the importance of cell–ECM mechanotransduction in tumor 

progression is based on the use of continuous cell lines or, less commonly, heterogeneous 

primary tumor samples that are derived from the bulk tumor. Although these studies have 

provided much valuable mechanistic insight, it has become clear over the past decade that a very 

specific and comparatively rare subpopulation of cells plays especially key roles in populating 

the tumor and driving tumor recurrence following chemo- and radiotherapy. In the case of GBM, 

these tumor-initiating cells (TIC) are formally defined by their ability to recapitulate the original 

tumor when orthotopically xenografted into immunocompromised mice and are characterized by 

expression of a specific complement of molecular markers (e.g., CD133, nestin) and stem cell-

like properties of self-renewal and differentiation into various tissue lineages. In addition to 

repopulating tumors, TICs directly participate in the invasion process in vivo. For example, both 

primary GBM TICs (5) and H-Ras-transduced neural stem cells (70) invade brain tissue before 

forming the tumor mass. Moreover, hypoxia, which is often associated with the TIC niche (71) 

and the necrotic tumor core in which GBM TICs may reside, can enhance migration of GBM 

tumor cells through induction of the family of hypoxia-inducible factors (72,73). 

 

Invasive motility through tissue is a physically integrated process that requires tumor cells to 

sense ECM-based mechanical inputs, dramatically change their shape, and exert propulsive 

forces against the microenvironment (63,74). Interestingly, many TIC markers such as Oct 3/4 

(55) and SOX2 (56,57) have been shown to regulate cell behaviors that require cell–ECM 

mechanotransduction, such as motility and invasion. Conversely, several proteins long known for 

their adhesive or cytoskeletal function have more recently been discovered to be highly enriched 

and functionally important in TICs, such as the actin-binding protein girdin (54), the α6 integrin 

subunit (32,75), and the hyaluronan receptor CD44 (76) and its effector moesin (38).  

 

These and other studies led us to speculate that cell–ECM mechanotransductive signaling 

systems play key roles in the ability of GBM TICs to interact with brain ECM and infiltrate 

tissue, and that targeting these systems may limit tumor growth and progression in vivo. Here, we 

explore this important open question by combining materials fabrication, single-cell biophysical 

tools, in vitro characterization of primary GBM TICs, and mouse xenograft models. We show 

that GBM TICs are capable of evading restrictions on spreading, motility, and self-renewal 

normally imposed by ECMs with compliance comparable with brain tissue, and that this 

mechanosensitivity may be restored by activation of myosin-dependent contractility. This 

contractile activation has the additional effect of limiting tumor invasion in a mouse orthotopic 

xenograft model and dramatically enhancing survival. Our work establishes the importance of 

cell–ECM mechanotransductive signaling in the initiation of GBM tumors and suggests a new 

set of molecular targets that may be manipulated to limit tumor infiltration.  

 

 

2.3  Materials and Methods 

 

2.3.1  Tumor sample and primary cell culture 

 

The two patient-specific human brain tumor samples used in this study, L0 and L2, were 

collected in a previous study (5) after informed consent from male patients who underwent 

surgical treatment and Institutional Review Board approval. Briefly, the extracted tissue was 



13 
 

placed in an enzymatic cocktail containing trypsin/ethylenediaminetetraacetic acid (0.05%) for 

10 minutes at 37°C and filtered through a 40 μm filter. Cells were then propagated in 

neurosphere assay growth conditions (50) with serum-free media (Neurocult NS-A Proliferation 

kit, Stem Cell Technologies) that contained EGF (20 ng/mL, R&D), basic fibroblast growth 

factor (bFGF, 10 ng/mL, R&D), and heparin (0.2% diluted in PBS, Sigma). The tumor cells form 

gliomaspheres in suspension under these culture conditions and were serially passaged every 5 to 

7 days when spheres reached a diameter of about 150 μm according to a previously established 

protocol (5). Gliomaspheres were dissociated with trypsin/ethylenediaminetetraacetic acid 

(0.05%) for 2 minutes and then replated in fresh media with addition of EGF, bFGF, and heparin. 

Both lines used were only passaged less than 20 times. These cells have been transcriptionally 

characterized and classified as the Classical subtype of GBM (58). Short tandem repeat (STR) 

analysis (University of Arizona Genetics Core; Tucson, AZ) confirmed that these cells had not 

been contaminated by any known cell lines. 
 
 

2.3.2  Continuous cell line culture 

 

U373-MG human GBM cells were obtained from the University of California, Berkeley 

(Berkeley, CA) Tissue Culture Facility in 2007, which obtained its cultures directly from the 

ATCC in 1995. Frozen stocks were made immediately upon receipt, and cultured for less than 6 

months for experiments. We note that STR analysis has recently revealed that ATCC U373-MG 

cells share a common origin with the U251-MG glioma cell line (77), although these lines may 

have subsequently diverged to exhibit differential drug sensitivities (78). The tumor cells were 

cultured adherently in DMEM (Life Technologies) supplemented with 10% calf serum (J.R. 

Scientific), 1% penicillin/streptomycin, MEM nonessential amino acids, and sodium pyruvate 

(Life Technologies). 

 

 

2.3.3  Identification of slow-cycling population using CFSE and flow cytometry 

 

As reported previously (5), carboxyfluorescein diacetate succinimidyl ester (CFSE) can be 

loaded into brain tumor-initiating cells to identify slow-cycling subpopulations. A Cell Trace 

CFSE Cell Proliferation Kit (Invitrogen) was used to load the dye into the tumor cells. TICs were 

trypsinized before fluorescence was measured using an FC-500 flow cytometer (Beckman 

Coulter), and results were analyzed by using FlowJo. The top 5% of CFSE bright cells were 

defined as the slow-cycling subpopulation.  

 

 

2.3.4  Differentiation of brain tumor-initiating cells 

 

A previously established protocol for differentiating TICs was followed (5). Briefly, 5% calf 

serum was added to basal culture media that lacked growth factors. After 7 to 10 days, 

expression of lineage markers was assayed using immunofluorescence. For BMP-4–induced 

differentiation (Figure 2.S2), TICs were incubated with BMP-4 (100 ng/mL; R&D Systems) in 

the absence of growth factors (bFGF, EGF, heparin) in adherent culture for 48 hours (79). 
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2.3.5  Synthesis and functionalization of extracellular matrices 

 

Polyacrylamide 2D matrices were synthesized following our previously described protocol (41) 

and functionalized with natural mouse laminin (10 mg/ml, Invitrogen). Matrices with elastic 

moduli of 0.08, 0.80, and 119 kPa contained final acrylamide/bis-acrylamide (A/B) percentages 

of 3% A/0.05% B, 5% A/0.1% B, and 15% A/1.2% B, respectively, as measured in Urlich et al. 

(2009). All analyses were conducted on data pooled from at least three technical and three 

biological (gel) replicates. 

 

 

2.3.6  Phase and epifluorescence imaging and immunofluorescence staining 

 

All live-cell and fluorescence imaging was performed using either an inverted Nikon TE2000-E2 

or a Nikon Ti-E microscope equipped with a motorized, programmable stage (Prior Scientific, 

Inc. and Applied Scientific Instrumentation), an incubator chamber to maintain constant 

temperature, humidity, and CO2 levels (In vivo Scientific), a digital camera (Photometrics 

Coolsnap HG II, Roper Scientific), and SimplePCI (Hamamatsu Corporation) and NIS Elements 

(Nikon Instruments, Inc.) software. Cells were fixed and stained for filamentous actin (F-actin), 

vinculin, and the nucleus as previously described (41). Cell spreading measurements were 

obtained by quantifying the area of cells using Image J software (NIH). Epifluorescence images 

obtained in Figs. 1, 2, 3, 7, and S1 were enhanced by adjustments to brightness and contrast as 

necessary to reduce background signal. The following primary antibodies were used for 

immunofluorescence: anti- vinculin (1:500, Sigma-Aldrich), anti-glial fibrillary acidic protein 

(1:500, Dako), anti-human Nestin (1:500, Millipore), TUJ1 (1:1000, Promega), and anti-human 

SOX2 (1:500, R&D). F-actin and nuclei were stained with phalloidin (1:200, Invitrogen) and 

4',6-diamidino-2-phenylindole (1:200, Invitrogen), respectively.   

 

 

2.3.7  Measurement and analysis of cell motility 

 

Following a previously established protocol, we measured cell motility using 10X phase contrast 

timelapse images acquired every 15 minutes over a 12h period (41). At least 10 representative 

fields of view per substrate and at least three substrates per stiffness condition were used for 

analysis. ImageJ software (NIH) was used to track the centroid of each cell throughout the time 

sequence. 

 

 

2.3.8  Measurement of cell proliferation 

 

Cell proliferation was measured using a BrdU Flow Kit (BD Biosciences) according to the 

manufacturer's directions and analyzed with an FC-500 flow cytometer and FlowJo software. At 

least 3 technical and 3 biological replicates were analyzed per stiffness condition for each cell 

line. In vivo proliferation was measured using Ki67 antibody (1:500, Leica Biosystems) staining 

of tissue sections. 
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2.3.9  Constitutively active cell lines 

 

Myc-tagged RhoA Q63L (80), Flag-tagged MLCK ED785-786KK (81) , and Myc-tagged 

ROCK1 D3(82) were subcloned into the lentiviral vector pSLIK containing the TRE tight 

doxycycline-inducible promoter, the reverse tetracycline transactivator (rtTA), and the YFP 

variant Venus (83). Viral particles were packaged in 293T cells and used to infect L0 and L2 

brain tumor-initiating cells at a multiplicity of infection of 1 IU/cell. Cells expressing the pSLIK 

vector were sorted on a DAKO-Cytomation MoFlo High Speed Sorter based on Venus 

fluorescence. Control cell lines were created with the same method using empty vectors. 

Doxycyline was added at a concentration of 100 ng/ml 2-3 days prior to all experiments to 

activate the constitutively active constructs.    

 

 

2.3.10  Western blot analysis 

 

Western blots were performed as previously described (84), with minor modifications. Cells 

were lysed in RIPA buffer with protease inhibitor, phosphatase inhibitor, sodium fluoride, and 

sodium molybdate. Protein content was measured by BCA assay (Thermo Fisher Scientific) and 

normalized across samples. Lysates were boiled for 5 minutes, run on a 4-12% Bis-Tris gel, and 

transferred onto a PVDF membrane (Invitrogen). Primary antibodies used include anti-phospho-

myosin light chain 2 (Thr18/Ser19) (1:1,000, Cell Signaling), anti-myosin light chain (1:5,000, 

Sigma-Aldrich), myosin II heavy chain isoform IIA (1:500,000, Covance), myosin II heavy 

chain isoform IIB (1:10,000, Covance), myosin II heavy chain isoform IIC (1:10,000, Covance), 

and anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) (1:1,000,000, Sigma 

Aldrich). Horseradish peroxidase-conjugated secondary antibodies (Invitrogen) and enhanced 

chemiluminescence reagent (Thermo Fischer Scientific) were used for protein detection on x-ray 

film or 555 fluorescent secondary antibody (1:1,000, Invitrogen) was used for protein detection 

using a Typhoon FLA 9500 biomolecular imager (GE Healthcare). Band intensities were 

quantified using the gel analysis plugin in ImageJ software (NIH) and normalized by GAPDH 

intensity. 

 

 

2.3.11  Atomic force microscopy (AFM) protocol 

 

AFM indentation measurements were performed as described earlier (84,85) using pyramid-

tipped probes (OTR4, Bruker AFM Probes) and fitting force curves with a modified Hertz 

model. At least 30 cells cultured on glass were measured per condition. 

 

 

2.3.12  Sphere forming frequency assay and sphere size measurement 

 

Single cells were seeded onto non-adherent 384-well plates (Corning; 10 cells/well; 50µL 

media/well) using a Multidrop Combi microplate dispenser (Thermo Scientific). After 6-7 days, 

spheres were stained using Hoescht 33342 (1µg/ml, Sigma Aldrich) and imaged with the 

ImageXpress Micro cellular imaging system (Molecular Devices) in the CIRM/QB3 Shared 

Stem Cell Facility. Sphere forming frequency was obtained by dividing the number of observed 
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gliomaspheres in each well by the number of initially plated cells. Sphere sizes were measured 

using CellProfiler (Broad Institute). 

 

 

2.3.13  Pharmacologic inhibition of cell motility 

 

Non-muscle myosin-II inhibitor blebbistatin (25µM, Sigma-Aldrich) was added to the cell 

culture medium after cells were adhered for at least 3 hours. 

 

 

2.3.14  Live/dead assay 

 

Single cells were incubated with propidium iodide (0.5 mL/sample, BD Biosciences) for 15 min 

at room temperature as described in the manufacturer instructions. Flow cytometry analysis was 

conducted to determine percentage of live cells. 

 

 

2.3.15  Mass spectroscopy quantification of NM II isoform expression 

 

TICs cultured on gels were lysed as described above in Western blot analysis. Lysates with 

protein concentrations ranging from 0.548-1.306 mg/ml were submitted to the National Heart 

Lung and Blood Insitute Proteomics Core Facility (Dr. Robert Adelstein, NIH) for analysis by 

liquid chromatography tandem mass spectroscopy. Peptide numbers for each myosin-II heavy 

chain isoform were counted (86).    

 

 

2.3.16  Collagen invasion assay 

 

1.0 mg/ml collagen I gels (PureCol, Advanced Biomatrix) were assembled in a multiwell plate 

with 4-5 gliomaspheres implanted per gel. Phase images were taken every 24 hours with an 

inverted Nikon TE2000-E2 microscope. 

 

 

2.3.17  Transwell migration assay 

 

Transwell inserts with 3 µm pores (Fluoroblok, Fischer Scientific) were coated with laminin (10 

mg/ml, Invitrogen), and a 2x gradient of soluble EGF was used to drive chemotaxis through the 

pores. Cells were allowed to migrate across the membrane for 24 hours before fixation with 4% 

paraformaldehyde (Electron Microscopy Sciences). Cell nuclei were fluorescently labeled with 

propidium iodide and cells adhered to the bottom surface of the membrane were counted using 

epifluorescence microscopy. At least 3 complete membranes were counted for analysis. 

 

 

2.3.18  Xenotransplantation of human primary brain tumor-initiating cells into mice 
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Female 8-week-old nonobese diabetic/severe combined immunodeficient γ (NSG) mice 

(NOD.Cg-Prkdc(scid)Il2rg(tm1Wjl)/SzJ) were implanted intracranially with 200,000 L0 TICs 

(CA RhoA or Control) following institutional and national regulations, and according to a 

previously establish protocol (5). The mice were treated daily with doxycycline (625 mg/kg) 

beginning at 4 days after implant until endpoint. Five mice were used for each cohort and 

followed until death. 

 

 

2.3.19  Immunohistochemistry 

 

Mice brains were prepared for sectioning using paraffin, and haematoxylin and eosin staining 

was used to visualize tissue following standard protocols.  Images were taken using an inverted 

Zeiss Axio microscope with a color camera (AxioCam ERc 5s, Zeiss). 

 

 

2.3.20  Tumor occupancy measurement 

 

Human GBM TICs were identified using an anti-human Nestin antibody (1:500, Millipore). 

Immunocomplexes were visualized in 3,3'-diaminobenzidine using the ABC-Elite peroxidase 

method (Vector Laboratories). Counterstaining of the nuclei was performed using hematoxylin. 

Tumor occupancy was estimated using the ImageJ (NIH) via calculation of the percent area 

occupied by the Nestin immunoreactive cells with the implanted brain.  

 

 

2.3.21  Statistical analysis 
 

Data are reported as mean ± SE. All pairwise statistical comparisons were performed with the 

Student unpaired t test, except as noted. Details of comparisons and replicates are provided in the 

appropriate figure legend. 

 

 

2.4  Results 

 

2.4.1  Tumor-initiating population is maintained on soft and stiff ECMs 

 

Before asking whether ECM-encoded stiffness cues play instructive roles in regulating GBM 

TIC behavior, we first assessed the degree to which ECM stiffness might exert selective 

pressures that could compromise GBM TIC tumor-initiating or differentiation properties. To do 

this, we isolated two GBM TIC lines, L0 and L2, from human primary GBM tumors as 

previously described; unlike continuous culture models of GBM, these TICs generate tumors 

with pathologic hallmarks and invasion patterns of GBM when orthotopically xenografted in 

immunocompromised mice, even after multiple passages in culture (5). We then cultured these 

GBM TICs in neurobasal growth medium on laminin-coated polyacrylamide gels of rigidity 

varying from 0.08 kPa to 119 kPa (41). In a previous study, it was shown that the top 5% most 

slowly cycling GBM TIC fraction contained the most tumorigenic cells (5). To rule out the 

possibility that ECM rigidity might be selecting for or against this key subpopulation, we first 
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applied a serial dye dilution assay to measure the distribution of cell-cycling time (Figure 2.1A). 

Flow cytometry of carboxyfluorescein-treated cells revealed fluorescence distributions similar to 

previously reported results and highly overlapping across all ECM rigidities. This result indicates 

that a slow cycling, tumor-initiating subpopulation is preserved across all ECM rigidities (Figure 

2.1A, arrow), prompting us to use the overall unsorted population for all subsequent studies. As 

additional evidence for an absence of selection, 100% of GBM TICs were found to express the 

self-renewal markers nestin and SOX2 (Figure 2.1B) and could be differentiated by serum into 

glial and neuronal marker-positive cells across all ECM rigidities (Figure 2.1C). Both cell lines 

demonstrated qualitatively similar behavior. Thus, alterations in ECM rigidity do not 

preferentially select for or against slow-cycling highly tumorigenic cells, alter stem cell marker 

expression, or compromise differentiation. 

 

 

 
 

 
 

 

 

 

 

 

Figure 2.1: Human primary GBM TICs retain stem-like properties when cultured on soft and 

stiff polyacrylamide gels coated with laminin. (A) ECM stiffness does not select against slow-

cycling GBM TICs. GBM TICs were treated with carboxyfluorescein diacetate succinimidyl ester 

(CFSE) and analyzed by flow cytometry to determine distribution of cycling rate. On the basis of 

the persistence of the high-CFSE shoulder (arrow), the slow cycling population is retained on all gel 

stiffnesses. L2 curves are shown; L0 displayed similar results. (B) GBM TICs also express the stem 

cell markers, nestin (top row; red; 100% positive) and SOX2 (bottom row; red; 100% positive) on 

all ECM stiffnesses. (C) all ECM stiffnesses permit neuronal and glial differentiation. Addition of 

5% serum to GBM TIC cultures results in differentiation into glial (GFAP, green) and neuronal 

lineages (βIII tubulin, red). 
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2.4.2  Tumor-initiating cells can spread, migrate, and proliferate on soft and stiff ECMs 

 

In previous studies with continuous human GBM cell lines, we demonstrated that soft ECMs 

comparable with brain tissue (0.08–0.8 kPa) can strongly limit cell spreading, motility, and 

proliferation (41). We therefore asked whether similar regulatory effects would be observed for 

GBM TICs. To our surprise, L2 TICs adopted the same elongated morphology on soft ECMs as 

on stiff ECMs (Figure 2.2A), with no significant differences in projected spread area (Figure 

2.2B). Moreover, GBM TICs did not exhibit prominent stress fibers or mature focal adhesions 

(Figure 2.2C), structures strongly promoted by stiff ECMs in many other cell types (41,68,87). 

Qualitatively similar results were obtained for the L0 TIC line (data not shown). For both L0 and 

L2 TICs, random cell migration speed was only weakly sensitive to ECM rigidity (Figure 2.2D), 

whereas proliferation was completely insensitive to ECM rigidity, with GBM TICs robustly 

migrating and proliferating even on the most compliant matrices (Figure 2.2E). It occurred to us 

that the reduced stiffness sensitivity of GBM TICs relative to continuous GBM cell lines might 

simply be a consequence of the fact that GBM TICs are cultured in a neurobasal, serum-free 

medium, whereas continuous lines are typically cultured in a DMEM-based medium 

supplemented with 10% serum, which contains both ECM components and activators of 

adhesion and contractility (5,41). To rule out this possibility, we cultured the continuous human 

GBM cell line U373-MG in both neurobasal and DMEM-based medium with or without 10% 

serum supplementation and measured average cell speed across a range of ECM stiffnesses 

(Figure 2.S1). To assess correlations between stiffness-sensitivity and tumor-initiating capacity, 

we repeated the spreading and motility experiments with TICs after a brief (48 hours) treatment 

with bone morphogenetic protein 4 (BMP4), which has previously been shown to strongly inhibit 

tumorigenic potential (Figure 2.S1; ref. 79). Notably, BMP4 treatment restored ECM 

mechanosensitivity with respect to cell spread area but not motility, with the exception of L2 on 

the stiffest ECM. Additional characterization of the TICs were performed and can be found in 

the Appendix.  
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Figure 2.2: TICs can spread, migrate, and proliferate on soft and stiff 2-D ECMs. (A) effect of 

ECM stiffness on cell spreading. GBM TICs were cultured on laminin-coated polyacrylamide 

matrices, with stiffnesses ranging from 0.08 kPa to 119 kPa, and on laminin-coated glass. Phase 

contrast imaging reveals that GBM TICs can spread on ECMs of all stiffnesses. (B) quantification 

of projected cell area shows that ECM rigidity does not regulate L2 TIC spreading area. n = 20 cells 

(pooled from at least three technical and three biologic experiments) for all conditions. L0 TICs (not 

shown) exhibited qualitatively similar data. (C) GBM TICs do not form prominent stress fibers or 

focal adhesions on stiff ECMs. Cells were fixed and stained for the focal adhesion marker vinculin 

(red), F-actin (green), and nuclear DNA (blue). (D) effect of ECM stiffness on cell motility. Time-

lapse phase contrast imaging of random cell motility over 8 to 12 hours indicate that the migration 

speed depends very weakly on ECM stiffness, with a modest optimum at 0.8 kPa. *, P < 0.05 and 

**, P < 0.001 relative to glass; n > 80 cells for all conditions. (E) effect of ECM stiffness on cell 

proliferation. Cells were incubated with bromodeoxyuridine (BrdUrd) for 45 minutes and stained 

with 7AAD before analysis by flow cytometry. Plots show sample means with SE. n > 3 

independent experiments for all conditions. 
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Figure 2.S1: Lack of serum does not render continuous GBM cell line U373-MG insensitive to 

matrix stiffness. (A) GBM continuous cell line U373-MG continues to exhibit sensitivity to ECM 

stiffness with or without addition of serum in the culture medium. Epifluorescence images of U373-

MG cells show spread cells on stiff ECMs and rounded cells on soft ECMs irrespective of 

neurobasal or DMEM-based medium conditions. (B) U373-MG cells migrate at higher speeds on 

stiff ECMs in serum-free media. Measurement of U373-MG motility in various media conditions 

demonstrate that even in the absence of serum, cells migrate faster on stiff ECMs than soft ECMs. n 

> 30 per condition. 
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2.4.3.  Myosin II-dependent contractility restricts rigidity-dependent spreading, motility, 

 and invasion  

 

Previously, we had shown that myosin II-dependent contractility is required for GBM tumor 

cells to sense ECM rigidity, in as much as pharmacologic inhibition of myosin rescues spreading 

and motility on compliant ECMs (41). This observation is consistent with a model in which cells 

must exert traction forces through myosin motors to deform the ECM and sample local stiffness 

(42,88). We therefore hypothesized that the ability of GBM TICs to evade motility limitations 

imposed by soft ECMs derives from insufficient generation of myosin-based contractile forces. 

Myosin-dependent cell contractility is activated by RhoA GTPase, which promotes myosin 

phosphorylation by activating Rho-associated kinase (ROCK; ref. 84). We thus performed gain-

of-function studies in which we overexpressed a constitutively activated (CA) mutant of RhoA 

(Figure 2.3A) to determine whether increased contractility could restore suppression of motility 

on soft ECMs. Western blot analyses confirmed elevation of phosphorylated myosin light chain 

expression in the constitutively active GBM TIC lines (Figure 2.3B). To investigate the effect of 

CA RhoA on cellular mechanical properties, we used atomic force microscopy (AFM) to 

measure cell elasticity (Figure 2.3C). We found that transduction with CA RhoA conserved cell 

stiffness for L0 while pushing the observed stiffness range to higher values and significantly 

increased cell stiffness for L2 relative to control GBM TICs transduced with the control empty 

vector.  

 

Expression of CA RhoA remarkably restored sensitivity to ECM stiffness, with CA RhoA GBM 

TICs significantly rounding up on soft ECMs and spreading on stiff ECMs (Figure 2.3D and E; 

L2 CA RhoA GBM TICs shown, with L0 CA RhoA GBM TICs yielding similar results). In 

addition, CA RhoA strongly retarded GBM TIC motility on soft ECMs compared with stiff 

ECMs (Figure 2.3F). Notably, GBM TIC proliferation (Figure 2.3G) and the universally positive 

expression of nestin and SOX2 (Figure 2.3H) remained relatively insensitive to ECM rigidity. In 

addition, both control and CA RhoA TICs could still form neurospheres (Figure 2.3I and J), 

which is a predictor of glioma tumor progression and is associated with poor clinical outcome 

(89). Altogether, these data confirm that constitutive activation of RhoA does not compromise 

GBM TIC self-renewal properties. 
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To verify that the observed increase in contractility is due to myosin activation per se as opposed 

to other downstream effects of RhoA activation, we treated CA RhoA GBM TICs with the 

myosin II ATPase inhibitor blebbistatin, which rescued spreading of CA RhoA TICs on the 

softest ECM (Figure 2.4A). Consistent with this finding, treatment with blebbistatin did not yield 

systematic dependences of spreading area (Figure 2.4B) or migration speed (Figure 2.4C) as a 

function of matrix stiffness for either control or RhoA TICs. To investigate potential effects of 

blebbistatin on growth, we measured TIC proliferation (Figure 2.4D) and viability (Figure 2.4E) 

as a function of ECM stiffness and CA RhoA expression, which did not reveal systematic effects 

of the drug. Given the demonstrated importance of the myosin II isoforms A, B, and C to glioma 

invasion (63,90), we also measured isoform expression as a function of ECM stiffness and CA 

RhoA status. Western blot analyses (Figure 2.4F and G) revealed that TICs express all three 

isoforms under all stiffnesses and in the presence or absence of CA RhoA induction. To confirm 

and quantify these results, we obtained mass spectrometry data (Figure 2.4H), which revealed 

myosin IIA to be the dominant isoform and the relative ratio of isoforms A, B, and C to be 

largely unchanged across all conditions. Thus, stiffness- and RhoA-mediated effects in this 

system do not appear to be a consequence of changes in the myosin II isoform ratio.  

Figure 2.3: Increased Rho GTPase activation leads to stiffness-dependent spreading and 

motility. (A) genetic strategy for inducible activation of contractility. A constitutively active (CA) 

mutant of RhoA (or CA ROCK/CA MLCK as noted) was placed under the control of a 

doxycycline-inducible promoter, placed into a lentiviral vector, and used to transduce GBM TICs to 

yield stable cells lines. (B) RhoA induction increases myosin light chain phosphorylation. Western 

blot analysis confirms that induction of CA RhoA increases myosin light chain phosphorylation 

relative to control cells transduced with an empty vector. Data shown are for the L0 TIC line. n = 3 

independent experiments. (C) CA RhoA preserves or enhances cell stiffness. AFM measurements 

reveal that overexpression of CA RhoA preserves mean cell stiffness in L0 cells (while pushing the 

range of observed stiffness values to higher values) and increases mean cell stiffness in L2 cells, 

consistent with an increase in cell contractility. n = 10 to 20 cells pooled from at least three biologic 

and technical replicates. (D) CA RhoA restores ECM stiffness-dependent spreading. Phase contrast 

imaging reveals that overexpression of CA RhoA produces cell rounding on soft ECMs, in contrast 

with control-transduced cells, which spread on ECMs spanning the entire range of stiffness. (E) 

quantification of projected cell area shows that CA RhoA rescues stiffness-dependent cell 

spreading, with significantly decreased spread area for CA RhoA TIC on soft ECMs. *, P < 0.05 

and 
+
, P < 0.001 relative to glass. n = 30 cells (pooled from at least three technical and three 

biologic experiments) for all conditions. (F) CA RhoA rescues stiffness-dependent cell motility. 

Time-lapse phase contrast imaging of random cell motility over 8 to 12 hours shows significantly 

decreased motility of these cells on soft ECMs relative to stiff ECMs. *, P < 0.05 and **, P < 0.001 

relative to glass. n = 30 cells for all conditions. (G) CA RhoA does not alter cell proliferation. Cells 

were incubated with bromodeoxyuridine (BrdUrd) for 45 minutes and stained with 7AAD before 

analysis by flow cytometry. The data reveal that overexpression of CA RhoA neither produces 

statistically significant changes in proliferation for any given ECM stiffness nor does it render 

proliferation sensitive to ECM stiffness. n = 3 independent experiments. (H) CA RhoA TICs 

express the stem cell markers nestin (top row; 100% positive) and SOX2 (bottom row; 100% 

positive) on all ECM stiffnesses. (I) CA RhoA does not compromise the ability of TICs to form 

neurospheres. *, P < 0.001 relative to control, n = 384 TICs. (J) quantification of neurosphere size 

for L0 and L2 cells as a function of RhoA expression. *, P < 0.001 and 
+
, P < 0.05 relative to 

control, n = ∼ 1,500 spheres for all conditions. 
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Figure 2.4: Nonmuscle myosin II regulates TIC mechanosensitivity. (A) CA RhoA-mediated 

suppression of cell spreading can be rescued with pharmacologic inhibition of myosin-II. Addition 

of 25 μmol/L of blebbistatin results in spreading of CA RhoA GBM TICs on soft ECMs, similar to 

the control GBM TICs. (B) quantification of projected cell area shows that addition of blebbistatin 

reverses CA RhoA effects and caused CA RhoA TICs to spread on soft ECMs. *, P < 0.05 relative 

to glass; n = 30 cells pooled from at least three technical and three biologic experiments for all 

conditions. (C) quantification of blebbistatin effects on cell migration speed. Time-lapse phase 

contrast imaging of random cell motility was conducted over 8 to 12 hours. *, P < 0.05 relative to 

glass; n = 30 cells for all conditions. (D) CA RhoA TIC proliferation is not systemically altered by 

addition of blebbistatin. Cells were incubated with bromodeoxyuridine (BrdUrd) for 45 minutes and 

stained with 7AAD before analysis by flow cytometry. Plots show sample means with SE. n = 3 

independent experiments for all conditions. (E) live/dead assay with propidium iodide staining 

shows that TICs remain viable in the presence of blebbistatin. (F) Western blot analysis of myosin II 

heavy chain isoforms A, B, and C show that control and CA RhoA TICs express all three isoforms 

on all ECM stiffnesses (L2 shown; L0 had similar results). (G) quantification of Western blot data; 

n > 2 independent experiments. (H) relative levels of myosin II heavy chain isoforms measured by 

LC/MS-MS. n = 2 experiments per condition. 
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To test the generality of the effect of increased myosin activity on cell migration, we developed 

additional GBM TIC lines overexpressing CA mutants of the contractile activators ROCK1 

(Figure 2.5A) and myosin light chain kinase (MLCK; Figure 2.5B), the latter of which activates 

myosin through an orthogonal, RhoA-independent mechanism. Indeed, overexpression of either 

molecule produced highly rigidity-dependent motility, with soft ECMs strongly suppressing 

motility. Thus, suppression of motility on these highly compliant ECMs is consistently 

associated with generation of high contractile forces against the ECM.  

 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: TICs overexpressing other contractile activators also exhibit stiffness-dependent 

motility and spreading. Lentiviral transduction of L0 TICs with CA MLCK (A) and CA ROCK1 

(B) resulted in increased average cell speed on stiff ECMs compared with soft ECMs and in 

restored mechanosensitive migration speed. *, P < 0.003 relative to glass. n = 10-20 cells pooled 

from at least three biologic and technical replicates per condition. 
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To determine whether activation of contractile signaling could also limit motility in three-

dimensional ECMs that better capture steric and architectural features of tissue ECM, we 

performed spheroid invasion assays in soft collagen I gels (Figure 2.6A). Consistent with our 2-

D migration studies, RhoA activation almost completely abrogated invasion relative to control 

cells transduced with an empty vector. RhoA activation also produced a 39% reduction in 

migration through laminin-coated 3-μm pore size Transwell inserts (Figure 2.6B). Notably, 

treatment ofTICs with BMP-4 also significantly reduced invasion in both cell lines (Figure 

2.S2C).  

 

 

 
 

 

Figure 2.6: Increased Rho GTPase activation limits invasion and motility in 3-D. (A) CA RhoA 

prevents GBM TICs from invading 3D collagen ECMs. Images depict spheroids formed from CA 

RhoA or control GBM TICs, implanted in 1.0 mg/mL collagen gels, and captured by phase contrast 

imaging 3 days later. n > 8 spheroids per condition for all conditions. (B) CA RhoA reduces 

Transwell migration of GBM TICs. Transwell inserts were coated with laminin, and CA RhoA and 

control cells were allowed to migrate through pores for 24 hours before fixation. A 2X gradient of 

soluble EGF was used to drive chemotaxis through the pores, and the total number of cells migrated 

per Transwell was counted. Data shown are for the L2 TIC line; L0 TICs exhibited qualitatively 

similar data. 
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Figure 2.S2: BMP4-induced differentiation alters tumor-initiating cell spread area, but not 

motility. (A) Effect of BMP4 on ECM stiffness-dependent spreading.  BMP4 was added to TICs for 

48 hrs to induce differentiation; quantification of projected cell area shows that BMP4 treated TICs 

have significantly reduced cell spread area on soft ECMs. *p<0.02 relative to glass,  n=30 cells 

pooled from at least three technical and three biological experiments for all conditions.  (B) Effect 

of BMP4 on migration speed.  Time-lapse phase contrast imaging of random cell motility over 8-12 

hours show that BMP4 differentiated TICs do not exhibit significant differences in motility across 

all ECM stiffnesses. *p<0.005, n=30 cells for all conditions. (C) BMP-4 differentiation reduces 

migration of GBM TICs. Transwell inserts were coated with laminin, and TICs were allowed to 

migrate through pores for 24 hours before fixation. A 2X gradient of soluble EGF was used to drive 

chemotaxis through the pores, and the total number of cells migrated per Transwell was counted. 
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2.4.4  Increased cellular contractility extends survival time in an orthotopic mouse model 

 

Finally, to test whether contractility-mediated restriction of GBM TIC motility could reduce 

tumor invasion and initiation in vivo, we compared the tumorigenicity of CA RhoA with control 

GBM TICs in a mouse orthotopic xenograft model. We intracranially injected GBM TICs 

transduced with either CA RhoA or an empty vector into immunocompromised (NSG) mice and 

followed each cohort until death (Figure 2.7A). Remarkably, RhoA activation prolonged survival 

time by 30% (Figure 2.7B). IHC analysis further revealed that tumors seeded by CA RhoA GBM 

TICs had reduced invasion capacity and highly circumscribed growth patterns (Figure 2.7C), 

whereas control GBM TICs diffusely spread throughout both hemispheres and generated a 

secondary tumor in the contralateral hemisphere, consistent with human GBMs (Figure 2.7D, i–

iii, v–vii). Moreover, although both CA RhoA and control GBM TICs were able to form tumors 

in vivo, only tumors derived from the control GBM TICs exhibited all of the defining 

morphological characteristics of GBM: pseudo-palisading necrosis, nest-like formations, 

angiogenesis, and mitotic figures. Notably, both control and CA RhoA GBM TICs also 

continued to express nestin (Figure 2.7D, iv, viii), illustrating retention of an important TIC 

marker throughout the growth and invasion process. Quantification of tumor cross-sectional area 

confirmed that the area occupied by CA RhoA TIC-induced tumors is >3.5-fold lower than 

control TIC-induced tumors (Figure 2.7E). To verify that the difference in tumor occupancy was 

not a result of cellular proliferation, tissue sections were stained with the antibody Ki-67 (Figure 

2.7F). We found no difference in proliferation between control and CA RhoA GBM TICs, 

lending further support to the notion that the reduction in tumor invasion more likely stemmed 

from limited migration than altered cell division.  
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Figure 2.7: Constitutive activation of RhoA in GBM TICs extends survival time and reduces 

tumor invasion in an orthotopic xenograft model. (A) mice orthotopically implanted with L0 CA 

RhoA GBM TICs live significantly longer than mice implanted with L0 control TICs. Eight-week-

old NSG mice were implanted intracranially with 200,000 cells. Mice were treated daily with 

doxycycline (625 mg/kg) 4 days post implant until endpoint. **, P = 0.0018, log-rank test. n = 5 

mice per condition. (B) CA RhoA results in a 30% increase in overall mouse survival. **, P = 

0.0042, t test. (C) tumors formed from L0 CA RhoA GBM TICs do not infiltrate brain tissue as 

extensively as L0 control TICs. Hematoxylin and eosin stain shows (i) a large area of infiltration 

and secondary tumor formation (*) in mice implanted with L0 control TICs; and (ii) a defined area 

of infiltration with clear borders and no secondary tumor formation in mice implanted with L0 CA 

RhoA GBM TICs. (D) CA RhoA reduces diffuse invasion in GBM. Hematoxylin and eosin (i, v) 

and human nestin stains (iv, viii) reveal a clear border between CA RhoA tumors and the 

parenchyma whereas control GBM TICs infiltrate readily. Ipsilateral (ii) and contralateral (vi) 

hemisphere hematoxylin and eosin stains show secondary tumor formation (*) for control cells and 

not for CA RhoA cells. (E) human GBM cells were identified using anti-human Nestin antibody and 

visualized using the ABC-Elite peroxidase method (Vector Laboratories). Counterstaining of the 

nuclei was performed using hematoxylin. Analysis of cross-sectional area shows significantly 

decreased tumor occupancy for mice brains implanted with L0 CA RhoA TICs compared with L0 

control TICs. Graph shows average ± SE over 5 to 8 sections per group. ***, P < 0.0001. (F) Ki-67 

staining and quantification show no difference in cell proliferation across multiple regions in control 

and CA RhoA GBM TICs. 
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2.5  Discussion 

 

Mechanical signals encoded in the ECM are increasingly recognized as important regulators of 

tumor progression (68,91,92). It has also been shown that continuous culture models of GBM 

require myosin II and its upstream regulators to sense and respond to ECM rigidity 

(41,43,65,93). However, it has remained unclear whether these principles apply to primary TICs, 

or whether manipulation of the mechanosensing machinery can influence tumor initiation and 

progression in vivo. Here, we have addressed these questions by elucidating connections between 

mechanosensitivity in vitro, activation of contractile signals, and tumor progression and survival 

in vivo. We discovered that primary GBM TICs can evade limits on spreading and motility 

normally imposed by compliant matrices by generating low contractile forces. Constitutive 

activation of myosin II increased GBM TIC contractility, severely restricted GBM TIC motility 

on compliant ECMs and limited invasion through three-dimensional matrices. Moreover, mice 

orthotopically implanted with GBM TICs in which contractile signaling had been activated 

developed smaller and less invasive tumors in vivo relative to control, and exhibited 30% 

increased overall survival. These findings provide strong support for the notion that GBM can be 

regarded as a disease of cell migration, and that targeting signals that influence this process in 

vitro can also influence disease progression in vivo.  

 

Several studies have explored regulatory roles of the Rho GTPases and myosin II in GBM tumor 

progression, although different experimental systems have produced a somewhat equivocal view 

of whether activation of these pathways promotes or suppresses tumorigenesis. For example, 

pharmacologic and/or genetic suppression of myosin II has been shown to reduce glioma 

invasion in xenograft, genetic, and slice culture models, which has been attributed to the 

importance of myosin II in squeezing the nucleus through tight tissue spaces during invasion 

(63,90). Consistent with this finding, simultaneous activation of Rac and RhoA has been found 

to increase the invasive capacity of GBM TICs (94). In contrast, another study revealed that 

hyperactivation of Rac1 and Cdc42 through silencing of β8 integrin diminishes GBM invasion 

with concomitant increases in tumor volume in a mouse xenograft model (95). Although these 

studies may appear to be mutually contradictory, they can be reconciled by considering the 

notion that activation of these pathways is likely to be highly dynamic and regulated both within 

and across tumor cells, as well as significantly variable from one physical microenvironment to 

another. This may give rise to highly nonlinear phenotypic effects that may defy easy prediction. 

For example, although perinuclear myosin II activation may be critical to nuclear deformation 

during migration, myosin activation can limit the cytoskeletal plasticity needed for process 

extension (84). Indeed, recent in vivo florescence resonance energy transfer studies demonstrate 

that Rho, Rac, and Cdc42 activation vary dramatically in glioma tumor cells as they invade the 

brain, with different anatomical modes of invasion recruiting different molecular machinery (96). 

Constitutive activation of myosin and its activators, as we do in this study, would override these 

regulatory effects and prevent tumor cells from attenuating and enhancing contractility as needed 

for productive migration. Moreover, Shin and colleagues (97) recently showed that inhibition of 

myosin II in hematopoietic stem and progenitor cells preferentially enriched the stem cell 

population, which is broadly consistent with our observations that TICs evade restrictions on 

adhesion and proliferation normally imposed by highly compliant ECMs. Nonetheless, it is 

important to note that RhoA has diverse functions and that our in vivo results may not derive 

exclusively from altered mechanotransductive signaling. Additional in vivo genetic and 
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pharmacological gain- and loss-of-function studies targeting other proteins that enhance and 

suppress contractility should help to clarify this issue.  

 

Although the patient-derived L0 and L2 TIC lines used here behaved in a broadly similar fashion 

across the vast majority of our assays, they did differ in some respects, most notably neurosphere 

formation frequency and size (Figure 2.3I and J). Both lines were derived from classical-subtype 

GBM tumors but were isolated from different patients and thus would be expected to exhibit 

some phenomenological differences in specific assays. In addition, neurosphere-forming 

properties are expected to be a complex function of cell–cell adhesion, proliferation rate, cell 

contractility, and other factors, small perturbations in any one of which could unpredictably alter 

the endpoint readout.  

 

Interestingly, while we find that activation of contractile signaling reduces motility, invasion, 

and tissue infiltration, neither RhoA activation nor ECM stiffness significantly influences 

proliferation, expression of TIC markers, or differentiation potential. This would suggest that 

these manipulations do not exert a significant selective effect, which is consistent with our 

finding that the slowest-cycling (and most highly tumorigenic) subpopulation is preserved across 

all matrix rigidities.  

 

Finally, our study points to the potential importance of the cell–matrix mechanosensing 

machinery in GBM TIC physiology. A number of matrix adhesion-related molecules have been 

identified as GBM TIC markers, including α6 integrin (32), CD44/moesin (38), and laminin α2 

(98). In addition to being correlative predictors of tumor-initiating potential, these molecules 

may play important functional roles that directly promote tumor growth and invasion. For 

example, pharmacologic disruption of the CD44/moesin interface strongly reduces GBM TIC 

proliferation (38), and inhibition of integrin α6 promotes tumor latency and survival (32). 

Complementary to these studies, our work demonstrates that GBM TICs can evade ECM 

stiffness-induced suppression of cell motility, analogous to their widely observed resistance to 

radiation and chemotherapeutic inputs. We hypothesize that tumor cells making up the bulk of 

the tumor may have relatively high contractility, and are thus prevented by the soft 

microenvironment from invading into the parenchyma. Previous cortical stiffness measurements 

of the continuous cell line U373-MG average at 2 kPa (84) which is more than two times higher 

than the value of our GBM TIC stiffness measurement of 0.8 kPa (Figure 2.3C). GBM TICs 

seem to have adapted to the soft environment by generating lower contractility and can thus 

aggressively invade through brain tissue to initiate new tumors. One method to override this 

GBM TIC adaptation is to hyperactivate the underlying mechanotransductive actuation 

mechanisms, which renders GBM TICs susceptible to soft matrix suppression both in vitro and 

in vivo. In the future, it would be valuable to systematically compare sensitivity to ECM stiffness 

and RhoA activation across matched, explanted tumor subpopulations at well-defined stages of 

differentiation, and across cultured TICs at various times after morphogen-induced 

differentiation. It would also be highly informative to repeat these studies with a panel of TICs 

derived from all transcriptional subtypes of GBM to determine whether these phenotypes are 

specific to classical GBMs or a more generic feature of TICs. Collectively, previous studies and 

our findings raise the exciting possibility that mechanisms through which GBM TICs physically 

engage the ECM can serve as a novel set of druggable targets.  
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Chapter 3: Concluding Remarks 
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This dissertation describes the application of technologies in the fields of bioengineering and 

stem cell biology to address fundamental questions in mechanobiology of glioma initiation and 

invasion. As discussed in Chapter 1, the identification and characterization of glioma TICs has 

been impactful to the field; however, tumor invasion also involves TIC interaction with its 

extracellular matrix, and so understanding matrix regulation of TICs may contribute to the 

development of effective therapies. The work presented in this dissertation demonstrates that the 

ECM and cellular architecture play a key role in regulating glioma TIC physiology, survival, and 

invasion in 2D and 3D culture systems as well as in a mouse model. This work has built upon 

previous glioma mechanobiology studies from within the lab and from others, and has laid the 

foundation for future research directions related to TIC characterization, tissue engineering, stem 

cell therapy for regenerative medicine applications, and importantly, targeted chemotherapy and 

gene therapy. In this chapter, I will summarize the results and significance of the preceding 

chapter, and briefly describe a promising ongoing collaboration that stemmed from this work.            

 

 

3.1 Summary and Significance 

 

In Chapter 2, we used 2D ECMs to study regulation of TIC motility, invasion, and proliferation 

by matrix mechanics. We found that, unlike other cell types, TICs were insensitive to changes in 

ECM stiffness, and their motility was not inhibited by soft ECMs (99). We then manipulated TIC 

contractility by overexpressing myosin activators, which restored mechanosensitivity and 

reduced 2D motility, particularly on highly compliant ECMs. Constitutive activation of RhoA 

GTPase also reduced 3D migration and invasion, further confirming the key role of contractility 

in regulation of TIC invasion and sensitivity to ECM stiffness. Lastly, we injected TICs in an 

orthotopic mouse model and found that RhoA activation reduces infiltration and significantly 

extends survival (Figure 3.1). Ongoing studies from other members of the Kumar Laboratory 

have subsequently explored related aspects of TIC invasive properties. For example, Jasmine 

Hughes is studying how other proteins in the contractility pathway, namely Rho-associated 

Kinase (ROCK) and myosin light chain kinase (MLCK), interact to regulate TIC invasion. 

George Lin and Dr. Joanna Bechtel-Dahl are studying the basis of TIC heterogeneity by using 

microfluidic systems to separate subpopulations for genomic and proteomic analyses. 

Collectively, our studies show that TICs have unique mechanosensory characteristics that allow 

them to override soft ECM cues that would otherwise limit invasion.  
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3.2 Future work and final thoughts 

 

The results presented in the preceding chapter of this dissertation directly led to the development 

of a promising collaboration project with Jorge Santiago-Ortiz in the laboratory of Dr. David 

Schaffer.  

 

 

3.2.1 Directed evolution of AAV to target glioma tumor-initiating cells 

 

As presented in this dissertation and in studies conducted by others in the field, the existence and 

therapeutic resistance of TICs are believed to represent key barriers that undermine the 

effectiveness of traditional therapies for glioblastoma: surgery, radiation, and chemotherapy. 

Thus, development of therapeutics that specifically target TICs could give rise to more effective 

clinical responses and longer survival times. In collaboration with the Schaffer Laboratory, we 

seek to develop gene therapy strategies for GBM that are based on specific targeting of TICs.  

 

It has been demonstrated in numerous studies that gene therapy can be successful and safe (100). 

Specifically, adeno-associated virus (AAV) vectors are relatively non-pathogenic; indeed, a large 

majority of the population is estimated to be seropositive for AAV antibodies, indicating prior 

Figure 3.1: Summary of TIC properties and experimental results. In vitro 2D and 3D studies 

show that TIC mechanosensitivity can be rescued with upregulation of myosin activators, leading 

to reduced migration and invasion in soft ECMs. In vivo studies show that CA RhoA can reduce 

overall tumor occupancy and significantly extend survival in mice. 
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environmental exposure (101,102). Jorge has engineered an AAV vector in which we are using 

to optimize for strong tropism for TICs through several rounds of directed evolution, which 

involves generation of large AAV genetic libraries and iterative rounds of selection for improved 

function. To begin, we conducted three rounds of directed evolution in vitro. AAV libraries were 

added to adherently cultured TICs at an initial genomic MOI of 10,000, and then after seven days  

the cells were harvested and successful variants were recovered and amplified for the next round 

of evolution. The stringency of selection was increased by decreasing the genomic MOI to 1,000 

in the second round and 100 in the third round of infection. The viral genomic titers of the 

recovered particles were then measured by PCR. These titers increased with each round, 

suggesting that the selection resulted in more infectious particles. These in vitro rounds of 

evolution resulted in identification of two promising variants that have some tropism to TICs - 

AAV3 and AAV6 (Figure 3.2). We then moved onto in vivo direct evolution. Non-obese 

diabetic/severe combined immunodeficient gamma (NSG) mice were orthotopically xenograted 

with TICs, and then after tumor development (21 days), animals were systemically injected with 

the AAV library. To track tumor development live using bioluminescence imaging, we stably 

transduced TICs to express a firefly luciferase gene (Figure 3.3). After six weeks - sufficient 

time for variants to be delivered to the tumor - brain tissue was harvested and successful variants 

were recovered and amplified for the next round. We have successfully completed one round of 

in vivo evolution and are conducting sequencing analysis.  
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Figure 3.2: Ratio of infectious to genomic MOI (X 10
5
) of natural AAV serotypes on TICs. 

Cultured cells were transduced with vectors packaged with a self-complementary CMV-GFP 

cassette at a genomic MOI of 10,000 viral genomes/cell. The fraction of GFP-positive cells was 

quantified by flow cytometry 72 hours later. Data presented as mean ± SEM, n=3. 
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3.2.2 Final thoughts 

 

The work presented in this dissertation has focused on understanding the properties of glioma 

TICs and their interactions with the surrounding tissue environment. Specifically, we studied 

effects of mechanotransductive signaling on TIC invasion and initiation using a variety of in 

vitro and in vivo approaches. Current therapies mainly target tumor cell proliferation. Although 

limiting tumor expansion through proliferation is very important and usually the first line of 

treatment, it is also essential to find therapies that limit tumor invasion. As I have shown in my 

work here (and in studies conducted by others), GBM is a disease of tumor cell invasion, and it is 

critical to develop therapies that can limit this invasion, which can result in significant reduction 

of tumor occupancy and increased survival time. In addition, after TICs migrate away from the 

primary tumor and as they invade through the surrounding tissue, they must find a place to stop 

and initiate a new tumor. A better understanding of how and why these events occur could be 

instrumental in developing effective combination therapies for GBM.  

 

 

 

  

Figure 3.3: Bioluminescence 

imaging of tumor-bearing 

mice after transplantation of 

luciferase-expressing TICs. 

Image taken 7 minutes after 

luciferin administration 25 days 

after injection of TICs. 
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