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Abstract Glioblastoma (GBM) is the most common and deadly primary brain
cancer. Patients diagnosed with GBM have a mean survival time of only 21 months,
despite an intense push over the past several decades to dissect underlying mechanisms and develop new therapies. Whereas discovery efforts related to GBM have
traditionally focused on cell-intrinsic factors, such as genetic and epigenetic
lesions, it has more recently become clear that cell-extrinsic factors within the
tumor microenvironment play important pathogenic roles as well. More surprisingly, physical aspects of the microenvironment, including tissue structure and
mechanics, can regulate signaling events that contribute to dysplasia, invasion,
and metastasis. This chapter will describe the basic biology of physical microenvironmental regulation of the GBM, with a focus on the extracellular matrix. We will
also describe how components of the physical microenvironment can be recapitulated using biomaterials technology and how these new platforms can contribute to
next-generation culture systems for discovery and screening.

5.1

Introduction

Glioblastoma (GBM) is the most common primary brain cancer, accounting for
approximately 54% of all the brain tumors in the United States (Agnihotri et al.
2013). In addition to its high prevalence, GBM is also the most aggressive and
lethal brain cancer, leading to death an average of 21 months from the time of
diagnosis. Unfortunately given the severity of the diagnosis, there is currently no
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definitive treatment for patients afflicted with this disease. This is often attributed to
the diffuse nature of the tumor, in which a primary tumor spreads outward from its
point of origin, causing tumor cells to occupy large tracts of brain tissue, making
complete surgical resection impractical if not impossible in most cases (Louis et al.
2007). This feature of GBM has long been observed and recognized as a critical
bottleneck to successful therapy. It was most poignantly demonstrated by the
neurosurgeon Dr. Walter Dandy in the 1920s, when he took the extreme step of
removing an entire hemisphere of a brain affected with GBM in comatose patients
only to see the tumor return post-resection (Dandy 1928).
The standard treatment of primary GBM consists of an intensive combination of
surgical resection, radiotherapy, and a variety of traditional and directed chemotherapies (most notably, temozolomide) in an effort to ablate the tumor and prevent
recurrence. Even given this extreme course of treatment, tumor recurrence occurs in
approximately 90% of patients (Stupp et al. 2005; Berens and Giese 1999). The
failure of current treatments is increasingly attributed to the cellular, genetic, and
molecular heterogeneity of GBM tumors that appear similarly in clinical and
histopathological presentation. This implies that GBM is not a single, unified
disease but instead a collection of a few, if not many, distinct diseases that share
clinical features. A comprehensive transcriptomic analysis from the Cancer
Genome Atlas has led to a classification scheme involving four distinct genetic
subtypes of GBM: classical, mesenchymal, proneural, and neural (McLendon et al.
2008; Verhaak et al. 2010). In addition to the genetic variability between patients in
different tumors, there is also substantial intratumor heterogeneity, as exemplified
by the emerging paradigm that tumor progression is driven by a potentially rare
subset of “tumor initiating cells” (a.k.a. cancer stem cells) that share many of the
genetic and phenotypic hallmarks of neural stem cells (Altaner 2008). Adding to
this complexity, cells can transdifferentiate, spontaneously or under the influence of
specific differentiation drivers, to pro-tumorigenic cell types. For example, tumor
cells have been observed to transdifferentiate into endothelial cells and compete
with host endothelial cells to populate tumor vasculature (Soda et al. 2011).
Because GBMs represent myriad and unique genetic and molecular configurations,
conventional treatments targeting aberrant genes or signaling pathways would only
be expected to influence the subset of cells that fit the genetic framework targeted
by the drug. Furthermore, recent high-resolution in vivo imaging efforts have
suggested that GBM tumor cells can physically connect and exchange material
over very long distances with membrane microtubes, the presence of which correlates with radioresistance. Thus, GBMs may represent an “organ within an organ”
capable of a coordinated response to therapy (Osswald et al. 2015).
Given the spatial and temporal complexity of GBM, scientists have been
increasingly searching for clinical targets that are shared by large percentages of
GBM subtypes. Instead of focusing on intracellular signaling targets, new drugs
aim to manipulate the extracellular environment as a means to harness cells even
with substantial genetic, epigenetic, and molecular abnormalities. These extracellular regulatory components, collectively known as the microenvironment, include
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the extracellular matrix (ECM), stromal and other nontumor cells near or within the
tumor, and soluble and ECM-bound signals. In particular, targeting the contributions of the physical microenvironment, such as normalizing the mechanical properties of tumor cells and their environment, has drawn considerable interest as a
therapeutic target. In the next few paragraphs, we will describe how each of these
components regulates GBM progression (reviewed extensively in Charles et al.
2011; Payne and Huang 2013; Ulrich and Kumar 2011).

5.2
5.2.1

The Role of the Microenvironment in GBM
Malignancy
ECM

Conventionally thought to serve as simply a passive scaffold to hold tumor and
tumor-associated cells in the proper location and orientation, an extensive body of
research has made it clear that the ECM can actively drive tumor progression in
most tumor types, especially in GBM. Aberrations in both the ECM components of
the microenvironment and of cellular receptors can both contribute to this phenomenon. The most abundant component of the ECM in the brain is the polysaccharide
hyaluronic acid (HA), a glycosaminoglycan made up of repeating units of Dglucuronic acid and N-acetyl-D-glucosamine (Laurent and Fraser 1992; Toole
2004). The overproduction of HA, which is observed in most GBM tumors, is
associated with cell proliferation and diffuse invasion away from the primary
tumor. Despite the common association of HA overproduction with GBM, it
remains unclear whether HA differentially regulates the various GBM subtypes
or how this additional HA interacts with tumor/stromal cell-derived matrix to
promote invasion. Cells engage HA through a set of transmembrane receptors
including CD44, whose overabundance is also associated with cell invasion and
growth (Delpech et al. 1993; Wiranowska et al. 2010; Ariza et al. 1995). CD44
expression is enriched at the tumor margin, suggesting that CD44 may facilitate
adhesion to HA within normal brain parenchyma. In addition to its implied role in
cell migration, CD44-HA ligation enhances pro-tumorigenic signaling inside tumor
cells such as through the Rho family of small GTPases and PI3 kinase, which affect
cell motility and proliferation, respectively (Herishanu et al. 2011). CD44 engagement of osteopontin, a matrix sialoprotein, was recently shown to induce cleavage
of CD44 and trafficking of the intracellular domain to the nucleus, where it triggers
tumor stem cell-like behaviors (Pietras et al. 2014).
Although HA is the most abundant ECM constituent around tumor cells, there
are many other ECM molecules present in the GBM microenvironment. Particularly consequential to tumor development is the presence of tumor-associated
vasculature and its specific associated microenvironment, which contains collagen
IV, collagen V, fibronectin, and laminin (Giese and Westphal 1996; Knott et al.
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1998; Tysnes et al. 1999). These molecules have extensively been demonstrated to
enhance motility, proliferation, and survival, both in vitro and in vivo, suggesting
that the presence of vasculature in and around tumors enhances tumor progression
not only by providing key nutrients to the cells but also by providing structural and
insoluble signaling to tumor cells (Demuth and Berens 2004; Kaufman et al. 2005;
Kawataki et al. 2007; Lathia et al. 2012).
In addition to presenting biochemical cues that enhance GBM progression, the
ECM also encodes structural and mechanical cues that can promote tumor progression. Cells mechanically engage their environment and respond to microenvironmental forces using a suite of molecular mechanisms whose actions are collectively
known as mechanosensing and mechanotransduction (Discher et al. 2005). In order
to probe the mechanical properties of its environment, a cell must actively apply a
deformation force to the matrix. Canonically, cells generate force via contraction of
the actin-myosin cytoskeleton, which is then transmitted to ECM proteins, such as
fibronectin or collagen, through adhesive complexes containing integrins (e.g.,
focal adhesions) that physically connect the ECM to the cytoskeleton. These
adhesive complexes then respond to stress/strain generated across the adhesive
complex and activate downstream signaling pathways that result in changes of
focal adhesion size and composition, force generation, and the regulation of
gene transcription (Oakes et al. 2012; Kolega et al. 1991; Chang and Kumar
2013; Geiger and Bershadsky 2001; Solon et al. 2007; Pelham and Wang 1997;
Maniotis et al. 1997).
Clinical observations and molecular profiling support the hypothesis that tissue
stiffness and the corresponding mechanosensitive machinery are critical for the
progression of a variety of solid tumors, including GBM. Ultrasound imaging of
strain magnitudes during GBM resection suggests that the margins of GBM tumors
are substantially stiffer than the adjacent normal tissue, although it is unclear
whether the increase in stiffness is the result of a change in the abundance, type,
or cross-linking of ECM components. Additionally, the direct mechanism through
which this may contribute to tumor progression remains to be extensively detailed
in GBM (Selbekk et al. 2010). Another intriguing clinical observation is that tumor
cells often diffusely migrate along structures in the brain that are intrinsically stiff,
such as the basolateral membrane of tumor-associated blood vessels and white
matter tracts, known collectively as the structures of Scherer (Scherer 1938, 1940).
This observation suggests that the mechanical environment may provide efficient
“highways” that direct the cells to migrate away from the primary tumor.
GBM cells also display distinct molecular aberrations suggesting that they may
co-opt and alter their mechanosensing machinery as a means of enhancing their
malignancy. For example, a critical and nodal mechanosensitive protein, focal
adhesion kinase (FAK), is often overexpressed and mutated in GBM, which results
in enhanced signaling in many pro-growth pathways (Rutka et al. 1999). Aberrant
signaling and regulation of many other mechanosensitive proteins has also been
observed in GBM, further demonstrating how GBM cells co-opt normal mechanosensing processes (Belot et al. 2001; Friedlander et al. 1996; Paulus et al. 1993).
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Given the extensive changes to the ECM, mechanosensitive machinery, and
clinical observations, it is clear that the regulation of the ECM-cell interaction is
substantially dysregulated in GBM and actively contributes to tumor progression.
Therefore, the composition and mechanical properties of the ECM may represent an
integrative target for effective therapeutics.

5.3

Engineering Advanced Models of the GBM
Microenvironment

The past decade has seen a dramatic expansion of in vivo models of GBM,
including genetically engineered mouse models (Huse and Holland 2009) and
patient-derived xenograft models (Tentler et al. 2012), and these platforms have
contributed to mechanistic studies of GBM progression as well as preclinical evaluation of therapies. However, the complexity, expense, and limited throughput
associated with these models make them impractical as a first-line platform for
discovery and screening. At the same time, it is widely acknowledged that the
traditional in vitro approach of culturing cells on glass or plastic surfaces in high
concentrations of soluble growth factors omits key elements of the tumor microenvironment. This gap has created a need for next-generation culture technologies
that retain the scalability and parallelization of traditional culture approaches while
incorporating the complexities of the in vivo microenvironment. Recognizing an
opportunity to address these needs, investigators are increasingly leveraging the
tools of biomaterials science and microfabrication to create these new culture
platforms.

5.3.1

Traditional Culture Systems

Two-dimensional (2D) culture systems have historically been the workhorse of
in vitro systems for reductionist cell biology, including the study of ECM regulation
of GBM. In this context, 2D culture systems generally consist of glass or plastic
surfaces coated with a thin layer of ECM protein, proteoglycan, or reconstituted
matrix preparation (e.g., Matrigel; see discussion below) to support cell adhesion.
These systems greatly facilitate optical imaging and the recovery of cellular
material for downstream analysis (e.g., Western blot, RT-PCR, RNA-seq, etc.).
These straightforward approaches have established a critical foundation for the
field’s understanding of many aspects of ECM regulation of GBM, including the
roles of specific matrix components (fibronectin, vitronectin, and HA) and matrix
metalloproteases (Giese et al. 1995; Koochekpour et al. 1995; Belien et al. 1999).
However, the simplicity, ease of use, and experimental accessibility of these 2D cell
culture systems also create a major drawback; it has become increasingly recognized that cells in three-dimensional (3D) systems behave quite differently than
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cells in 2D culture (Griffith and Schwartz 2006; Yamada and Cukierman 2007). In
fact, the differences in presentation, organization, and polarity of ECM proteins in a
3D matrix can cause cells to respond to ECM cues in ways that would be impossible
to predict from their responses to the same proteins on 2D monolayers. This was
first demonstrated in pioneering studies in which the behavior of malignant breast
cancer cells could be normalized simply by placing them in a 3D microenvironment
(Weaver et al. 1997). Additionally, the stiffness of conventional culture dishes is
many orders of magnitude above what is typically experienced by cells in vivo,
which can disrupt normal tissue morphogenesis and amplify pro-oncogenic signaling (Elkin et al. 2007; Paszek et al. 2005). To overcome this limitation, researchers
have begun to exploit advances in polymer science and engineering to develop
systems that enable precise control of the physical and chemical properties of the
extracellular environment while maintaining ease of use for conventional biological
analysis. These systems offer researchers unparalleled insight into the mechanisms
underlying GBM-ECM interactions.

5.3.2

Polymer-Based 3D Matrices

The use of native, biologically derived hydrogels was the next iteration in developing highly controlled GBM ECM mimics. These biopolymers, including HA,
collagen I, and Matrigel—a laminin-rich ECM extracted from mouse sarcomas—
are derived from living sources, purified, and then reconstituted in vivo. These
systems have been used to study the mechanics of GBM growth and invasion. For
example, U87 MG glioma spheroids grown in 3D Matrigel plugs exert both traction
forces on the gel as cells radially invade and compressive forces as the spheroid
expands (Gordon et al. 2003). Further studies including expanded cell lines and
GBM models and more expansive matrix choices for 3D culture showed that the 3D
matrix often presents multiple levels of feedback controlling tumor growth and
invasion. Yang et al. modified collagen network architecture by specifically controlling collagen gelation temperature, finding that pore size is a key determinant of
glioma invasive speed (Yang et al. 2010). It is rather impractical to decouple many
of these variables using reconstituted matrices; therefore intensive efforts have been
directed to developing matrices that offer more flexibility, control, and experimentto-experiment repeatability. The adaptation of synthetic polymers for use as cell
culture models has provided impressive customization and repeatability for specific
cell culture properties (as previously reviewed in Seliktar 2012; Lutolf and Hubbell
2005).
Using purely reconstituted matrices in the study of GBM is further complicated
by the unique geometry of the brain GBM, which largely lacks the 3D fibrillar
architecture observed in most other connective tissue ECMs (Thorne and Nicholson
2006). Our laboratory has taken an active interest in developing 3D matrices that
mimic the unique architecture of the GBM-ECM by adopting an approach that
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merges the use of biologically derived hydrogels and synthetic hydrogels. In this
system, HA is functionalized with methacrylate groups, which can be covalently
conjugated to macromolecules functionalized with thiol groups via Michael addition chemistry. In our initial study with this system, we functionalized the matrix
with a cysteine-terminated peptide containing the cell-adhesive RGD sequence and
then cross-linked the HA backbone with dithiothreitol, which contains two thiol
groups. This dual functionalization approach offered us independent control of celladhesive ligand density and stiffness over more than three orders of magnitude
(Ananthanarayanan et al. 2011). Importantly, this matrix exhibited small-pore
structures devoid of fibrils, similar to the architecture of native brain tissue. In
addition to replicating the structural environment of GBM, this system contains
many chemical components of the pathological GBM environment, including the
presence of both the CD44 and RGD ligands that arise in the tumor from the
overproduction of HA and fibronectin, principally. Using this system, we found
that increasing the stiffness of the 3D matrix inhibited tumor spheroid invasion into
the surrounding matrix when cell attachment to the matrix is primarily through
integrin-RGD interactions or HA-CD44 interactions, suggesting that this platform
may hold potential as a reductionist in vitro system for studying mechanisms that
underlie GBM-ECM interactions that lead to enhanced tumorigenesis (Kim and
Kumar 2014).

5.3.3

Microfabricated Platforms

Researchers have begun to adopt and leverage techniques initially developed to
help reduce the size of transistors, most notably soft lithography, microfluidics, and
light-based patterning, to improve the spatial precision with which mechanical and
biochemical cues can be presented to cells (Khademhosseini et al. 2006; Ross et al.
2012; Polacheck et al. 2013). While these approaches do not, in general, allow true
3D encapsulation of cells, they are massively parallelizable and enable the creation
of microenvironments that can be engineered on the length scale of a single cell
(10 nm–10 μm). One of the first studies to investigate how microtopography can
influence GBM behavior was performed by Zhu and colleagues, who used laser
irradiation to create periodic ridges spaced a few hundred nanometers apart and
reported that C6 rat glioma cells aligned parallel to the direction of the grooves
(Zhu et al. 2004). Subsequent studies suggested that cells not only align parallel to
grooves in a surface but also migrate persistently parallel to the groove, a physical
guidance mechanism that may partially explain GBM’s preference to migrate along
preformed structures in the brain architecture (Gallego-Perez et al. 2012). Our
laboratory has expanded upon these studies by developing 3D confinement structures made of polyacrylamide that present cells with topographical guidance cues
within a 3D environment. Using these microfabricated devices, we found that
topographical migration, as observed in 2D systems, is present in 3D confinement
channels and that narrow channels increase persistent migration regardless of the
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Fig. 5.1 Orthogonal regulation of GBM cell motility by ECM stiffness and topographical
confinement. The migration of U373-MG cells was studied using polyacrylamide-based
microfabricated channels coated with fibronectin. Channel width, cw, and wall stiffness, E, were
varied independently. Confinement in narrow channels increased migration speed for all values of
wall stiffness (a) and relieved the inhibitory effect of high stiffness (b). Phase contrast images of
the migrating cells are shown in (c). Figure adapted from Pathak and Kumar (2012), with
permission

stiffness of the surrounding matrix (Fig. 5.1, Pathak and Kumar 2012). Our recent
work studying the microchannel migration of breast cancer cells overexpressing the
oncogene ErbB2 suggests that the physical microenvironment and oncogenic transformation can contribute to malignancy in an integrative manner (Pathak and
Kumar 2013).

5.3.4

Molecular Discovery and Screening

While the sophistication of approaches for recapitulating and controlling the GBM
microenvironment continues to improve rapidly, the field still lacks the ability to
interrogate large parameter spaces, in which hundreds, or even thousands, of
different parameter combinations can be tested systematically and simultaneously.
This capability is critical because multiple parameters may interact in ways to
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influence cell behavior that are impossible to predict from results of studies in
which only one variable is modulated in isolation (Engler et al. 2004). Dissecting
this nonlinear integration by cells of multiple simultaneous inputs represents a
grand challenge in understanding ECM regulation of cancer biology.
The robotic spotting of ECM proteins has emerged as a highly useful, versatile,
and high-throughput means to test the effects of ECM on cells. In this method, an
array of microneedles is “inked” in an ECM protein and is robotically controlled to
stamp the protein in a specific location on a target substrate. This process can be
applied sequentially, and given the extremely precise control over the stamping
location, different proteins, can be applied to thousands of independent spots
(Fernandes et al. 2009). In this manner, an extremely high-throughput culture
surface can be created that varies multiple parameters simultaneously. In one
pilot study using this technology, Alberti et al. found that specific, but highly
unpredictable, combinations of collagens I, II, and IV, laminin, and fibronectin
controlled embryonic stem cell differentiation (Alberti et al. 2008). Similarly,
ligand type and substrate stiffness can be varied using a robotic spotter attached
to a UV light to initiate photopolymerization of a hydrogel precursor, with one
study screening 17,000 distinct combinations of stiffness and ligand in one experiment (Anderson et al. 2004; Nakajima et al. 2007). Intriguingly, the photopolymerization used to create hydrogels in this experiment has micron-level
resolution, allowing for the high-throughput investigation of mechanical inputs
on a length scale smaller than that of a cell, an area of much needed investigation.
While these experiments offer unprecedented experimental power, they still
require expensive and highly specialized instrumentation. As an alternative
approach, we have developed a high-throughput system that can vary substrate
stiffness and ligand orthogonally while maintaining ease of use and accessibility for
investigators with standard biological and microfabrication capabilities. Our technique relies on the use of light to initiate orthogonal chemistries that can be
leveraged to attach an ECM protein of choice and vary the mechanical properties
of a gel (Rape et al. 2015). This system is based on HA, which has been modified to
allow for specific light-based polymerization and functional group uncaging. Using
the parallelization provided by the platform, we were able to condense experiments
that would typically require hundreds of independent hydrogels onto a single
substrate. We used this system to study the expression of the oncogenic microRNA,
miR18a, in GBM cells and found that the microRNA is nonlinearly regulated by
both stiffness and ECM in highly unpredictable ways (Fig. 5.2). While this pilot
study was conducted as a 2D experiment, the platform could potentially be
extended to more complex situations such as 3D geometries, as the specific chemistries used to perform the patterning are amenable to two-photon patterning, a
highly precise means to locally control chemical processes in 3D matrices.
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Fig. 5.2 ECM-sensitive regulation of mir18a using dual gradient-patterned hydrogels. U373-MG
cells were incubated with probes for mir18a for 16 h on HA-based hydrogels, and mir18a
expression was quantified based on the fluorescent signals of individual cells. Mir18a expression
was quantified for 16 unique matrix stiffness ligand combinations (a). Iso-fibronectin curves (light
red to dark red equals low fibronectin to high fibronectin) show that substrate stiffness regulated
miR18a expression at all fibronectin densities tested (b). Similarly, iso-stiffness curves (light blue
to dark blue equals low stiffness to high stiffness) show that fibronectin density only regulates
miR18a expression at high stiffness (c). Figure adapted from Rape et al. (2015), with permission

5.4

Future Directions

The use of engineered microenvironments is catalyzing a revolution in the understanding of how GBM cells interact with their environment and how these interactions lead to malignancy. This profound innovation, however, is only the beginning
of a trajectory that promises to simplify, expedite, and increase the efficiency of the
drug discovery process. Such efforts range from the identification of new
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therapeutic targets to streamlining the drug development pipeline, analogous to the
current development organ-on-a-chip platforms for drug screening in other human
tissues, including the heart and lungs (Huh et al. 2010; Mathur et al. 2015). To
achieve this broad vision, a number of key barriers must be overcome.
First, the ability to simultaneously control multiple environmental parameters
within a single, unified 3D space needs to be developed. Our own work illustrates
the utility of photochemistry to create microenvironments with defined physical
properties. Other labs are developing more sophisticated and customizable lightbased chemistries, including the adoption of “click” chemistry for biological applications (DeForest et al. 2009). A next challenge will be to pattern multiple cell
types at specific positions within these devices. Recent work has suggested that
affixing DNA-based affinity tags to the cell surface may provide a useful way to
organize large numbers of cells in a highly precise manner through DNA hybridization (Todhunter et al. 2015). The use of 3D printing to deposit cells selectively in
three dimensions also holds great promise for this purpose (Murphy and Atala
2014). Perhaps the final hurdle to clear in developing a fully functional GBM mimic
is vascularization of the tissue, which has historically been a challenge in tissue
engineering due to difficulties in recapitulating complex cellular architectures (e.g.,
endothelial cells vs. pericytes vs. smooth muscle cells), delivering oxygen and
nutrients, and integrating vasculature over culture-wide length scales. In GBM,
the challenge is compounded by the fact that tumor vasculature is often structurally
and functionally aberrant relative to host vasculature. New cell- and matrixpatterning technologies, when paired together with strategies to release provascular
growth factors, should help accelerate progress in this area (Moon and West 2008).
Once developed sufficiently, GBM-mimetic culture systems could be combined
with other reverse-engineered systems of the tumor microenvironment, perhaps
leading to a sort of “tumor on a chip.” The successful development of these and
related technologies may immensely increase the speed and efficiency of the
drug discovery process by bridging the gap between the culture plate and the
animal model.

5.5

Conclusions

The physical components of the ECM microenvironment of GBM make up a
complex system that contains many signals that contribute to tumor promotion
and malignancy. Using the tools of chemistry, materials science, and microfabrication, researchers have developed sophisticated reductionist platforms that
enable the direct interrogation of the biophysical interactions that lead to GBM
progression. The further development of a truly mimetic tumor microenvironment
will lead to not only a greater understanding of disease mechanisms but also yield
platforms that facilitate high-throughput drug discovery and validation.
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