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Abstract 

Hyaluronic Acid and Its Receptors in the Mechanobiology of Gliomblastoma Multiforme 

by 

Yushan Kim 

Joint Doctor of Philosophy in Bioengineering 
with University of California, San Francisco 

University of California, Berkeley 

Professor Sanjay Kumar, Chair 

Appreciation that the cell is involved in an intimate conversation with its 
microenvironment, and that biophysical inputs provide much of the backdrop to this 
conversation, underpins the field’s understanding of how cancer cells are able to invade healthy 
tissues. In particular, these processes are critical to the spread of the most malignant of all brain 
cancers, glioblastoma multiforme (GBM), in which aggressively infiltrating glioma cells spread 
remarkably quickly through the brain. GBM involves not only a slew of genetic lesions in 
participant cells, but also a range of biochemical and biophysical changes to the extracellular 
matrix (ECM) in which those cells reside. Recently, much evidence has emerged that one of 
those ECM components, hyaluronic acid (HA), and the cell membrane receptor to which it binds, 
CD44, plays a key role in pro -cancer biochemical signaling. 

In this dissertation, we uncover another important characteristic of this ligand-receptor 
pair: that the material properties of HA can influence the signals transduced through CD44. We 
began with the development of an HA-based hydrogel to systematically study this ligand-
receptor interaction using controlled HA density, controlled matrix stiffness, and controlled 
integrin conjugation. Using this platform, we then identified that HA matrix stiffness alone can 
instruct CD44-based cell adhesion and migration. Then, we began to investigate the underlying 
mechanisms which may be involved in CD44-based mechanosensing, by using genetic and 
pharmacological approaches to selectively inhibit potential downstream mediators in the ezrin-
radixin-moesin (ERM) family proteins. While these targets did not result in changes, it narrows 
down the list of other potential candidates. Finally, we began to investigate how CD44 drives 
resistance to chemotherapy, and how this chemoresistance in turn can further enhance glioma 
invasiveness. 

These discoveries enhance our understanding of how matrix properties enable cancer cell 
invasion, and could potentially lead to uncovering new strategies for intercepting the spread of 
glioma. Additionally, while the field has focused almost entirely on integrin- and cadherin- based 
mechanisms of mechanosensing, the studies described here support the idea that more 
consideration should be given to other ECM components. 
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Chapter 1. The role of hyaluronic acid and its 
receptors in the growth and invasion of brain tumors 

 

Parts of this chapter are excerpted with permission from Springer Science+Business Media 
Dordrecht, from Chapter 26 in Tumors of the Central Nervous System, Volume 13, “The role of 
hyaluronic acid and its receptors in the growth and invasion of brain tumors”, by Yushan Kim 
and Sanjay Kumar. 

© 2014 Springer Science+Business Media Dordrecht  

 

1.1 Introduction 

Malignant gliomas, particularly those classified as grade III or grade IV by the World 
Health Organization, are among the most fatal of all cancers. Grade IV glioma, also known as 
glioblastoma multiforme (GBM), is highly aggressive and recalcitrant to treatment, causing a 
dismal prognosis of 12-15 months after survival even with aggressive multimodal therapy (1). 
While the past two decades have seen much progress in understanding the origins and 
mechanisms of this aggressive cancer, these advances have not translated to a significant 
improvement in survival time. This is due in large part to the heterogeneity and genetic 
instability of glioma cells, which promote evasion of anti-cancer therapies. Current first line 
treatments for GBM include surgical resection of the tumor, chemotherapies such as the DNA-
alkylating agent temozolomide, and radiotherapy. New targeted molecular therapies against 
tumor angiogenesis, such as bevacizumab, a monoclonal antibody against vascular endothelial 
growth factor, have shown some success in reducing tumor burden but have at best modestly 
increased survival time (2). Thus, the field continues to seek out new strategies to combine with 
those that are already used to form the most effective anti-cancer treatment possible. 

Cells receive a plethora of signals from their microenvironment, including a variety of 
soluble autocrine, paracrine, and endocrine factors, as well as solid-state signals such as 
receptors on adjacent cells (e.g. cadherins) and the extracellular matrix (ECM), which cells 
engage through integrins and other adhesive receptors. These signals are then integrated by the 
cell to regulate polarity, motility, proliferation, cell fate, and a variety of other phenotypic 
characteristics. In cancer, both these microenvironmental biophysical signals and the way cells 
sense and respond to these signals are profoundly dysfunctional. Even in macroscopically static 
tissues cells exert forces against one another and the ECM, and the significant influence of this 
mechanical “context” on the resulting signal transduction has gained appreciation. These 
interactions are important during tumor invasion as well, as the microstructural arrangement of 
both ligands and steric barriers to migration greatly impact tumor cell motility. These ECM-
based cues can in turn be remodeled by resident cancer cells, further perturbing native tissue 
homeostasis (3). 

These principles apply to the growth of GBM tumors, which is in large part dependent on 
glioma cell invasion through brain ECM. In vitro, the spreading area, motility, and proliferation 
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of U373-MG and U87-MG cells is dependent on matrix stiffness (4). Neurosurgeons frequently 
use the high stiffness of brain tumors relative to normal brain tissue to identify appropriate 
resection planes, and these stiffness differentials have also been mapped by ultrasound. Finally, 
topologic structures in brain are thought to guide the migration of glioma cells; white matter 
fiber tracts and blood vessel basement membrane can act as tissue “highways” on which glioma 
cells invade rapidly to remote parts of the brain. Thus, an essential component to understanding 
the molecular mechanisms and potential points of intervention in GBM will be to clarify the 
biophysical inputs that cancer cells receive from their external environment, and how they 
interpret these inputs. Notably, brain ECM differs significantly from many connective tissues; 
whereas fibronectin, collagen, and vitronectin are essential elements of connective tissues and 
brain vasculature, brain parenchymal tissue is distinctly poor in protein, especially fibrillar 
proteins, and rich in glycosaminoglycans (GAGs). This chapter will focus on one of the key 
components of brain ECM, the GAG hyaluronic acid (HA). In GBM, HA is upregulated in the 
brain matrix, and HA receptors are overexpressed. We will now examine more closely how HA 
and its downstream signaling effects are relevant to the promotion of tumor growth and spread.  

 

1.2 Hyaluronic acid and its receptors 

1.2.1 Matrix properties of hyaluronic acid 

Hyaluronic acid (HA), a linear GAG composed of repeating disaccharide units of 
glucuronic acid and N-acetylglucosamine, is essential to morphogenesis, tissue homeostasis, and 
wound repair throughout the body. Physically, due to its high density of anionic charge, HA is 
very hygroscopic and promotes tissue hydration and swelling. In brain, HA is a fundamental 
component of the ECM, as it serves as the high molecular weight template onto which many 
other hyaluronic acid binding proteins (HABPs or hyaladherins) anchor (Fig. 1.1A). This class of 
proteins (variably called hyaladerins, HA binding proteins, and link proteins) shares a highly 
conserved HA-binding tandem repeat domain. The most prominent of these in brain is the 

Figure 1.1. Hyaluronic acid and CD44 are essential components of brain matrix and 
glioma invasion.   
Schematic of HA architecture in brain. Brain matrix structure is based on high molecular weight 
hyaluronic acid (HA), which forms a hydrated network that is crosslinked by other biomolecules. 
Lecticans such as aggrecan, neurocan, versican, and brevican, are chondroitin sulfate 
proteoglycans that bind to HA at the N-terminus. HA-lectican binding is stabilized by link 
proteins. At the C-terminus, lecticans bind to the arms of tenascin-R, -C, and –W, which exist as 
trimeric or hexameric structures. 
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lectican family of chondroitin sulfate proteoglycans, including versican, aggrecan, and neurocan.  
Chondroitin sulfate, the other glycosaminoglycan abundant in brain, is present as relatively 
minute sidearms on these proteoglycans. In contrast, HA is present as much longer chains, with 
molecular weight range of 100 – 1,000 kDa. Lecticans in turn bind to the third major class of 
brain matrix components, the tenascins, which are the main integrin-binding molecules in the 
brain. The biochemical makeup of brain stands in stark contrast to the collagen-based structures 
found in most tissues, so it is critical to recognize how these differences may affect cell adhesion 
and motility. 

The exceptionally high molecular weight of HA is made possible by its unique 
mechanism of synthesis, which is orchestrated by the three HA synthases (HAS). Other GAGs 
are typically synthesized in the Golgi apparatus into short sidearms of proteoglycans, whose 
molecular weights are limited by vesicular transport. HA synthases, in contrast, are channel-like 
transmembrane proteins that sequester monosaccharides from the cytoplasm, add them onto the 
HA chain via glycotransferase domains, and extrude the growing linear chain out of the cell as it 
is synthesized. Thus, restrictions on the size of the HA molecule are not imposed by biosynthesis 
and transport, and a single molecule can span several microns in length. 

In the developing mouse cerebellum, HA organizes into fine web-like structures, which 
are hypothesized to aid in the migration of interneuron precursors and oligodendroglial cell types 
(5). Analysis of rat brain composition as a function of age shows that HA concentration peaks 
shortly after birth and then drops off in adulthood. However, in brain tumors, HA secretion is 
again elevated (6), suggesting that glioma cells may hijack the natural HA-based motility 
mechanisms employed during development. While this hypothesis has not been clearly 
demonstrated in glioma cells, HAS2 overexpression in fibrosarcoma cells has been shown to 
have a direct link to tumorigenicity; cells transfected with HAS2 demonstrated increased 
proliferation in a soft agar assay, and produced larger tumors in a nude mouse model (7). 
Whether HA elevation in glioma is due to HAS overexpression per se or some expression-
independent enhancement in HAS activity remains unclear. 

In the early stages of neural crest and brain development, levels of hyaluronidases 
(encoded by six hyal genes), the primary enzymes that degrade HA, are also at their peak as 
matrix turnover is necessary for cell migration. Increased HAS expression is only beneficial for 
cell migration if hyaluronidase is concurrently secreted; increased HA adhesive contacts must 
also be released for productive cell movement to occur (8). Animal studies reveal that Hyal-2 
overexpression facilitates tumor angiogenesis and formation in the HA-rich brain, but not in an 
HA-poor subcutaneous environment (9). Upon degradation of high molecular weight HA chains 
by hyaluronidase secretion from tumor cells, low molecular weight HA by-products of roughly 
20 or fewer disaccharides are released, which then stimulate endothelial cells in neighboring 
blood vessels to undergo angiogenesis (10). While this mechanism is also necessary for the 
initiation of wound healing and matrix remodeling, it is one of the many HA-based signals that 
gliomas co-opt for aberrant growth and invasion. HA-based signaling mechanisms within glioma 
cells themselves are discussed in the next section. 

1.2.2 Adhesion and signaling effects of hyaluronic acid receptors 
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Chief among the diverse family of HA-binding adhesion proteins is CD44, a single pass 
transmembrane receptor that is upregulated in a variety of solid tumors, including brain tumors, 
and whose expression correlates with high glioma grade and poor prognosis (11). While the field 
has not converged on a single, dominant “canonical” CD44 pathway, the effects of HA binding 
with CD44 converge on proliferation, cell survival, and anti-apoptotic fate decisions through a 
variety of pathways (summarized in Fig. 1.2). CD44 does not have any intrinsic kinase activity, 
but rather executes its signaling effects by binding to kinases and other signaling molecules via 
its cytoplasmic tail, thereby recruiting these molecules to the cell membrane. While some CD44-
HA signaling effects can be initiated by a single binding event, the high molecular weight 
characteristic of HA also serves to organize an activity-rich signaling center by bringing together 
many receptors and their downstream signaling partners. Indeed, CD44 tends to aggregate in 
protein-rich caveolae or lipid rafts. 

 

At the gene level, cd44 transcription is suppressed by binding of p53 to a non-canonical 
binding sequence in the cd44 promoter (12). Godar et al. showed that many of the oncogenic 
effects of p53 loss are mediated by an increase of CD44-based survival signaling. Once CD44 is 
translated and brought to the cell membrane, CD44 complexes with a variety of pro-tumorigenic 

Figure 1.2. Signal transduction mediated by hyaluronic acid (HA)-CD44 binding.   
HA is synthesized at the cell membrane by HA synthase, and extruded into the extracellular 
matrix.  HA then binds to CD44, which can in turn associate with filamentous actin via ankyrin or 
the ezrin-ridixin-moesin (ERM) family proteins. RhoGTPases can also bind to the tail of CD44 
via adaptor proteins. CD44 can associate in lipid rafts with receptor tyrosine kinases (RTKs) or 
multidrug efflux transporters on the cell membrane to promote their pro-survival and anti-
apoptosis activity. All of these effects act in concert promote cancer cell proliferation, motility, 
and chemoresistance.  Transcription of cd44 is kept in check by the tumor suppressor protein p53. 



5 
 

receptor tyrosine kinases to promote their kinase activity, including EGFR and ErbB2, TGFβ 
receptor, and c-Met/HGFR (13). 

CD44 is capable of indirectly engaging the actin cytoskeleton through its cytoplasmic tail 
via the adaptor proteins ankyrin, and the ERM (ezrin-ridixin-moesin) family proteins. This 
interaction is essential for cell motility stimulated by phorbol ester, an analogue of diacyl 
glyceride (DAG). Legg et al. showed that the resulting activation of protein kinase C (PKC) 
triggers dephosphorylation of CD44 on Ser325 and phosphorylation on Ser291, then used 
fluorescence resonance energy transfer (FRET) to show that this dual change in phosphorylation 
reduces interaction between CD44 and ezrin (14). This dynamic control of ezrin association and 
dissociation via modulation of phosphorylation state is necessary for rapid chemotactic response 
to DAG gradients. Aside from anchoring to filamentous actin, CD44 also promotes cell motility 
by activating RhoGTPases. This occurs via recruitment of guanine nucleotide exchange factors 
(GEFs) to the cell membrane, facilitating interaction with their effectors, the Rho family of 
GTPases. Addition of soluble HA to cell culture medium quickly activates Rac-1 by recruiting 
the GEFs Tiam1 and Vav2, and induces lamellipodia formation within several minutes (15) in 
both primary astrocytes and mammary epithelial cells. Similarly, in mammary epithelial cells, 
CD44-HA binding activates RhoA by recruiting p115 RhoGEF and myosin-mediated cell 
motility (16). 

Other molecular mechanisms suppress the tumor-promoting effects of CD44 association 
with F-actin and activation of Rho GTPases. The most notable of these CD44-antagonizing 
molecules is merlin, the tumor suppressor protein encoded by the NF2 gene, which blocks 
association with actin when bound to CD44. This also decreases CD44 affinity for HA, and thus 
reduces the intensity of downstream pro-tumorigenic signaling (17). In this way, CD44 acts as a 
molecular switch that promotes proliferation when ERM proteins are bound and quiescence 
when merlin is bound. Significantly, merlin is an essential antagonist of the Hippo signaling 
pathway, which attenuates apoptotic responses to oxidative stress and cytotoxic drugs. CD44 
knockdown in glioma cells reduces merlin phosphorylation (which is required for CD44 binding) 
and blocks the cell survival signals downstream of Hippo, thereby inducing p53 expression and 
increasing survival in an animal model (18). 

In addition to interacting with actin binding proteins and RhoGTPases to promote cell 
motility, the cytoplasmic tail of CD44 also facilitates the formation of signaling complexes that 
ultimately promote cell survival. Namely, CD44 recruits several Src family non-receptor kinases 
such as Lyn (19), Lck, Fyn, and c-Src (20), which activate PI3K-Akt signaling. Integrins are 
perhaps the best known and widely studied cell adhesion receptors, so it is worth noting that the 
cytoplasmic tail of CD44 also interacts with integrin-based focal adhesion proteins. For instance, 
CD44 has been shown to complex with focal adhesion kinase (FAK) in a lung cancer cell line, 
and cells stimulated by HA express increased activated (FAK), which in turn augments both the 
PI3K and MAPK pathways (21). Thus, this extensive set of interactions allows CD44 to exert its 
signaling effects even in the absence of any intrinsic kinase activity. 

Finally, RHAMM (receptor for hyaluronic acid mediated motility) is another HA receptor 
that has been studied for its pro-tumorigenic effects. The functions of RHAMM and CD44 
appear to be inextricably linked; many roles of RHAMM involve supporting CD44-HA binding 
and downstream signaling. Additionally, in an arthritic mouse model, increased RHAMM 
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expression has been shown to phenotypically complement CD44 gene suppression, as CD44 
knockout mice develop normally (22). While the two receptors share many of the same binding 
partners, RHAMM does have other tumorigenic roles independent of CD44; for example, its 
other primary role is to facilitate the assembly of mitotic spindles required for cell division by 
assisting in microtubule nucleation. This role, independent of HA binding functions, is known to 
be especially active in breast cancer cells, where it is proposed that overexpressed RHAMM 
drives aberrations in mitotic spindles and thus supports genomic instability. 

1.2.3 Significance of CD44 in cancer stem-like cells 

Historically, the progression of GBM has been framed in terms of clonal evolution 
models, in which cellular heterogeneity arises from the stochastic accumulation of different 
mutations by different cells. More recently, a new paradigm has emerged in which GBM is 
thought to progress according to a cancer stem cell hypothesis, in which a specialized and 
perhaps rare subpopulation possessing the hallmark stem cell characteristics of self-renewal and 
multipotency give rise to a heterogeneous bulk tumor population. While components of this 
model remain somewhat controversial, a preponderance of evidence now supports that a 
subpopulation of cells exists within the heterogeneous tumor that has much higher tumorigenic 
potential than the other cells. For example, only specific cell subpopulations of primary tumors 
are capable of histologically recapitulating human tumors when orthotopically implanted at low 
numbers in immunocompromised mice. These subpopulations often share key features of normal 
neural stem cells such as expression of neural stem cell markers (e.g. nestin), the ability to form 
clonal neurospheres, strong preference for laminin-based ECMs, and, most critically, the ability 
to self-renew and differentiate into cells positive for neural, astrocytic, and oligodendrocytic 
markers. As is commonly done in the field, we will refer to this stem-like population as glioma 
stem cells (GSCs). 

GSCs can be selected from a primary tumor by culturing tumor explants in neurobasal 
medium supplemented with growth factors, which is also used as a neural stem cell growth 
medium. Some fraction of the tumor cells will form clonal neurospheres under these conditions, 
and these clones satisfy specific criteria including expression of specific markers, multipotency, 
and – critically – the ability to histologically recapitulate GBM when orthotopically implanted 
into immunocompromised mice. These cells are designated as GSCs, and significantly, this 
population is enriched in CD44 expression. One possible functional consequence of CD44 
overexpression is the promotion of multidrug resistance proteins on the cell membrane, which 
confer chemoresistance by pumping cytotoxic agents out of the cancer cell (23). An alternative 
method of isolating cancer stem cell populations involves collection of “side population” cells, 
which are defined by low uptake of Hoechst dyes due to high expression of ABCG2 (BCRP) and 
ABCB1 (MDR1) drug transporters of the ABC (ATP-binding cassette) family (24).  This 
expression pattern partially accounts for the highly chemoresistant characteristics of GSCs 
compared to their bulk tumor cell counterparts. GSCs also divide, or cycle, less rapidly than bulk 
tumor cells, reducing the uptake and efficacy of anti-cancer drugs whose mechanism of action 
requires cell division. 

Flow cytometry and histological analysis of human brain tumors reveals that glioma cells 
express a variety of these drug transporters, which are expressed more frequently in high grade 
tumors (25). In a malignant peripheral nerve sheath tumor cell line, CD44 forms a stable 
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complex with ABCG2 in the plasma membrane (26). This complex is disrupted by adding 
oligomeric HA, which competes with endogenous high molecular-weight HA for CD44 binding, 
and leads to internalization of both CD44 and ABCG2. Finally, cells treated in this way are 
rendered more susceptible to apoptosis induced by the anti-cancer DNA intercalating agent 
doxorubicin. Since ABCG2 is highly expressed in GSCs (27), strategies to disrupt the 
association of CD44 and multidrug transporters expressed on GSCs may prove to be effective 
ways of improving the effectiveness of chemotherapy treatments for malignant gliomas. The role 
of HA in the tumor matrix on promoting multidrug resistance in GSCs has not yet been 
investigated. 

While CD44 is increasingly accepted as a GSC marker, the functional significance of 
CD44 enrichment in GSCs remains unclear. Recently, Jijiwa et al. began to investigate these 
questions through the identification and characterization of CD44 variants in GSCs. While 
CD44s is the standard isoform of the receptor, variant isoforms can be formed by alternative 
splicing of exons encoding the middle stalk region of the receptor; all isoforms contain the same 
intracellular domain and HA-binding domain. Expression of the variant isoform CD44v6 has 
long been known to be exclusively expressed by cancer cells of other tissues where it promotes 
cancer malignancy and invasiveness, but now it is known that CD44v6 is also expressed by 
GSCs (28). CD44v6 promotes cell survival signals by Akt phosphorylation when it binds to its 
secondary ligand, osteopontin. More recently, Pietras et al. discovered that cleavage and release 
of the intracellular domain of CD44 potentiates GSC invasion, growth, stemness, and radiation 
resistance, all by inducing the activity of hypoxia-inducible factors (HIFs) (29). Thus, further 
exploration of the functional roles of CD44 and its intracellular domain in the GSC specialized 
cell population will surely unlock greater understanding of the mechanisms of GBM progression. 

1.3 In vitro 2D culture models of brain tumor invasion  

Any cell-level in vitro study of GBM must strike a balance between interpretability and 
physiological mimicry. On one extreme, cell culture paradigms employing two-dimensional 
tissue culture polystyrene (TCPS) surfaces are convenient and widely used, but they do not 
recapitulate the myriad microstructural, biophysical, and biochemical features of the in vivo brain 
microenvironment. When one’s goal is to systematically test the regulatory role of specific, 
defined features of this microenvironment, it may be advantageous to use these highly defined 
albeit reductionist platforms. In other cases, it may be desirable to incorporate as many brain 
matrix characteristics as possible. We now briefly review strategies that have been used to study 
GBM in a cell-scale in vitro setting, focusing on systems which incorporate HA. In addition to 
the models described here, there are also a variety of in vivo animal models that are available for 
studying heterotypic cell interactions (e.g. with endothelial cells) or more clinically relevant 
endpoints (e.g. tumor size or animal survival). 

The simplest approach for studying the effects of soluble factors such as HA is to place 
them in the cell culture medium itself. This format has been vitally important in identifying the 
many biochemical signaling effects of HA. However, from a biophysical standpoint, it does not 
mimic important structural aspects of large matrix molecules such as full-length adhesive 
proteins or full-length HA. To study the adhesive effects of these matrix macromolecules, they 
can be adsorbed onto glass or TCPS surfaces. However, the disadvantages to this approach are 
that the stiffness of these surfaces is orders of magnitude higher than most tissues including 
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brain, that adsorption can alter the biological activity of the adsorbed ligand, and that the 
adsorption is non-specific. To mitigate many of these disadvantages, polyacrylamide and other 
polymer hydrogel substrates have been widely used to create matrix materials with finely tunable 
stiffness (30) by varying the ratio of the monomer and crosslinker (e.g. acrylamide and bis-
acrylamide). Matrix proteins such as fibronectin or collagen can be covalently attached to the 
hydrogel surface, often with heterobifunctional coupling agents such as sulfo-SANPAH 
(sulfosuccinimidyl-6-(40-azido-20-nitrophenylamino) hexanoate) which may be conjugated to 
the gel surface with UV irradiation and to ECM proteins via NHS-ester chemistry. Aside from 
the selective covalent attachment of desired proteins using this chemistry, serum proteins do not 
adsorb onto polyacrylamide, allowing for a highly controlled biochemical and biomechanical 
surface. 

More recently, soft lithographic techniques have emerged as a powerful method to 
selectively pattern precise 2D geometries of adhesive proteins set on an adhesion-resistant 
background (31). Typically, a molded stamp of polydimethylsiloxane (PDMS) is coated with 
adhesive protein, and stamped onto a bioinert layer. The effects of cell shape, cell size, and cell-
cell interactions have been well explored with this technique, as well as “1D” studies of cell 
migration on thin confined paths. 

Cell motility is another important characteristic of cancer cells that can be measured in 
vitro. Time-lapse microscopy can be used to track the paths of migrating cells over time, yielding 
metrics such as cell speed and persistence length. In Boyden chamber (Transwell) assays, which 
enable the assessment of invasive cell motility, cells are seeded on top of polymer membranes 
with pore diameters on the same length scale of the cell. Cells are then challenged with a 
chemoattractant placed in the bottom compartment, thus inducing migration through the pores 
into the bottom compartment. The number of cells that successfully traverse a pore and arrive in 
the bottom chamber in a given time may then be used as a metric of invasive potential. A wide 
range of pore sizes is available, and the filters can be coated with specific ECM proteins to assess 
the effect of these proteins on migration. 

1.4 Discussion and scope of dissertation 

CD44 was first discovered in the 1980’s by the immunology community, which quickly 
found that the cell surface molecule is involved in a variety of diverse functions such as 
leukocyte homing and T cell activation. By the early 1990’s, cancer researchers began to find yet 
another CD44 function: that it is differentially expressed in many cancers, and plays an 
important role in cancer invasion and metastasis. Today, the quest to fully understand the 
processes of this complex molecule is still not complete; much remains to be discovered about 
not only the exact signaling pathways in which CD44 is involved, but to also understand how 
these numerous and at times conflicting signals are interpreted by normal cells or exploited by 
cancer cells. 

In GBM, aberrant CD44-HA-based signaling plays a critical role in aiding, and perhaps 
even driving, the highly motile, malignant, and chemoresistant properties of gliomas that make 
them so fatal. In this introductory chapter, we have discussed how elevation of HA secretion in 
tumor matrix and high CD44 expression in glioma cells combine to promote cell invasion and 
survival in GBM. In the specialized GSC population, we raised the prospect that the high 
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expression level of CD44 may be more than simply a correlative marker and may play key 
functional roles in maintaining proliferation and chemoresistance patterns that are hallmarks of 
malignant gliomas. Finally, we discussed the rational design of in vitro GBM studies, which are 
a powerful platform to study cell-ECM interactions in a controlled and manipulatable manner. 
CD44 and other cell surface molecules act as the interface through which the cell communicates 
with its surroundings, so brain ECM composition and structure, and cancer-induced changes in 
these properties, compose an essential piece of the puzzle. Therefore, another challenge in this 
field is the incorporation of brain-specific features into ECM models used to study GBM growth 
and invasion, including those having to do with ligand type and presentation and scaffold 
mechanics. In the next chapter, we will describe our selected approach to engineer desired 
features of brain tissue into a synthetic matrix. 

This body of knowledge leaves many questions unanswered. Among the most critical of 
these is whether CD44 expression is a requirement for GBM malignancy, or whether it is a 
downstream effector that happens to promote further cancer invasion. Thus far, several clues 
suggest that CD44 may contribute in significant ways to glioma progression, such as its 
previously discussed role in executing many of the cancer-promoting effects of p53 loss. 
However, the extent to which CD44 alone is intrinsically responsible for triggering 
tumorigenesis is not yet clear. This question intersects with our emerging understanding of the 
tumor-initiating role of GSCs, which often happen to overexpress CD44. While CD44 supports 
chemoresistance in these cells, it remains unknown whether CD44 overexpression in this 
subpopulation causally drives this process. To decipher these puzzles, combined approaches 
must be brought to bear from the fields of cell-ECM biology, bioengineering, and cancer 
biology. The list of questions these multidisciplinary approaches could help address is a long 
one. For example, how do CD44-matrix linkages and their downstream signaling crosstalk with 
other important pathways in brain, including aberrant growth factor and integrin signaling? To 
what extent does the CD44 receptor transduce force-based signals, as integrins have long been 
recognized to do? This dissertation begins the investigation into these important questions in 
Chapters 3, 4, and 5. 
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Chapter 2. Development of a brain-mimetic 
hyaluronic acid hydrogel platform 
 

Parts of this chapter are excerpted with permission from Elsevier, from the article “Elucidating 
the mechanobiology of malignant brain tumors using a brain matrix-mimetic hyaluronic acid 
hydrogel platform”, by Badriprasad Ananthanarayanan, Yushan Kim, and Sanjay Kumar in 
Biomaterials, 32: 7913-7923, 2011. 

© 2011 Elsevier Ltd.  

 

2.1 Abstract 

Glioblastoma multiforme (GBM) is a malignant brain tumor characterized by diffuse 
infiltration of single cells into the brain parenchyma, which is a process that relies in part on 
aberrant biochemical and biophysical interactions between tumor cells and the brain extracellular 
matrix (ECM). A major obstacle to understanding ECM regulation of GBM invasion is the 
absence of model matrix systems that recapitulate the distinct composition and physical structure 
of brain ECM while allowing independent control of adhesive ligand density, mechanics, and 
microstructure. To address this need, we synthesized brain-mimetic ECMs based on hyaluronic 
acid (HA) with a range of stiffnesses that encompasses normal and tumorigenic brain tissue and 
functionalized these materials with short Arg-Gly-Asp (RGD) peptides to facilitate cell adhesion. 
Scanning electron micrographs of the hydrogels revealed a dense, sheet-like microstructure with 
apparent nanoscale porosity similar to brain extracellular space. On flat hydrogel substrates, 
glioma cell spreading area and actin stress fiber assembly increased strongly with increasing 
density of RGD peptide. Increasing HA stiffness under constant RGD density produced similar 
trends and increased the speed of random motility. In a three-dimensional (3D) spheroid 
paradigm, glioma cells invaded HA hydrogels with morphological patterns distinct from those 
observed on flat surfaces or in 3D collagen-based ECMs but highly reminiscent of those seen in 
brain slices. This material system represents a brain-mimetic model ECM with tunable ligand 
density and stiffness amenable to investigations of the mechanobiological regulation of brain 
tumor progression. 

2.2 Introduction 

Glioblastoma multiforme (GBM) is the most common and lethal primary brain tumor 
(32, 33). The relentless progression of this disease is due in part to the infiltration of cells from 
the primary tumor into distant regions of the brain, which renders complete surgical resection of 
the tumor mass virtually impossible and almost inevitably leaves the patient susceptible to 
recurrence, typically leading to death within 1-2 years of diagnosis. This aggressive invasion is a 
hallmark of malignant gliomas and is widely considered to be a key obstacle to the development 
of successful therapies (34). For example, anti-angiogenic agents that are initially effective at 
reducing tumor bulk may induce an “adaptive-evasive” response characterized by increased 
cellular invasiveness that largely offsets these agents’ overall survival benefit (2, 35).   
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It is well established that the extracellular microenvironment plays an essential role in 
defining the ‘context’ that allows tumors to grow and spread (36). There are several indications 
that the unusual aggressiveness of GBM may be mediated by its unique pattern of interactions 
with the extracellular matrix (ECM) of the brain (37). Specifically, GBM tumors display a 
strikingly different pattern of invasion of brain tissue than systemic malignant tumors that 
metastasize to the brain. GBM tumors readily invade brain tissue including white matter, which 
is highly resistant to invasion by non-neural metastatic tumors (38). Conversely, GBM tumors do 
not invade into blood vessel walls, unlike systemic metastatic tumors (39), and very rarely 
metastasize outside of the brain to other organs. While the absence of distant metastases is likely 
related to the extremely rapid clinical course of the disease, it may also be due in part to the fact 
that brain ECM is highly specialized and distinct from that of other tissues in the body (40, 41). 
For instance, brain ECM has a very low content of fibrous proteins such as collagen, fibronectin, 
and vitronectin, as well as basement membrane proteins such as laminin, which are largely 
restricted to the vascular and perivascular spaces in the brain.  

One major component of brain ECM is hyaluronic acid (HA) (42, 43), a non-sulfated 
glycosaminoglycan that occupies a large fraction of the extracellular volume of the brain. In 
addition to HA, brain ECM contains other glycosaminoglycans such as heparan sulfate, a 
number of chondroitin sulfate proteoglycans of the lectican family such as aggrecan, neurocan, 
and versican, and proteins such as tenascin and thrombospondin. There are several lines of 
evidence that HA plays a significant role in glioma progression, including histological analyses 
of tumor tissue, which have shown that malignant gliomas contain greater levels of HA than 
normal brain tissue (6). Treatment of cells with soluble HA, or inclusion of HA in the ECM by 
adsorbing it to tissue culture plastic or incorporating it into reconstituted ECM gels such as 
Matrigel or fibrin, has been shown to promote migration and invasion of glioma cells (44-46). 
This effect is partly mediated by signals transduced by direct interactions between HA and its 
cell-surface receptors CD44 and RHAMM (44, 45, 47-49). Correspondingly, CD44 is frequently 
overexpressed in gliomas and is correlated with increased malignancy and reduced mean survival 
time (11, 18, 50). CD44 triggers a wide variety of downstream signaling programs upon 
engagement of HA (16), including pro-survival signaling through the PI3K-Akt (51) and EGFR 
(52) pathways, and increased migration via activation of Rho family GTPases (53).    

In addition to the biochemical aspects of HA-induced signaling described above, there 
are indications that HA may play a biophysical role in GBM tumor invasion.  The high viscosity 
and water-swelling ability of HA contribute to brain architecture and porosity and influence 
directional cell movements during morphogenesis (43). Addition of HA to fibrin-based ECMs 
has been shown to stimulate invasion of glioma cells via modulation of the fibrin fiber 
architecture (46). These findings assume broader significance when viewed in the context of the 
growing consensus that cancer cells exert forces on and remodel their ECM and that this 
biophysical crosstalk can influence tumor progression (3, 54). For example, we previously 
showed that the morphology, proliferation, and motility of GBM tumor cells cultured on two-
dimensional (2D) polyacrylamide substrates conjugated with full-length collagen or fibronectin 
are regulated by the stiffness of the ECM (4, 55). In a complementary study, Beadle et al. 
showed that glioma cells upregulate nonmuscle myosin II in order to generate sufficient 
contractile force to squeeze cell nuclei through tight spaces in the brain, suggesting that cells 
adapt their intrinsic contractile and adhesive machinery to overcome mechanical and 
microstructural barriers to migration (56). Previous attempts to extend glioma cell-ECM 
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mechanobiology to three-dimensional (3D) matrices have largely been restricted to reconstituted 
ECM preparations such as collagen and Matrigel (57). While these studies have provided 
tremendous insight into mechanisms of tumor invasion, their interpretation is complicated by the 
fact that the biochemistry and architecture of these matrices differ in important respects from 
those of brain parenchyma. In addition, control of material properties in these systems is often 
achieved by changing the concentration of the gel-forming proteins, which simultaneously varies 
ECM mechanics, microstructure, and adhesivity, making it impossible to unambiguously 
attribute observed differences in cell behavior to chemical or mechanical stimuli (58).   

For all of these reasons, there is a strong need for HA-based ECMs that offer independent 
control over biochemical functionality and mechanical rigidity and are amenable to studies of 
GBM tumor invasion. Although HA-based scaffolds have been used extensively for tissue 
engineering (59-67), only a few studies have used HA-based ECMs to study cell-matrix 
interactions in GBM that underlie invasion (68, 69). Furthermore, these few GBM-specific 
studies have not addressed the potential regulatory role of ECM stiffness and architecture in 
tumor invasion and therefore leave open the question of whether the biophysical context in 
which HA is presented influences its effects on tumor progression. To meet this need, we 
synthesized and characterized a series of HA-based hydrogels with independently tunable 
stiffness and biochemical ligand density and used them to probe the dependence of glioma cell 
adhesion, morphology, cytoskeletal architecture, and motility on the ligand functionalization and 
stiffness in 2D culture. We also used these materials to investigate patterns of 3D tumor invasion 
across a panel of glioma cell lines.  

2.3 Materials and methods  

2.3.1 HA-methacrylate synthesis 

HA-methacrylate was synthesized as originally described by Smeds et al. (70) according 
to the protocol detailed by Marklein et al. (71) (Fig. 2.1). Briefly, HA of nominal molecular 
weight 60 kDa (66 kDa – 90 kDa range, Lifecore Technologies) was dissolved at 1 wt% in 
deionized water, and a six-fold molar excess of methacrylic anhydride (Sigma) (relative to the 
HA disaccharide repeat unit) was added dropwise to the solution on ice. The pH of the two-phase 
reaction mixture was adjusted to 8.0 with 5 M NaOH, and the reaction was allowed to continue 
overnight at 4°C with frequent re-adjustment of the pH. The product was isolated by adding the 
reaction mixture to a five-fold volumetric excess of cold acetone, followed by centrifugation to 
recover the precipitate, which was then re-dissolved in deionized water, flash frozen in liquid 
nitrogen, and lyophilized. The powder thus obtained was analyzed by 1H-NMR, and the degree 
of functionalization was estimated to be 60% (see Supp. Methods and Supp. Fig. S1 in (72)). In 
order to synthesize HA-methacrylate with a higher degree of functionalization, the reaction was 
initially carried out overnight as above, after which an additional 3-fold molar excess of 
methacrylic anhydride was added and the reaction further continued for 1 day at 5°C. This 
yielded HA-methacrylate with 85% degree of methacrylation as estimated by 1H-NMR.   

2.3.2 HA gelation and rheology 

In order to form crosslinked HA gels, HA-methacrylate polymers with 60% and 85% 
degrees of functionalization (hereafter denoted as HA-60 and HA-85, respectively) and the 
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crosslinker DL-dithiothreitol (DTT) were dissolved in Dulbecco’s Modified Eagle Medium 
(DMEM) and mixed to create gels with varying polymer weight fractions and thiol:HA repeat 
unit ratios. Oscillatory shear rheology was performed using an Anton Paar Physica MCR 301 
rheometer in the parallel-plate configuration using a 25 mm diameter top plate. The gel was 
crosslinked in situ between the rheometer plates for 1 hour at 37°C in a humidified chamber. 
Typically, 60 μL of the gel solution was used with a gap width of 0.1 mm between the plates. 
Amplitude sweeps at constant frequency were performed to determine the linear viscoelastic 
range of deformation for each sample, after which frequency sweeps were performed at a strain 
amplitude within the linear range. Typically, frequencies from 0.05 Hz to 100 Hz were tested at a 
strain amplitude of 0.5%.  

2.3.3 Cell culture 

U373-MG and U87-MG human glioblastoma and rat C6 glioma cells were cultured as 
previously described (4) in DMEM (Invitrogen) supplemented with 10% Calf Serum Advantage 
(JR Scientific, Inc.), 1% penicillin-streptomycin, 1% MEM non-essential amino acids and 1% 
sodium pyruvate (Invitrogen). 

2.3.4 Preparation of 2D HA-RGD gels 

For 2D studies, HA-RGD gels were prepared on glass-bottom 6-well plates (MatTek). 
The glass surface was briefly exposed to hydrophobic solution (OMS OptoChemicals) to 
promote adhesion of the HA gel. HA-60 and DTT were dissolved in DMEM, mixed in the 
appropriate ratios, and pipetted onto the glass surface. The gel precursor solution was then 
covered with a glass coverslip, which had been plasma-treated to increase its hydrophilicity. 
After incubation at 37°C for 2 h, the top coverslip was carefully removed to expose a flat HA 
hydrogel of approximate (nominal) thickness 200 μm. Hydrogels were then soaked in DMEM 
overnight at 37 °C to remove unreacted DTT. 

In order to explore the effect of varying surface densities of RGD peptide (Ac-
GCGYGRGDSPG-NH2, Anaspec), hydrogels of elastic modulus G' ~ 35 kPa (8 wt% HA-60, 0.5 
thiol:HA repeat unit ratio) were prepared as above. 25 μL of RGD peptide dissolved in DMEM 
at concentrations ranging from 0.1 mg/mL to 5 mg/mL were incubated on the hydrogel surface 
for 2 hours at room temperature. Hydrogels were then rinsed and soaked in DMEM overnight at 
37°C to remove unreacted peptide. 

To vary the mechanical properties of hydrogels, formulations with varying HA weight 
percent and crosslinking density were used, based on rheology data (Fig. 2.2): G' ~ 150 Pa (3 
wt% HA-60, 0.1 thiol:HA repeat unit ratio), G' ~ 1 kPa (3 wt% HA-60, 0.25 thiol:HA repeat unit 
ratio), and G' ~ 5 kPa (5 wt% HA-60, 0.25 thiol:HA repeat unit ratio).  HA-60 was 
functionalized with 1 mM RGD peptide by vortexing for 2 hours at room temperature prior to 
DTT crosslinking and gelation in order to ensure that crosslinking did not compete with peptide 
conjugation. Glass surfaces coated with full-length human fibronectin (FN) as described 
previously (4) were used as controls. 
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2.3.5 Measurement of cell number 

Cell density on hydrogel substrates was measured using the WST-1 assay (Roche), a 
colorimetric assay which infers cell number from mitochondrial metabolic activity. For these 
assays, 2,500 cells/cm2 were seeded with phenol red-free media and allowed to grow for 4 days 
prior to measurement. Samples were incubated following manufacturer’s instructions with 10% 
WST-1 reagent in the cell medium for 30 minutes at 37°C. Absorbance at 440 nm was measured 
and converted to cell number using a concurrently obtained standard curve based on WST-1 
measurements of defined numbers of cells. Data shown are the means of two independent 
experiments, each done in triplicate (N = 6). 

2.3.6 Fluorescence microscopy and morphometric analysis: 

In order to evaluate cell adhesion and spreading on 2D HA-RGD hydrogels, U373-MG 
human GBM cells were seeded on hydrogel surfaces at an initial density of 5,000 cells/cm2 for 
24 h. Cells were then fixed with 4% paraformaldehyde in PBS, permeabilized using 0.1% Triton-
X100 in PBS, and blocked using 5% goat serum in PBS. To visualize vinculin, cells were treated 
with a mouse anti-vinculin primary antibody (Sigma) and AlexaFluor-546 goat anti-mouse 
secondary antibody (Invitrogen). Actin filaments were visualized with AlexaFluor-488 labeled 
phalloidin (Invitrogen). Cell nuclei were visualized using 4',6-diamidino-2-phenylindole (DAPI, 
Invitrogen). All fluorescence imaging was performed on a Nikon TE2000E2 epifluorescence 
microscope as described previously (4, 55). Morphometric analysis of projected cell area and 
circularity (calculated as 4π × area/perimeter2, which varies from 1 for a circle to 0 for a straight 
line) was performed by thresholding the actin fluorescence images to define the cell boundaries 
and applying automated particle shape analysis (ImageJ). 

2.3.7 Measurement of cell motility 

Live-cell imaging was performed with a Nikon TE2000E2 microscope equipped with an 
incubator chamber for control of temperature, humidity, and CO2, based on our published 
protocols (4, 55, 57). Briefly, U373-MG cells were seeded at 5,000 cells/cm2 and allowed to 
adhere to the hydrogel surfaces for at least 4 hours prior to imaging.  Phase contrast images were 
then obtained with a 10× objective every 30 min over an 18-h period for at least 10 positions per 
sample and three samples per condition, in at least three independent experiments. The migration 
speed for each 30-min time-step was determined by dividing the displacement of the nucleus 
(Manual Tracking plugin in ImageJ) by 30 min; these step-speeds were then averaged over at 
least 4 hours to obtain the average motility speed for each cell. At least 120 cells per condition 
were tracked, excluding cells that came into contact with other cells or moved outside the 
boundaries of the field of view. 

2.3.8 Data analysis and statistics 

2D glioma cell morphology and migration speed data were obtained from two or more 
independent experiments, each done in duplicate. Significant differences among cell numbers 
inferred from WST-1 measurements were determined using one-way ANOVA followed by the 
Tukey-Kramer HSD (honestly significant difference) test for multiple comparisons. Significant 
differences among non-normally distributed data sets (cell spreading, circularity, and migration 
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speed) were determined using the non-parametric Kruskal-Wallis test followed by Dunn’s test 
for multiple comparisons. In both cases, statistically significant differences among discrete 
groups are indicated on graphs by uppercase letters (A, B, C, etc.). Non-normally distributed data 
sets are shown as box-whisker plots, with boxes indicating 25th, 50th, and 75th percentiles, 
whiskers indicating 5th and 95th percentiles, and + marks indicating 1st and 99th percentiles. 

2.4 Results 

2.4.1 HA-methacrylate synthesis and chemical characterization 

To fabricate HA hydrogels (Fig. 2.1), we first functionalized HA with methacrylate 
groups using a simple, one-step reaction with methacrylic anhydride. We chose this strategy 
because the methacrylate groups may be used for conjugation and crosslinking via a rapid 
Michael-type addition with thiol-containing molecules, a reaction which may be carried out in 
aqueous medium at physiological temperature and pH and, if needed, in the presence of proteins 
(73) or cells (74, 75). We synthesized two variants of HA-methacrylate, HA-60 and HA-85, 
which respectively have 60% and 85% methacrylation of the HA backbone as determined by 1H-
NMR (Supplementary Fig. S1 in (72)). To create hydrogels of defined mechanical stiffness, we 
crosslinked HA-methacrylate with DL-dithiothreitol (DTT) via Michael-type addition in defined 
stoichiometries (described below). To incorporate additional cell-adhesive functionality, we used 
Michael-type addition to graft cysteine-containing RGD peptides to the methacrylated HA 
backbone. 

 

2.4.2 Mechanical characterization of HA hydrogels 

To determine if we could synthesize HA hydrogels spanning a range of elastic properties 
relevant to brain ECM, we used parallel-plate rheology to measure shear elastic moduli of HA 
hydrogels prepared from HA-60 or HA-85 at various weight fractions and DTT crosslink ratios 
(Fig. 2.2). As expected, elastic modulus increased with the HA weight fraction for a given degree 
of methacrylation, consistent with the notion that hydrogel elasticity increases with density (76). 
For a given HA-methacrylate polymer and weight fraction, the elastic modulus (G’) also 
depended strongly on the ratio of thiols to HA repeat units, which is expected to govern the 
crosslink density. Optimal crosslinking (maximal elastic modulus) was obtained at a thiol:HA 
repeat unit ratio of 0.5 for HA-60 and 0.8 for HA-85, which in each case corresponds 
approximately to a 1:1 ratio of thiol groups to methacrylate groups. The reduction in elastic 

Figure 2.1.  Schematic description of HA functionalization and crosslinking. 
HA-methacrylate was functionalized with an RGD peptide using the Michael-type addition 
reaction between the methacrylate groups on the polymer and the cysteine thiol groups on the 
peptide. The same addition reaction with the methacrylate groups was used to induce crosslinking 
via reaction with dithiothreitol (DTT) to form HA hydrogels. 
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modulus at high crosslinker concentrations has been reported in other systems (74) and is 
consistent with a mechanism in which single-thiol ligation between DTT and the HA backbone is 
favored over dual-thiol ligation/crosslinking when thiols are in excess of methacrylate groups. 
To test this hypothesis, we directly measured the free thiol content of the hydrogels after gelation 
using Ellman’s test (see Supp. Fig. S2A in (72)). Indeed, the residual thiol content increased 
significantly above a 1:1 ratio of thiols to methacrylates, indicating the presence of singly ligated 
DTT molecules. We confirmed that these free thiols are quenched to levels that would not be 
expected to interfere with cell physiology by repeating Ellman’s test after overnight incubation 
in culture medium at 37 °C (see Supp. Fig. S2B in (72)). Thus, by strategically choosing HA 
weight fraction, degree of methacrylation, and degree of crosslinking, we can generate hydrogels 
with elastic moduli ranging from 50 Pa to 35 kPa, which brackets stiffness ranges previously 
observed in brain tissue (77-79).  

 

2.4.3 Glioma cell behavior as a function of RGD peptide density 

We next explored our ability to systematically vary ECM ligand density in HA gels, as 
well as the sensitivity of glioma cell adhesion and cytoarchitecture to these variations. We began 
by asking whether the density of RGD peptide coupled to the surface of hydrogels of fixed 
stiffness influences cell morphology and cytoskeletal organization (Fig. 2.3A). We selected 
hydrogels of shear modulus 35 kPa, because we had shown previously that polyacrylamide 
matrices tuned to this stiffness range and conjugated with high densities of full-length ECM 
proteins are capable of supporting cell spreading (4). The extent of cell adhesion increased 
modestly with increasing RGD density (see Supp. Fig. S4 in (72)). A graded increase in RGD 
density led to pronounced effects on cellular morphology, with a progressive increase in cell area 
(Fig. 2.3B) and decrease in circularity (Fig. 2.3C). Moreover, substrate ligand density strongly 
influenced cytoskeletal organization, with actin stress fibers only observable in cells spread on 
surfaces coated with RGD concentrations above 0.5 mg/mL. This relationship between ECM 

Figure 2.2.  Mechanical characterization of HA gels. 
Shear elastic moduli of the DTT-crosslinked HA hydrogels were measured by oscillatory 
rheometry. Each curve represents HA gels containing a particular HA-methacrylate polymer (HA-
60 or HA-85 with 60% and 85% degree of methacrylation, respectively) and weight fraction, at 
varying ratios of thiols used for crosslinking. Error bars represent standard deviation; N ≥ 2 
replicates. 
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ligand density, cell spreading, and actin cytoskeletal architecture is broadly consistent with many 
previous studies in non-HA matrix systems (80-82). Thus, we can exercise control over ECM 
ligand density comparable to existing synthetic hydrogel systems, and we observe the expected 
variations in cell morphology.  

 

2.4.4 Glioma cell behavior as a function of HA hydrogel stiffness 

Having established that we can vary ECM ligand density on HA gels and can thereby 
control cell spreading and cytoarchitecture, we asked whether we could exercise similar control 
by modulating ECM mechanical rigidity. We functionalized HA-60 with 1 mM RGD prior to 
DTT crosslinking to prepare a series of hydrogels with constant RGD density but variable elastic 
modulus. The extent of initial cell attachment did not depend on hydrogel stiffness (see Supp. 
Fig. S5 in (72)), implying that RGD ligand densities were functionally similar across all 
substrates. Cell morphology depended strongly on ECM stiffness (Fig. 2.4A), with cells on the 
softest hydrogel (G’ = 150 Pa) primarily exhibiting rounded morphologies and diffuse 

Figure 2.3. Glioma cell morphology on 35 kPa HA gels with varying surface density 
of RGD peptide. 
A. Morphology and cytoarchitecture of cells adhered to variable-RGD density gels after 24 hour 
incubation, as visualized by epifluorescence imaging of F-actin (green) and nuclear DNA (blue). 
Scale bar = 50 m. B. Quantification of projected cell spreading area. C. Quantification of cell 
shape, as measured by circularity (see methods). N ≥  55 cells for each condition. Statistically 
distinct groups (P < 0.05) determined by Dunn’s test are marked by A, B, C, D (see methods). 
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distributions of F-actin and the focal adhesion protein vinculin. In contrast, cells on 1 kPa and 5 
kPa hydrogels spread and acquired a polarized shape, as evidenced by significant increases in 
average cell area (Fig. 2.4B) and decreases in circularity (Fig. 2.4C). Cells on 5 kPa hydrogels 
also exhibited hallmark characteristics of well-spread cells including broad lamellipodia, distinct 
actin-based stress fibers, and elongated vinculin-positive focal adhesions. These results are 
qualitatively similar to our previous observations of U373-MG human GBM cells on 
polyacrylamide ECMs covalently modified with either full-length fibronectin (4) or collagen I 
(55), providing additional validation for HA as a platform for studying ECM stiffness-mediated 
regulation of GBM and independent experimental support for ECM stiffness as a key governing 
parameter of GBM cell behavior.  
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2.4.5 Glioma motility on variable-stiffness HA hydrogels 

Since the architecture of cell-ECM adhesions and the actin cytoskeleton are strongly 
influenced by HA-RGD hydrogel stiffness (Fig. 2.4), and since ECM stiffness has been observed 
to strongly influence cell motility in other material systems (83-85), we next asked whether 
modulation of HA stiffness would alter motility. We measured the speed of random cell 

Figure 2.4. Glioma cell adhesion to variable-stiffness RGD-functionalized HA gels. 
A. Morphology of cells adhered to variable-stiffness gels after 24 hr incubation. Top row: 
immunofluorescence imaging of vinculin (orange), F-actin (green), and nuclear DNA (blue). 
Bottom row: Isolated vinculin signal at higher magnification. Scale bar = 50 μm. B. Quantification 
of projected cell area. C. Quantification of circularity. N ≥ 85 cells for each condition. Statistically 
distinct groups (P < 0.01) determined by Dunn’s test are marked by A, B (see methods). 
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migration on variable-stiffness HA hydrogels with equivalent RGD ligand functionality (Fig. 2.5, 
and see Supplementary Movies S1 to S4 in (72)). Cell migration speed increased dramatically 
with increasing substrate stiffness, with maximum cell speeds on 5 kPa hydrogels nearly the 
same as those observed on fibronectin-coated glass. Cells on 150 Pa hydrogels were unable to 
form stable lamellipodia and migrate productively, whereas cells on 5 kPa hydrogels exhibited 
typical mesenchymal motility with broad lamellipodial protrusions followed by cell-body 
extension and rear-edge retraction. Intermediate-stiffness (1 kPa) hydrogels contained subsets of 
cells exhibiting both phenotypes. This relationship between ECM stiffness and cell migration 
speed is consistent with our studies of U373-MG cell migration on fibronectin-coated 
polyacrylamide ECMs (4) and, more generally, with our computational models of motility of 
highly polarized cells on defined-stiffness ECMs (86).  

 

2.4.6 Glioma net cell growth on variable-stiffness HA hydrogels 

Cell spreading has been strongly correlated with proliferation in a variety of other cell-matrix 
systems (31), and our own previous studies have shown that increasing ECM stiffness stimulates 
the proliferation of human glioma cells (4). To investigate the relationship between ECM 
stiffness and cell growth in the HA hydrogel ECM system, we cultured cells on HA hydrogels of 
constant RGD density and varying stiffness and then used a spectrophotometric assay of 
mitochondrial metabolic activity (WST-1) to estimate cell number (Fig. 2.6). After 4 days of 
culture, significantly fewer cells were present on 150 Pa gels than on 1 kPa and 5 kPa hydrogels 
or fibronectin-coated glass, all three of which were statistically indistinguishable from one 
another. It is important to note that these data are not strictly interpretable in terms of differences 
in cell proliferation and could in principle be due to stiffness-dependent differences in cell 
detachment and apoptosis. However, we did not observe significant cell detachment on any 
substrate, and our live-cell motility imaging suggested that the vast majority of rounded cells on 
the 150 Pa gels were capable of extending processes, with some observed to divide. Taken 

Figure 2.5. Regulation of glioma cell motility by matrix stiffness. 
The plot depicts the average speed of random motility of U373-MG cells cultured on RGD-
functionalized HA gels of constant peptide density and varying stiffness. N ≥ 120 cells for each 
condition. Statistically distinct groups (P < 0.01) determined by Dunn’s test are marked by A, B, 
C (see methods). 



21 
 

together with our earlier observation that initial cell adhesion is independent of ECM stiffness 
(Supp. Fig. S5 in (72)), these results are consistent with our previously reported stiffness-
dependent increase in cell proliferation on polyacrylamide hydrogels (4) and provide further 
evidence that glioma cells proliferate in a stiffness-dependent manner.   

 

2.5 Discussion 

In this study, we synthesized and characterized HA-based hydrogels with independently 
tunable stiffness and ligand functionality and used this brain-mimetic ECM platform to study the 
dependence of GBM tumor cell morphology, motility, and growth on the adhesivity and 
mechanical rigidity of the ECM. We also demonstrated that these materials support 3D tumor 
invasion with migratory modes similar to those observed in tissue. Our work addresses a 
significant need for well-defined model systems that capture the HA-rich milieu of brain ECM 
while permitting investigation of how brain tumor biology is regulated by ECM biochemical and 
biophysical properties. Further, our findings on the dependence of GBM tumor cell behavior on 
the mechanical features of HA hydrogels bear relevance to the pathophysiology of GBM 
progression in vivo.   

In addition to providing a well-defined platform for studying glioma biology, our study 
also advances the field’s ability to manipulate HA for biomaterials applications, such as the 
engineering of soft tissues (65). Although several investigators have previously reported on the 
development of HA-based hydrogels with tunable stiffness and ligand density (64, 71, 87-89), 
key design relationships such as the effects of polymer weight fraction, degree of 
functionalization, and crosslink density on hydrogel structure and mechanics remain 
incompletely understood. Our data begin to fill this gap by outlining conditions for synthesizing 
hydrogels with moduli spanning three orders of magnitude (50 Pa to 35 kPa) that overlap 
significantly with the range of stiffnesses observed in soft tissues. By systematically varying the 

Figure 2.6. Cell number on variable-stiffness HA-RGD substrates. 
U373-MG cells were cultured on matrices of the specified rigidity and constant ligand density for 
4 days. Cell number was then measured using the WST-1 metabolic assay. Error bars represent 
standard error of the mean; N = 6 replicates. Statistically distinct groups (P < 0.01) determined by 
Tukey’s test are marked by A, B (see methods). 
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thiol:HA repeat ratio and measuring residual thiol concentrations (see Supp. Fig. 2A in (72)), we 
also demonstrate that hydrogel elasticity can be optimized with respect to crosslinker (DTT) 
concentration; above this optimum, crosslinking moieties are more likely to react with single 
sites on the backbone rather than ligating two distal sites. 

Our study may be placed in the context of previous in vitro, in vivo, and clinical studies 
that relate to the mechanobiological regulation of GBM. The utility of ultrasound elastography in 
guiding surgical tumor resection suggests that tumor tissue may be mechanically distinct from 
normal brain tissue (89). Further, AFM measurements of the elasticity of rat brain tissue reveal 
significant mechanical heterogeneity within the hippocampus (77), and between white and gray 
matter in the cerebellum (78). In this context, the mechanosensitive behavior of GBM tumor 
cells suggest that mechanical cues present in the tumor ECM may promote cell adhesion and 
migration, thereby facilitating the spread of the disease. We have reported previously on the 
mechanosensitive behavior of glioma cells on variable-stiffness 2D polyacrylamide substrates (4) 
and in 3D hydrogels composed of collagen and agarose (57). Others have studied glioma cell 
migration as a function of the pore size and density of collagen matrices (6, 90). Our findings 
that cell spreading, cytoskeletal assembly, migration speed, and 3D invasion are all strongly 
regulated by ECM structural and mechanical properties are consistent with these published 
reports and reinforce the notion that tumor invasion may be tightly regulated by the biophysical 
microenvironment.   

Our study also adds to the field’s specific understanding of the role of HA in the 
regulation of GBM growth and spread. As described earlier, HA is enriched in tumor ECM (6), 
and adhesive signaling triggered by HA binding to its receptors (e.g., CD44, RHAMM) – which 
are also overexpressed in GBM (11, 18) – has been shown to contribute to tumor progression 
(16). While several studies have reported that HA promotes glioma migration and invasion in 
vitro, these conclusions have largely been drawn from experiments in which HA has either been 
added as a soluble factor or incorporated as a matrix component in a background of collagen or 
Matrigel (44, 45). By contrast, our results take advantage of a solid-state HA-based ECM 
platform that is comparatively free of confounding influences from other matrix elements and 
clearly show that in the absence of steric barriers GBM cell morphology and motility are 
regulated by HA stiffness (Fig. 2.5, Fig. 2.6), which suggests that the physical presentation of 
HA may strongly affect its adhesion-dependent biology. This in turn begs the question of 
whether this mechanosensitivity is actuated through integrins (via the RGD peptides) (91), CD44 
and other HA receptors, or some combination of the two. This materials platform should permit 
elucidation of the relative roles of CD44-mediated and integrin-mediated signaling in glioma 
mechanobiology, which may have implications for other tissues in which HA receptor-based 
adhesion figures prominently, such as cartilage (92). 

2.6 Conclusions 

In summary, we have developed and characterized an HA-based ECM platform with 
independently tunable stiffness and ligand functionalization that mimics key biochemical and 
biophysical features of brain matrix, and demonstrated its utility in elucidating ECM 
mechanobiological regulation of glioma cell morphology, motility, and 3D invasion.  We 
anticipate this material platform will be broadly useful for in vitro studies of cell-ECM 
interactions in the brain. Further, due to the excellent biocompatibility of HA (93), these 
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materials may be used as an implantable scaffold to investigate matrix regulation of tumor 
invasion in vivo  as well as in regenerative medicine approaches to treat specific central nervous 
system pathologies (65).  
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Chapter 3. CD44-mediated adhesion to hyaluronic 
acid contributes to mechanosensing and invasive 
motility 

 

Reprinted with permission from American Association for Cancer Research, from the article 
“CD44-Mediated Adhesion to Hyaluronic Acid Contributes to Mechanosensing and Invasive 
Motility”, by Yushan Kim and Sanjay Kumar in Molecular Cancer Research, 12:1416-1429, 
2014. 

© 2014 American Association for Cancer Research  

 

3.1 Abstract 

The high-molecular-weight glycosaminoglycan, hyaluronic acid (HA), makes up a 
significant portion of the brain extracellular matrix. Glioblastoma multiforme (GBM), a highly 
invasive brain tumor, is associated with aberrant HA secretion, tissue stiffening, and 
overexpression of the HA receptor CD44. Here, transcriptomic analysis, engineered materials, 
and measurements of adhesion, migration, and invasion were used to investigate how HA/CD44 
ligation contributes to the mechanosensing and invasive motility of GBM tumor cells, both 
intrinsically and in the context of Arg-Gly-Asp (RGD) peptide/integrin adhesion. Analysis of 
transcriptomic data from The Cancer Genome Atlas reveals upregulation of transcripts 
associated with HA/CD44 adhesion. CD44 suppression in culture reduces cell adhesion to HA on 
short time scales (0.5-hour postincubation) even if RGD is present, whereas maximal adhesion 
on longer time scales (3 hours) requires both CD44 and integrins. Moreover, time-lapse imaging 
demonstrates that cell adhesive structures formed during migration on bare HA matrices are 
more short lived than cellular protrusions formed on surfaces containing RGD. Interestingly, 
adhesion and migration speed were dependent on HA hydrogel stiffness, implying that CD44-
based signaling is intrinsically mechanosensitive. Finally, CD44 expression paired with an HA-
rich microenvironment maximized three-dimensional invasion, whereas CD44 suppression or 
abundant integrin-based adhesion limited it. These findings demonstrate that CD44 transduces 
HA-based stiffness cues, temporally precedes integrin-based adhesion maturation, and facilitates 
invasion. 

3.2 Introduction 

The prognosis of glioblastoma multiforme (GBM), a highly invasive and rapidly lethal 
brain tumor, has improved only incrementally in the past several decades. This dire prognosis is 
in large part attributed to the aggressively invasive nature of glioma cells, which in turn has 
fueled interest in exploring new strategies for slowing invasion, including identifying and 
limiting interactions between tumor cells and pro-invasive components of the tumor extracellular 
matrix (ECM) (94). In addition to invading brain tissue along vascular structures, GBM tumors 
are characterized by a diffuse single-cell invasion pattern of glioma cells into brain parenchyma 
(34, 37), which contains ECM characteristically devoid of the fibrillar adhesive proteins found in 
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connective tissue, but rich in HA (5, 37). This chemical signature of brain ECM is significant 
because an emerging body of literature has revealed that the HA/CD44 interaction can act as a 
powerful regulator of cell proliferation, survival, and anti-apoptotic pathways (18-20). In the 
ECM of gliomas, HA is much more abundant than in normal brain (6), suggesting that its 
oversecretion may contribute to the aggressive invasion pattern of glioma cells in brain 
parenchyma. Finally, CD44 expression directly contributes to the survival of glioma stem-like 
cells hypothesized to be the driver of tumor recurrence (29). 

While changes in ECM biochemistry are key features of GBM, we and others have 
shown that ECM biophysical properties also strongly influence glioma cell invasion in an in vitro 
setting (4, 90). This is consistent with the observation that GBM tumors are stiffer than normal 
brain tissue, to the extent that ultrasound imaging can be used to delineate tumor margins 
intraoperatively (89, 95). This has led to the hypothesis that part of the aggressive nature of 
GBM may be regulated by biophysical interactions between glioma cells and the brain ECM. 
Matrix stiffness cues encoded in the ECM are traditionally thought to be transduced by integrins, 
and this signaling is altered in cells derived from a variety of cancer cell types. While the 
importance of integrin-mediated signaling in these scenarios has been well-characterized, the 
significance of non-integrin ECM adhesion receptors to tumor cell mechanobiology remains 
largely unexplored. The abundant presence of HA in brain ECM and the established role of 
CD44-mediated signaling in tumor progression beg the question of how HA/CD44 interactions 
contribute to glioma adhesion and invasion in ECMs composed of HA, integrin-adhesive 
domains, or both. 

Despite the acknowledged association of GBM with altered HA deposition, CD44-based 
signaling, and tissue mechanics, little is known about the causal relationships between these 
phenomena in the pathogenesis of the disease, particularly with respect to tumor invasion. We 
therefore sought to investigate these connections by combining transcriptomic analysis of human 
GBM tumors to explore correlations in the expression of HA/CD44-related genes, engineered 
hydrogel materials to recapitulate the compliant, HA-rich nature of brain ECM (72, 87, 96), and 
biophysical studies of tumor cell adhesion, migration, and invasion. We find that GBM tumors 
preferentially express certain HA/CD44-related genes relative to normal brain tissue and that 
HA/CD44 interactions strongly contribute to tumor cell adhesion, mechanosensing, and invasive 
motility. These effects are both experimentally separable and functionally distinct from 
contributions of integrin-based adhesion. 

3.3 Materials and Methods 

3.3.1 The Cancer Genome Atlas (TCGA) gene expression analysis 

Data from the publicly available data browser was queried for expression of CD44 and 
related genes. The cBioPortal analysis tool from Memorial Sloan-Kettering was used to retrieve 
mRNA expression data for genes of interest from all available GBM tumor samples. Correlations 
with CD44 expression were analyzed by Pearson’s product-moment correlation coefficient. 
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3.3.2 HA hydrogel synthesis  

HA hydrogels were synthesized as previously described (71, 72). Briefly, methacrylic 
anhydride was used to functionalize HA with methacrylate groups (Me-HA). The degree of 
methacrylation was characterized by 1H NMR as detailed previously (72), and the Me-HA used 
for the experiments discussed here was characterized to have 50% of disaccharides 
methacrylated.  Me-HA could then be conjugated via Michael Addition reactions with molecules 
containing free thiol groups. In some cases, Me-HA was conjugated with the cysteine-containing 
RGD peptide (Ac-GCGYGRGDSPG-NH2, Anaspec) to add integrin-adhesive functionality at a 
concentration of 0.5 mmol/L. Finally, hydrogels were formed by crosslinking 5 wt% Me-HA in 
DMEM (Invitrogen) with varying concentrations of the bifunctional thiol dithiothreitol (DTT, 
Sigma-Aldrich), ranging from 2.79 mmol/L (to yield 0.15 kPa) to 22.3 mmol/L (to yield 6.9 
kPa). After 1 hour crosslinking time, the hydrogels were rinsed thoroughly with PBS prior to cell 
seeding. 

3.3.3 Rheological measurements  

The shear modulus of various hydrogel formulations was measured using oscillatory 
rheometry as described previously (72). Briefly, hydrogels were first crosslinked by incubation 
for 1 hour in a humidified 37°C chamber. Rheological testing consisted of frequency sweeps 
ranging from 100 Hz to 0.1 Hz at 0.5% amplitude, also in a humidified 37°C chamber. Shear 
modulus was reported as the storage modulus at an oscillation frequency of 0.1 Hz. 

3.3.4 Functionalization of HA hydrogels with full-length proteins 

After crosslinking, some HA hydrogels were functionalized with adhesive proteins in a 
method adapted from a previous study (97). Since the hydrogels are resistant to passive protein 
adsorption, crosslinked hydrogels were conjugated with poly-L-lysine by carbodiimide chemistry 
using 0.5 M EDC (Pierce) and 0.5 M NHS (Sigma) in 0.1 M MES buffer at pH 5.8. After 
rinsing, a solution of 0.5% poly-L-lysine (Sigma) in PBS was added for 1.5 h, then a 0.1 mg/mL 
solution of human plasma fibronectin (Millipore) or rat laminin (Life Technologies) was 
adsorbed for 1 hour at room temperature. Before cell seeding, the hydrogels were rinsed with 
PBS. 

3.3.5 Cell culture  

U373-MG and U87-MG human glioblastoma cells were obtained from the University of 
California, Berkeley Tissue Culture Facility, which sources its cultures directly from the ATCC. 
We note that ATCC U373-MG cells have been discovered to share common origins with SNB-
19 and U251-MG cell lines, although these three lines appear to have since evolved to exhibit 
distinct karyotypes and drug sensitivities (98). Whatever their origins, all of these lines are 
understood to be fully distinct from U87-MG cells and thus serve as an appropriate culture 
model for comparison. Cells were cultured as previously described (4) in DMEM (Invitrogen) 
supplemented with 10% calf serum (JR Scientific), 1% penicillin-streptomycin, MEM 
nonessential amino acids, and sodium pyruvate (Invitrogen). Accutase (Innovative Cell 
Technologies, Inc.) was used to harvest cell cultures from tissue culture polystyrene. 
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3.3.6 Lentiviral shRNA transfection  

To create CD44 knockdown cells, two distinct CD44-specific shRNA constructs 
(V2LHS_111682 and V2LHS_111684, Thermo Scientific) were screened in addition to a non-
targeting scramble sequence (plasmid 1864, Addgene deposited by D. Sabatini) as a negative 
control. Viral particles were packaged using human embryonic kidney 293T cells, then 
transfected into U373-MG human glioblastoma cells with a multiplicity of infection of 1 IU/cell. 
Cells were selected using 1 µg/mL puromycin, and expression of the GFP-containing vectors 
was confirmed using flow cytometry. 

3.3.7 Western blots  

The efficiency of CD44 knockdown was confirmed using Western blots. RIPA buffer 
with protease and phosphatase inhibitors were used to lyse cells. Lysates were heated to 70°C, 
run through a 4-12% bis-tris gel, and then blotted onto a PVDF membrane. Membranes were 
probed with rat anti-pan-CD44 primary antibody (Hermes-1, Pierce) or goat anti-RHAMM 
primary antibody (E-19, Santa Cruz Biotechnology), and mouse anti-GAPDH (Sigma-Aldrich). 
HRP-conjugated secondary antibodies against rat, mouse (Invitrogen), or goat (Zymed), and 
SuperSignal West Dura reagent (Thermo Scientific) were used for chemiluminescent detection. 
Membranes were imaged using the ChemiDoc XRS+ system (Biorad), and bands were 
quantified using ImageLab software (Biorad) and normalized to GAPDH content. 

3.3.8 Centrifugal adhesion assay  

In some cases, cells were pre-treated by incubation in serum-free media with blockers of 
adhesion for 15 minutes, including pan-CD44-neutralizating antibody (Hermes-1, Pierce), rat 
IgG2a control antibody (eBioscience), and soluble RGD peptide (Ac-GCGYGRGDSPG-NH2, 
Anaspec). Cells were seeded either on crosslinked HA hydrogels with or without RGD 
functionality. After a specified adhesion time, wells were completely filled with fresh serum-free 
medium, and the cell culture plate was sealed with an adhesive plate sealer. The plate was then 
inverted and centrifuged for 5 minutes at 100 g. Cells remaining on the hydrogels were then 
fixed and stained with 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen). Automated Otsu 
thresholding analysis of the DAPI images were performed on ImageJ (NIH) to determine a total 
count of the number of cells on each hydrogel. Each condition was tested in at least 3 wells, over 
at least 3 experiments. 

3.3.9 Integrin characterization assay 

To characterize the integrin expression pattern of control and CD44 knockdown cells, an 
α/β Integrin-mediated Cell Adhesion Array Combo Kit (ECM532, EMD Millipore) was used, in 
which antibodies specific for a particular integrin subunit or heterodimer are immobilized onto 
microtiter wells. Cells were nonenzymatically harvested by incubation in 5 mmol/L EDTA for 
20 minutes, then incubated on microtiter plates for 2 hours in serum-free medium. Nonadherent 
cells were gently washed off, and the number of cells was quantified with a colorimetric readout 
per the manufacturer’s instructions. Each integrin subunit or heterodimer antibody was assayed 
in duplicate wells, and the experiment was repeated 3 times. The specificity of each antibody 
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was verified, and published accounts of the antibody clones (99, 100) used differed slightly from 
the kit description; these literature-validated antibody specificities are reported here. 

3.3.10 Live cell time-lapse microscopy  

U373-MG cells were seeded at least 4 hours prior to the beginning of each time-lapse 
experiment. Every 15 minutes, phase contrast images were obtained with a 10× objective. 
Migration speed was measured using manual tracking plugin in Image J. For each cell, the 
displacement of the nucleus for each 15 minute time interval was averaged over 6 hours to obtain 
the mean cell speed. At least 50 cells were analyzed per condition, over at least 3 separate 
experiments. Persistence parameter was calculated as the end-to-end path distance divided by the 
total distance travelled during a 6 hour time span. 

3.3.11 Immunofluorescence staining and cell area measurements  

Mouse anti-vinculin primary antibody (Sigma) and AlexaFluor 546 goat anti-mouse 
secondary antibody (Molecular Probes) were used to visualize vinculin. Rat anti-CD44 primary 
antibody (Hermes-1, Pierce) and AlexaFluor 647 chicken anti-rat secondary antibody (Molecular 
Probes) were used to visualize CD44. Filamentous actin was stained using AlexaFluor 488 
phalloidin (Invitrogen), and nuclei were labeled with DAPI. Confocal images were obtained with 
a swept-field confocal microscope (Prairie Technologies).  Cell area was measured by manually 
tracing the cell edges of live cell phase contrast images taken 24 hours after seeding using 
ImageJ software.  

3.3.12 Transwell invasion assay  

Transwell membrane inserts with 8 µm pores, the smallest pore size we found to be 
permissible for cell invasion in U373-MG cells, were coated overnight with 2 mg/mL high 
molecular weight HA from Streptococcus equi (Sigma), 2 mg/mL low-molecular-weight HA 
(66-90 kDa; Lifecore Biomedical), 3.7 or 9.3 µg/mL human plasma fibronectin (Millipore), or a 
combination of both HA and fibronectin. Membranes not adsorbed with fibronectin were 
blocked with BSA (Sigma). Membranes were then thoroughly rinsed with PBS, and cells were 
seeded at a density of 28,000 cells/cm2 in cell medium supplemented with 1% calf serum. In 
some cases, soluble HA was added to the cell medium in both the upper and lower chambers at a 
concentration of 0.125 or 0.625 mg/mL. Phase contrast microscopy was used to visualize cells 
on either side of clear membranes. To visualize only cells on the underside of the membrane, 
which had therefore invaded through pores, GFP-expressing cells were seeded on Fluoroblok 
membranes and imaged with fluorescence microscopy. Cells were fixed 4 hours after seeding, 
and cells remaining on tops of membranes were removed by scraping with a pipette tip. To 
quantify cells that had invaded through the membrane, fluorescence images of DAPI-stained 
cells were thresholded, and the total number of nuclei in each membrane was counted with 
particle analysis software (ImageJ). To confirm specificity of CD44 with adsorbed HA, control 
cells were pre-incubated with CD44-neutralizing antibody and seeded on HA-coated transwells.  
To confirm specificity of RGD-ligating integrins with adsorbed fibronectin, cells were pre-
incubated with soluble RGD peptide and seeded on fibronectin-coated transwells. 
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3.3.13 Statistical analysis 

Analysis of percentage data for adhesion and invasion assays was preceded by an arcsin 
transformation. For normally distributed data, statistical significance was tested using ANOVA 
followed by Tukey-Kramer multiple comparison, and represented by bar plots with error bars 
representing standard error. Non-normally distributed data was tested by Kruskal-Wallis 
followed by Dunn’s multiple comparison, and represented by box-and-whiskers plots. Boxes 
represent 25th and 75th percentiles, whiskers represent 10th and 90th percentiles, and squares 
represent the mean. All error bars represent standard error. 

3.4 Results 

3.4.1 Expression of proteins associated with HA/CD44-based adhesion is frequently 
aberrant in GBM tumors 

Aberrant expression of CD44 is a common feature of many cancers, so we began by 
investigating to what extent CD44 itself, and related proteins that link it to the cytoskeleton or 
ECM, are misregulated in GBM tumors (101) (Fig. 3.1). On the mRNA level, correlation 
analysis of transcriptomic data from The Cancer Genome Atlas (TCGA) reveals that CD44 is 
indeed frequently overexpressed in GBM tumors, with a median gene expression 4.25-fold 
higher than that of normal brain tissue (Fig. 3.1B), in agreement with many previous smaller-
scale histological studies (6, 11, 50, 102, 103). Further analysis reveals that many other CD44-
related genes that are also commonly overexpressed in GBM, particularly those involved in HA 
synthesis and degradation. The genes HAS1, HAS2, and HAS3, which encode the HA synthases, 
are aberrantly expressed. Importantly, induced HAS2 expression has been shown to promote 
anchorage-independent growth and increases tumorigenicity (7). However, the level of HA 
ultimately found in the matrix is affected both by rates of HA synthesis and several post-
transcriptional levels of regulation, so the median decrease in HA synthase transcription is not 
necessarily inconsistent with the elevated levels of HA in the tumor microenvironment. For 
instance, the expression of hyaluronidases or hyals, which are responsible for HA matrix 
catabolism, are also misregulated, with hyaluronidase-1 and hyaluronidase-3 generally poorly 
expressed relative to normal brain tissue. On the other hand, hyaluronidase-2 is expressed at high 
levels during development but at low levels in the adult brain (104), and its induced 
overexpression promotes tumor invasion in a mouse model (9).  
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Figure 3.1. CD44 is frequently overexpressed in GBM tumors, and correlated with 
misregulation of other proteins involved in CD44-mediated pathways. 
A. Transcriptomic analysis of TCGA microarray data: HA synthases (HAS); hyaluronidases 
(HYAL); the lecticans aggrecan (ACAN), brevican (BCAN), neurocan (NCAN), and versican 
(VCAN); the tenascins tenascin-C (TNC), tenascin-N (TNN), and tenascin-R (TNR); CD44; 
RHAMM (HMMR); the ERM proteins (EZR, RDX, MSN), and the ankyrins (ANK). Percentiles 
are represented by boxes (25, 50, 75), whiskers (10, 90), and dashes (1, 99). Bottom: analysis of 
gene expression correlation with CD44. Red-blue heatmap indicates value of Pearson product–
moment correlation coefficient between CD44 expression and each gene, and P values indicate the 
statistical significance of the correlation. B. Expression of proteins relevant to HA-based brain 
ECM and associated downstream signaling. HA synthase proteins synthesize HA, whereas 
hyaluronidase enzymes degrade HA. Other ECM components that interact with HA include 
lecticans, which bind to both tenascins and HA to form a mesh-like matrix. CD44 and RHAMM 
are the main HA receptors. Intracellularly, CD44 links to the actin cytoskeleton through the ERM 
family proteins and ankyrins. C. Analysis of expression of genes encoding other ECM 
components previously determined to be key for GBM progression: fibronectin (FN1), laminin α-
5 (LAMA5), laminin α -3 (LAMA3), and vitronectin (VTN). 
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In addition to proteins that regulate turnover of the HA network, other proteins that 
physically crosslink linear HA chains together also exhibit altered transcription patterns (Fig. 
3.1A). Among these include the family of lecticans and tenascins, which, with HA, form the 
basic structural components of brain ECM (40). The expression of genes that encode proteins 
key to CD44-mediated intracellular signaling are also misregulated. A notable example is the 
ERM (ezrin, radixin, moesin) family of proteins, which mediates interactions between the 
cytoplasmic domain of CD44 and the actin cytoskeleton, and have known pro-oncogenic 
function (105). All three ERM proteins are overexpressed in tumor tissue, with expression of 
MSN correlating strongly and positively with CD44 expression. Interestingly, while RHAMM 
(receptor for hyaluronic acid-mediated motility) is generally described as a pro-invasive HA 
receptor and has been found to be overexpressed in smaller GBM studies (106), TCGA analysis 
revealed that the median mRNA expression of the encoding gene HMMR in tumors is only 0.53-
fold the expression level of normal brain tissues. This suggests that post-transcriptional 
regulation may have significant effects on HMMR, or that RHAMM overexpression may be a 
feature of a specific subset of GBM tumors. Finally, since HA functions as a key organizational 
scaffold for brain ECM proteins, we examined the gene expression of other ECM proteins (Fig. 
1C). Indeed, GBM tumors overexpress several proteins that ligate integrins through RGD 
peptides, such as fibronectin. Together, these findings motivated us to more deeply investigate 
contributions of CD44 and integrin binding to GBM tumor cell adhesion, migration, and 
invasion.  

3.4.2 CD44-mediated adhesion is important even when RGD is abundant 

Given the wealth of data supporting the importance of integrins in glioma cell-ECM 
adhesion, we first compared the biophysical contributions of CD44 and integrin engagement to 
total cell-ECM adhesion. We initially chose to work with HA hydrogels with stiffnesses similar 
to that of brain tissue, which we fabricated according to our previous description (72). Using a 
centrifugal detachment assay, we measured cell adhesion strength to bare HA hydrogels and HA 
hydrogels functionalized with RGD peptide, both with a shear modulus of 4.6 kPa. Our use of 
the RGD sequence was motivated by the fact that this is the key integrin-binding sequence in 
fibronectin, which is enriched in the ECM of GBM tumors when compared to normal brain 
tissue. RGD is also ubiquitously used within synthetic biomaterials as a modular integrin-binding 
sequence (80, 82, 107), which allowed us to more readily compare our findings with work in 
these other materials systems. We seeded U373-MG human glioblastoma cells transduced virally 
with either a CD44-targeting shRNA (yielding 64% protein expression knockdown, see 
Supplementary Fig. S1A-B in (108)) or a non-targeting control sequence, and allowed the cells 
to adhere for 0.5 or 3 hours in serum-free culture medium. We then measured adhesion strength 
by quantifying the percentage of cells that remained adherent after exerting a detachment force 
of 100 g to remove weakly adhered cells. 

When cells were centrifuged 0.5 hours after initial seeding, 21% of control cells remained 
adherent to the bare HA hydrogel (Fig. 3.2A). Incorporation of an RGD peptide into the hydrogel 
yielded a modest but statistically significant increase in cell adhesion. When the same surfaces 
were presented to the CD44 knockdown cells, bare HA hydrogels yielded negligible adhesion, 
while adhesion to HA-RGD hydrogels was reduced twofold relative to control cells. To confirm 
the molecular specificity of this effect with an alternative approach, we incubated control cells 
with a CD44-neutralizing antibody, which yielded qualitatively identical results. We also 
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confirmed that CD44 knockdown altered neither integrin subtype expression nor cell viability 
(see Supplementary Fig. S2 in (108)). Notably, and as reported previously (22), CD44 
suppression increased expression of the HA receptor RHAMM (see Supplementary Fig. S1C-D 
in (108)), indicating that the effects of depleting CD44 could not be fully rescued by 
enhancement of other HA adhesion proteins. 

 

 

Figure 3.2. U373-MG cell adhesion to HA hydrogels is CD44 and stiffness 
dependent. 
A. Adhesion of cells on 4.6 kPa hydrogels at short (0.5 hours) time scales. Control cells or CD44 
knockdown (k.d.) cells were allowed to attach to substrates in the absence or presence of adhesion 
blockers, including a-CD44 neutralizing antibody, IgG isotype control antibody, or soluble RGD 
peptide; then centrifuged to induce detachment of weakly adhered cells. B. Adhesion of cells on 
4.6 kPa hydrogels at longer (3 hours) time scales. C. Adhesion of cells on bare HA hydrogels as a 
function of stiffness after 0.5-hour adhesion time. D. Adhesion of cells on RGD-functionalized 
HA hydrogels as a function of stiffness after 0.5-hour adhesion time. #, P < 0.05 differences 
between stiffnesses by Tukey–Kramer; *, P < 0.05 by Student t test. 
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As expected, pre-incubation of both cell types with an isotype-matched IgG antibody led 
to similar attachment as the untreated control condition. Pre-treatment of cells with a soluble 
RGD peptide redxuced adhesion to HA-RGD but not to bare HA hydrogels, confirming that the 
cells adhered to the crosslinked HA through an RGD receptor-independent mechanism. When 
we repeated this assay for a longer adhesion time of 3 h, the only conditions that resulted in 
increased adhesion were those with both CD44- and integrin-based adhesions (Fig. 3.2B). 
Together, these data suggest that CD44 is largely responsible for adhesion on early time scales 
(0.5 h), and that these initial adhesions are later reinforced by integrin-mediated adhesions, if 
available, on longer time scales (3 h). 

3.4.3 CD44-mediated adhesion, spreading, and motility is dependent on HA stiffness 

It is well established that integrin-based adhesion and signaling are strongly sensitive to 
ECM stiffness (83, 109-111). Given that GBM invasion is accompanied by HA deposition (6) 
and tissue stiffening (89), and that glioma invasion requires the ability to sense and transduce 
mechanical force, we wondered whether this integrin-independent HA/CD44-mediated adhesion 
might also be stiffness-sensitive. We therefore systematically varied the stiffness of our bare HA 
hydrogels while keeping HA concentration constant at 5 wt%, and used the same centrifugation 
assay to ask whether HA matrix stiffness altered cell adhesion (Fig. 3.2C-D). Our studies 
revealed that on bare HA hydrogels, adhesion of CD44-positive cells increased with stiffness, 
whereas adhesion of CD44 knockdown cells, while still sensitive to stiffness, was vastly reduced 
(Fig. 3.3D). Thus, CD44-HA adhesion is intrinsically mechanosensitive to matrix stiffness in a 
manner that does not require integrin ligation. Incorporation of RGD into the hydrogels increased 
adhesion at all stiffnesses for both cell types, but still resulted in a stiffness-dependent trend. 
Even with integrin ligation present, CD44 knockdown reduced cell adhesion at all stiffnesses 
tested (Fig. 3.2D). 

To determine whether this CD44-mediated mechanosensing had functional consequences 
for cell behaviors relevant to tumor invasion, we next explored the relative roles of CD44 and 
integrins in stiffness-dependent spreading and motility on HA-based hydrogels. When allowed to 
adhere over a period of 24 hours in medium containing 10% serum, control U373-MG cells 
exhibited differing morphologies depending on stiffness and presence of RGD (Fig. 3.3). Cell 
area analysis performed on images obtained 24 hours after seeding shows that, consistent with 
our past observations (72), HA hydrogels functionalized with RGD induced stiffness-dependent 
spreading (Fig. 3.3B). Surprisingly, cells seeded on HA substrates devoid of RGD still exhibited 
stiffness-dependent spreading, although the stiffness dependence was less steep than that of cells 
on HA-RGD hydrogels (Fig. 3.3A). On compliant bare HA hydrogels of 0.95 kPa, all cells 
remained rounded and formed sparse multicellular aggregates, as expected for a low-adhesion 
environment (112). On stiffer 4.9 kPa and 6.9 kPa bare HA hydrogels, cells predominantly 
adhered as single cells, with CD44-positive processes and without vinculin-positive adhesive 
plaques. Cell spreading was dramatically reduced compared to cells on RGD-functionalized 
surfaces (Fig. 3.3C). In contrast, cells on 6.9 kPa HA-RGD hydrogels exhibited stress fibers, 
which were absent in bare HA hydrogels of all stiffnesses. Similar results were seen with U87-
MG human glioblastoma cells, albeit with expected variations in morphology between cell lines 
(Fig. 3.3D).  In both cases, addition of RGD to the substrate resulted in localization of vinculin 
staining to the tips of protrusions, while vinculin staining remained diffuse on bare HA 
hydrogels.  
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Consistent with the CD44-specificity of this adhesion, cell spreading measurements on 
bare HA hydrogels could not be obtained for CD44 knockdown cells due to insufficient adhesion 
to the hydrogel. With the addition of RGD to the matrix, however, these cells exhibited similar 
spreading as control cells on the same matrix (Fig. 3.3B). This implies that over timescales of 
roughly 24 hours and with the addition of 10% serum to the culture medium, integrin-based 
adhesions are able to compensate for the lack of CD44 adhesions on two-dimensional cell 
spreading and motility. 

To gain further insight into CD44-dependent cell motility, we used time lapse 
microscopy to record cell migration on HA and HA-RGD matrices 12-18 hours after seeding. 
Cells were able to productively migrate at comparable speeds with or without RGD 
functionalization.  The speed of this migration was sensitive to HA matrix stiffness, both in the 
absence and presence of RGD peptide (Movie 1, Fig. 3.4A). Interestingly, the speed-stiffness 
relationships for the two materials crossed over, such that bare HA hydrogels supported faster 
migration for the lowest stiffnesses (<1 kPa) whereas HA-RGD hydrogels supported faster 
migration for the higher stiffnesses (>4 kPa). On all but the softest substrates tested, cells on bare 
HA surfaces at times exhibited protrusions that permitted productive motility, but were generally 
shorter-lived than the larger lamellipodial structures seen on cells with RGD-integrin binding 
(Fig. 3.4D). Bare HA substrates supported less directionally persistent migration compared to 
hydrogels with RGD at all stiffnesses (Fig. 3.4B). Thus, despite the lack of classically “spread” 
2D morphology, glioma cells are still able to productively migrate on two-dimensional bare HA 
hydrogels using only CD44-based adhesion and without integrin-based adhesion. As with spread 
area and morphology, CD44 knockdown cells exhibited RGD concentration-dependent migration 
equivalent to that of control cells (Fig. 3.4C). In other words, knockdown of CD44 does not 
affect cell spreading or motility when abundant integrin-based signaling is available. To 
demonstrate that these results generally apply to a range of integrin ligands and not just RGD 
peptides, we functionalized HA hydrogels with full-length fibronectin or laminin and obtained 
similar cell spread area and cell speed dependence on hydrogel stiffness (see Supplementary Fig. 
S3 in (108)). 
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Figure 3.3. U373-MG glioma cell spreading and morphology on HA-based hydrogel 
is stiffness dependent. 
A. Cell spread area after 24 hours of adhesion on bare HA hydrogels, and B. HA hydrogels 
functionalized with RGD. Hydrogel shear modulus is displayed on the x-axis. A, B, and C 
statistical families show P < 0.05 from Dunn test for multiple comparison of nonnormally 
distributed data. Boxes represent 25th and 75th percentiles, whiskers represent 10th and 90th 
percentiles. C. Cell morphology of U373-MG human glioblastoma cells on HA hydrogel in the 
absence of integrin-based binding differs from cells spread on HA functionalized with RGD. 
Colors in top row represent localization of CD44 (red), F-actin (phalloidin, green), and nuclear 
DNA (DAPI, blue). Bottom row depicts localization of vinculin. Scale bar, 50 μm. D. Cell 
morphology of U87-MG human glioblastoma cells with same conditions described in C. 
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3.4.4 CD44-mediated adhesion promotes glioma invasiveness 

The above studies reveal that CD44 can mediate mechanotransductive signaling and 
support matrix adhesion and two-dimensional motility without giving rise to mature, vinculin-
positive focal adhesions. To test whether this mode of adhesion might also support the highly 
aggressive invasion of glioma cells through the narrow interstices in brain parenchyma, we 
employed a three-dimensional transwell invasion model. 

To confirm that adsorbed HA and fibronectin would still engage CD44 and integrins in a 
manner similar to that of the crosslinked HA hydrogels (as seen in Fig. 3.2), we first performed a 
series of adhesion control experiments with full-length fibronectin, which revealed similar ligand 
density-dependent spreading behavior as with RGD (see Supp. Fig. S3 in (108)). To confirm that 
CD44- and integrin-speicific adhesions are capable of inducing transwell invasion, we next 
performed receptor blocking experiments (Fig. 3.5A-B). First, control cells were pre-incubated 
with CD44-neutralizing antibody in suspension, then seeded on transwell membranes coated 
with HA and blocked with BSA. The resulting drop in cell invasion compared to cells not 
blocked with CD44-neutralizing antibody indicated that an appreciable component of the 
adhesion to adsorbed HA could be attributed to CD44 (Fig. 3.5A). Second, CD44 knockdown 
cells were pre-incubated with soluble RGD peptide, and the resulting abrogation of cell invasion 
on fibronectin-coated surfaces compared to unblocked cells indicated that the same receptors, 
presumably integrins, engage both RGD and fibronectin (Fig. 3.5B).  

To test how CD44 and integrin ligation contribute to cell invasion when both cognate 
matrix elements were present, we then coated transwell membrane inserts containing 8 µm pores 
with HA, various concentrations of fibronectin, or both HA and fibronectin. The transwell 
invasion model has previously been shown to be predictive of glioma cell invasion through tissue 
(56). Membranes coated only with HA were also blocked with BSA, and membranes coated only 
with BSA were used as a negative control to measure baseline invasion with minimal receptor-
mediated adhesion. Interestingly, CD44-expressing control cells were most invasive across 
membranes coated with HA with BSA, but not fibronectin (Fig. 3.5C). This phenomenon is 
CD44-specific, because the invasive motility of CD44 knockdown cells across these same 
membranes was significantly lower and indistinguishable from results obtained with BSA-coated 
membranes. Moreover, inclusion of fibronectin on HA-coated membranes reduced invasive 
motility in a concentration-dependent fashion; adsorption from a solution of 9.3 µg/mL 
fibronectin with HA reduced invasion of control cells 2.2-fold relative to HA-coated membranes, 
whereas 3.7 µg/mL fibronectin with HA yielded intermediate levels of invasion. To compare the 
effect of soluble HA to adsorbed HA, we added soluble HA in the media of both the top and 
bottom chambers of the transwell membrane.  This did not lead to a significant increase in cell 
invasion compared to the BSA control. 

To gain mechanistic insight into these results, we obtained both phase contrast images of 
cells adhered to either side of each membrane and fluorescence images of GFP-expressing cells 
that had invaded through the membrane to the undersides of Fluoroblok membranes (Fig. 3.5D). 
Consistent with adhesion results on HA and HA-RGD gels (Fig. 3.2A), control cells attached 
readily to membranes coated with HA and/or fibronectin. However, control cells invaded 
membranes coated in HA much more than membranes coated with either fibronectin alone or 
both HA and fibronectin. This implies that fibronectin enhanced ECM engagement and cell 
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spreading, but hindered invasion. When neither type of adhesion was available (CD44 
knockdown cells on HA+BSA matrix, or any cell population on BSA matrix), cells rarely 
attached or spread, which also precluded invasion. Only in an intermediate range of adhesion 
strength, in which HA-CD44 adhesion was available but integrin adhesion was not, did invasion 
proceed appreciably higher than baseline levels. 
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Figure 3.4. U373-MG glioma cell motility on HA-based hydrogel is CD44- and 
stiffness-dependent. 
A. Cell migration speed 12 to 18 hours after seeding on bare HA hydrogels and on RGD-
functionalized HA hydrogels. Hydrogel shear modulus is displayed on the x-axis. A, B, and C 
statistical families show P < 0.05 Dunn test for multiple comparison of nonnormally distributed 
data. Boxes represent 25th and 75th percentiles, whiskers represent 10th and 90th percentiles. For 
pairwise comparisons between cell speeds on HA and HA-RGD hydrogels at a given shear 
modulus, *, P < 0.1, **, P < 0.05 by Student t test. B. Comparison of cell migration speed of 
control U373-MG cells with CD44 knockdown counterparts on HA hydrogels of varying RGD 
concentration. Comparison could not be made on bare HA hydrogels because of insufficient 
adhesion of CD44 knockdown cells in the absence of RGD functionalization. With HA 
functionalization of 1 mmol/L RGD, very few CD44 knockdown cells attached. At all other RGD 
concentrations tested, no statistical difference in the migration speed between the 2 cell lines was 
found. Under all conditions tested, differences between control and CD44 knockdown cell speeds 
were not statistically significant. C. Persistence parameter of random cell motility paths on bare 
HA- and RGD-functionalized hydrogels. *, P < 0.1, **, P < 0.05 by Student t test. D. Still images 
taken from time lapse microscopy. Each column represents a 0.5-hour interval. On bare HA of 
0.95 kPa, cells consistently remain rounded. On bare HA of 6.9 kPa, cells extend small protrusions 
that rupture quickly, such as the one indicated by white arrows, which lead to productive 
migration. In contrast, cells on stiff HA-RGD hydrogels exhibit broad, stable lamellipodia. Scale 
bar, 25 μm. 
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Figure 3.5. U373-MG glioma cell invasion through transwell membranes is 
promoted by HA–CD44 adhesion, but not by fibronectin–integrin adhesion. 
A Incubating control cells plated on HA + BSA coated transwells with CD44-neutralizing 
antibody drastically reduces invasion, demonstrating that interaction with HA is CD44 dependent. 
B Incubating CD44 knockdown cells with soluble RGD peptide on membranes coated with 3.7 
mg/mL fibronectin strongly attenuates invasion, demonstrating that adhesion to fibronectin is 
integrin dependent. *, P < 0.05 multiple comparison by Tukey–Kramer; #, P < 0.05 by Student t 
test. C Percent of control or CD44 knockdown U373-MG glioma cells that invaded through 8-μm 
pores in membranes coated with combinations of HA, varying concentrations of fibronectin (FN) 
and BSA, or with HA dissolved in the cell media (soluble HA). Statistically significant differences 
of P < 0.05 from multiple comparisons within cell line groups by Tukey–Kramer are grouped by 
A, B, and C statistical families. *, P < 0.05 t test pairwise comparisons of cell lines on the same 
substrate. D Representative phase contrast images of cells either above or below clear transwell 
membranes (top row), and GFP-expressing cells below Fluoroblok membranes (bottom row). 
Both types of membranes have 8-mm pores, and images were taken 2.5 hours after cell seeding. 
Scale bars, 100 μm. 
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3.5 Discussion 

Given the biochemical and biophysical changes in brain tissue associated with GBM 
progression, we were motivated to investigate how glioma invasion is affected by the nature of 
cell-matrix adhesions and the mechanical properties of the ECM. In addition to exposing 
previously underappreciated correlations between expression of CD44, pro-oncogenic signals, 
and HA-synthesizing proteins, we have also found evidence that CD44-HA adhesion is 
intrinsically mechanosensitive and occurs on a faster time scale than integrin-based binding. 
Most importantly, we find that while both adhesion systems support robust two-dimensional 
motility, CD44-based adhesion is accompanied by extension of small, short-lived processes, 
whereas integrin-based adhesion is associated with broad lamellipodia and more directionally 
persistent migration. These differences extend to three-dimensional migration through 
constricted pores, as CD44-HA adhesion drives optimal invasion in a transwell paradigm. 

To explain our transwell results, we assembled a model based on previously described 
models of glioma invasion through constricted spaces (56) and adhesion strength on cell 
migration (113). Based on these and our observations, we propose a model in which optimal cell 
invasion requires a balance between cell-matrix adhesion and turnover (Fig. 3.6). In other words, 
we postulate that while CD44 alone can support cell adhesion, these adhesions are less 
mechanically reinforced than those formed by integrins. Consistent with this idea, integrin 
ligation is accompanied by formation of actomyosin bundles and focal adhesions (Fig. 3.3C-D), 
which slows migration through narrow pores. This model is supported by our measurements of 
adhesion, spreading, and migration on two-dimensional bare HA surfaces, where the finding that 
CD44 can support adhesion without lamellipodial spreading suggests that the latter is not 
required for robust adhesion or migration. Thus, invasion through three-dimensional pores is not 
directly predictable from two-dimensional motility alone, which is broadly consistent with the 
recent observation that two-dimensional protrusive propensity predicts three-dimensional 
migration speed much more accurately than does two-dimensional migration speed (114). 
Therefore, previously described causal relationships between CD44 expression, tumor size, and 
survival time in vivo (18) may not only be due to CD44-mediated stimulation of canonical pro-
oncogenic signaling, but also through promotion of glioma invasion by biophysical mechanisms.   

Using transwell assays and engineered HA hydrogels, we have demonstrated that in a 
range of timescales from 0.5-24 h, CD44 is capable of supporting glioma cell adhesion in the 
absence of integrin engagement. Ultimately, our results indicate that CD44 may serve a directly 
pro-invasive function through the formation of short-lived matrix adhesions. Previous studies 
support the first observation that HA promotes glioma cell invasion, either by addition of HA 
into a Matrigel coating (45), addition of soluble HA in the cell culture medium, (115) or 
overexpression of the HA synthases HAS1 (116) or HAS2 (117). Consistent with these earlier 
studies, we have directly shown that adsorption of HA onto transwell membranes strongly 
enhances invasion in a CD44-dependent manner. While integrins have been extensively 
demonstrated to contribute to GBM tumor growth and invasion (118, 119), our data suggest a 
complex interplay between integrins and CD44 that remains to be fully elucidated. 

Remarkably, glioma cell adhesion, spreading, and two-dimensional motility are all 
sensitive to HA stiffness via CD44. We note that cell spreading is less sensitive to stiffness when 
CD44, rather than integrins, mediate adhesion; whether this is due to differences in the receptors 
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themselves, the signals they transduce, or integrin-CD44 interactions remains to be investigated. 
This CD44-mediated mechanosensing has functional consequences for cell behaviors relevant to 
tumor invasion. It has long been appreciated that the molecular weight of HA can vary widely 
from oligomers of 4 disaccharides to macromolecules composed of up to 30,000 disaccharides, 
and these can have strikingly different effects on the activation of downstream signals (120). Full 
length HA is anti-angiogenic, whereas oligosaccharides of HA trigger angiogenesis (121) by a 
variety of mechanisms, including activation of PKCα and Src (122). However, the biophysical 
basis of HA molecular weight effects remain unexplored. In particular, the recent discovery that 
exceptionally high molecular weight HA strongly promotes cancer resistance and longevity in 
the naked mole rat (123) adds further relevance to our observations. Our data suggest a 
mechanism in which cells are able to differentiate HA molecular weight in part by detecting the 
mechanical rigidity of CD44-bound ligands. To date, one previous study has provided evidence 
that CD44 may play a role in sensing these rigidity differences in fibroblast cells (124), and 
another recent study indicates that CD44 can support or alter integrin-mediated mechanical 
signals in cardiac myocytes (125). In GBM, the extreme overexpression of HYAL-2 (Fig. 3.1A), 
typically seen only in developing brain, suggests that tumor cells may resurrect the pro-migratory 
and angiogenic processes associated with development (104) by generating low molecular 
weight HA fragments. 

An important innovation of our study is the use of solid-state HA substrates, which are a 
more physiologically-mimetic form of the high-molecular weight HA that composes much of 
brain ECM.  This also added another level of control by enabling us to vary HA stiffness. HA 
must be chemically methacrylated prior to crosslinking, which raises the potential concern that 
this functionalization may alter the binding affinity of HA for CD44. However, our adhesion 
assay results (Fig. 3.2A-B) demonstrate that HA methacrylation preserves CD44 binding 
function.  Furthermore, the main binding site of CD44 for HA does not include the hydroxyl 
group of the N-acetyl glucosamine monomer, which is most likely to become methacrylated, and 
this hydroxyl group points away from the N-acetyl group that is essential for CD44 binding 
(126).  Ultimately, additional layers of complexity are needed to capture key aspects of 
perivascular invasion, in which GBM cells infiltrate tissue by following vascular structures. 

According to the “motor-clutch” model for cellular mechanosensing (127, 128), the 
comparatively weak CD44–HA bond would shift stiffness-sensitivity to lower stiffness values 
than the stronger integrin-based adhesions. This is supported by previously reported binding 
affinities for CD44 to HA10, 50 μM (126), which are much lower than that of activated α5β1 for 
fibronectin, reported as 90 nM (129). Given that brain matrix is a relatively compliant tissue that 
presumably limits cell-induced tissue stresses, it stands to reason that under these conditions, the 
weaker CD44-HA adhesion pair might serve as an important mechanotransducer. Indeed, our 
two-dimensional motility data agrees with this model; addition of RGD to the HA matrix 
expands the range over which cell speed is sensitive to matrix stiffness, whereas cell speed on 
bare HA hydrogels plateaus at lower stiffness values. Finally, our data also show that there is a 
time-dependent cooperation between the two adhesion receptors, in which CD44-HA adhesions 
form relatively quickly within 0.5 hours, and integrin-RGD adhesions take longer to mature. If 
CD44 is not available, then over a period of 0.5-3 hours, adhesion is drastically decreased if 
serum is not present, but over longer timescales of 24 hours in the presence of serum, integrin-
based adhesion is able to compensate. This lag time between the maturation of the two types of 
adhesions may be due to the large ensemble of proteins that are required to form mature focal 
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adhesions, while CD44 adhesions require the association of relatively few components. The 
initiation of adhesion by cell membrane-bound HA to substrates temporally followed by integrin-
based interaction has previously been observed with chondrocytes on protein-coated glass (130), 
but our results demonstrate definitively that CD44 is responsible for this early adhesion, and that 
the extracellular matrix can be engineered to modulate these interactions.  

Our study raises a number of new questions in both cellular mechanobiology and the 
pathophysiology of GBM: What is the molecular basis of CD44-based mechanosensing, and to 
what extent do these mechanisms crosstalk with integrin-based mechanosensing? How do these 
CD44-based mechanotransductive signals ultimately influence gene expression? And finally, can 
interruption of these mechanotransductive signals limit tumor growth and invasion in vivo? 
Orthogonal control of these two adhesive systems with the use of engineered materials, systems 
biological tools, and animal models will help clarify these important issues, and potentially yield 
unexpected new insights into the biophysical basis of tumor invasion. 
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Figure 3.6. Proposed model for influence of adhesion strength on cell invasion. 
We propose a model for cell invasion that involves a balance between formation and turnover of 
cell adhesions. A With little to no cell adhesion to the substrate, extrusion of the cell body through 
a confined space is not possible. B With an optimal balance between adhesion and detachment, as 
is the case with the relatively labile CD44–HA interaction, cells have the highest invasion 
potential. C When abundant integrin-based adhesion is present, the cells spread extensively and 
adhere robustly on the substrate but do not invade. 
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Chapter 4. Exploring downstream mechanisms of 
CD44-based mechanosensing 

 

 

 

4.1 Abstract 

In the previous chapter, we discovered that CD44 is sensitive to the mechanical 
properties of a hyaluronic acid (HA)-based matrix in the absence of adhesive protein. Here, we 
seek to understand the exact mechanism by which this occurs by using gene knockdown to 
attenuate signals from ezrin, radixin, and moesin, well-known downstream mediators of CD44. 
While these manipulations did not result in any appreciable change in cell adhesion as a function 
of HA stiffness, these results narrow down the list of molecular candidates that may enable 
cellular response to HA stiffness.  

4.2 Introduction 

While many pathways are known to lie downstream of CD44, our previous findings (108) 
beg the question of which specific molecular mechanisms are involved in sensing the mechanical 
properties of the HA network to which CD44 is bound. Here, we investigate the ERM (ezrin, 
radixin, moesin) family proteins for their possible involvement in this phenomenon. The ERM 
proteins link the intracellular tail of several transmembrane proteins, including CD44, to the 
actin cytoskeleton, which forms one of the major structural and motile elements of the cell. Thus, 
the highly conserved ERM proteins are critical for a diverse set of cell functions, ranging from 
cell polarity, mitosis, cell signaling, and cell motility (131, 132). 

The ERM proteins share an actin-binding domain at the C terminus and a FERM domain 
(named for Protein 4.1, ERM) at the N terminus, which binds to a variety of membrane proteins 
including CD44, ICAM1, and L1CAM (133). The binding activity of ERMs is regulated by 
conformation; in the dormant confirmation, the FERM and C terminus bind, causing the protein 
to fold over into a hairpin structure. When recruited to the cell membrane by PIP2 and 
phosphorylated by upstream kinases, ERMs are free to bind at both termini and perform their 
linking function. The kinases mainly responsible for phosphorylating and activating ERMs 
include Rho-associated kinase (ROCK), protein kinase C (PKC) α and θ, and human 
serine/threonine kinase (MST-4) (134). In addition to direct phosphorylation by ROCK, ERMs 
also can have upstream crosstalk with the RhoGTPases by binding directly to Rho-GDP 
dissociation inhibitor (Rho-GDI) to free up Rho proteins to bind to GTP, thereby promoting Rho 
activity (135, 136). 

ERMs have been recognized to promote motility and metastasis in many cancers (137, 
138). In GBM, ezrin (139), radixin (140), and moesin (141) are all overexpressed compared to 
normal brain tissue. These reports are in good agreement of our analysis of the publicly available 
TCGA dataset described in Chapter 3, in which we found that median mRNA expression of 
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ezrin, radixin, and moesin are 3.3, 3.9, and 11.2-fold higher, respectively, in GBM tumors 
compared to matched healthy tissues (Fig. 3.1A). The expression of radixin and moesin both 
correlated strongly with CD44 expression. Functionally, moesin is required for HA-induced 
migration of glioma cells (141), and moesin-CD44 interaction induces glioma proliferation via 
the Wnt/β-catenin pathway (105). 

A close relative and competitive inhibitor of ERMs, merlin, shares the FERM domain but 
lacks the actin-binding domain, and thus the merlin gene NF2 acts as a tumor suppressor (131). 
For instance, genetic overexpression of merlin in glioma cell lines greatly inhibits tumor growth 
in an intracranial animal model (142). These clues of the important role of ERMs in gliomas 
further motivated us to first investigate whether this family of proteins is involved in CD44-
based mechanosensing. 

4.3 Materials and Methods 

4.3.1 Lentiviral shRNA transfection 

To create knockdown cells, 3-4 distinct specific shRNA constructs (GE Dharmacon) 
were screened in addition to a non-targeting scramble sequence as a negative control. Viral 
particles were packaged using human embryonic kidney 293T cells, then transfected into U251-
MG human glioblastoma cells with a multiplicity of infection of 1 IU/cell. Cells were selected 
using 1 µg/mL puromycin, and expression of the GFP-containing vectors was confirmed using 
flow cytometry. 

4.3.2 Western blot 

ERM knockdown was quantified by Western blot. RIPA buffer with protease and 
phosphatase inhibitors were used to lyse cells. Lysates were heated to 70°C, run through a 4-12% 
bis-tris gel, and then blotted onto a PVDF membrane. Membranes were probed with mouse 
monoclonal anti-ezrin antibody (3C12, Thermo Scientific), rabbit monoclonal anti-radixin 
antibody (C4G7, Cell Signaling Technology), or mouse monoclonal anti-moesin antibody (BD 
Biosciences), and mouse anti-GAPDH (Sigma-Aldrich). HRP-conjugated secondary antibodies 
against rabbit or mouse (Invitrogen) and SuperSignal West Dura reagent (Thermo Scientific) 
were used for chemiluminescent detection. Membranes were imaged using the ChemiDoc XRS+ 
system (Biorad), and bands were quantified using ImageLab software (Biorad) and normalized to 
GAPDH content. 

4.3.3 Cell adhesion assay 

Cell adhesion to bare HA hydrogels was quantified using the centrifugal adhesion assay 
detailed in Chapter 3. In some experiments, cells were treated starting 24 hours prior to the cell 
adhesion assay with 100 nM of DX-52-1 (National Cancer Institute Developmental Therapeutics 
Program Drug Repository), a pharmacological ERM inhibitor. DX-52-1 has previously been 
shown to inhibit ERM binding to F-actin, particularly moesin in the case of glioma (105). During 
the 30 minute incubation period of the adhesion assay, DX-52-1 was also added to the cell 
medium. 
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4.3.4 Transwell invasion assay 

Transwell membrane inserts with 8 µm pores were coated overnight with 2 mg/mL high 
molecular weight HA from Streptococcus equi (Sigma), then blocked with 2 mg/mL BSA 
(Sigma). Membranes were then thoroughly rinsed with PBS, and cells were seeded at a density 
of 28,000 cells/cm2 in cell medium supplemented with 1% calf serum (Hyclone). Cells were 
fixed 4 hours after seeding, and cells remaining on tops of membranes were removed by scraping 
with a pipette tip. To quantify cells that had invaded through the membrane, fluorescence images 
of DAPI-stained cells were thresholded, and the total number of nuclei in each membrane was 
counted with particle analysis software (ImageJ). 

 

4.4 Results 

U251-MG cells were virally transduced with unique ezrin-, radixin-, or moesin-targeting 
shRNA or a non-targeting negative control sequence. These resulted in statistically significant 
93%, 99%, and 78% reduction in protein expression of ezrin, radixin, and moesin, respectively, 
as quantified by Western blot (Fig. 4.1A-C). In order to confirm that CD44 expression was 
unaltered, ERM knockdown cell lines were also compared to non-targeting and CD44 
knockdown cells for CD44 expression (Fig. 4.1D). 

 

Figure 4.1. Ezrin, radixin, and moesin protein expression by Western blot. 
Quantification of protein expression of A. ezrin B. radixin and C. moesin in U251-MG 
cells. D. To verity that CD44 expression was not affected, relative CD44 expression was 
also quantified. *, P<0.05; #, P<0.1; compared to non-targeting control condition. 

A B 

C D 
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 After confirming that the gene knockdowns were effective and specific, we next tested 
how ERM knockdown might change cell adhesion, and if it would blunt the previously found 
mechanosensitivity to bare HA surfaces (Fig. 3.2C). This was done by examining the profile of 
cell adhesion after a 30 minute incubation time on bare HA hydrogels of varying stiffness (Fig. 
4.2A). Confirming our previous findings, CD44 knockdown drastically reduced cell adhesion at 
the two tested stiffnesses, 1.1 kPa and 6.5 kPa. However, all three ERM knockdown cell lines 
did not yield any change in CD44-based cell adhesion to bare HA matrices. 

 To alter ERM-CD44 interactions using an alternate strategy that has some efficacy in 
simultaneously inhibiting all three ERM proteins, we next pre-treated cells 24 hours in advance 
of the adhesion assay with a small molecule analog of quinocarmycin called DX-52-1. This drug 
binds covalently to the ERM proteins to prevent interaction with actin (143), and has been shown 
to inhibit the pro-proliferative effects of moesin overexpression in glioma (105). However, DX-
52-1 also did not have any significant affect on cell adhesion (Fig. 4.2B). In order to confirm that 
the lack of effect from ERM inhibition is not unique to the U251-MG cell line, U373-MG (Fig. 
4.2C) was also tested. Again, no statistically significant effects were seen. 

 Previously, we found that CD44 expression was necessary for efficient invasion through 
HA-rich membranes a transwell model (Fig. 3.5). Therefore, we compared the effect of ERM 
knockdown on this more definitive endpoint of cell invasion (Fig 4.3). The results indicated that 
while CD44 knockdown consistently reduced cell invasion as before, ERM knockdown and DX-
52-1 treatment did not have any effect on invasion. 
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Figure 4.2. Genetic or pharmacological inhibition of ERM proteins did not result in 
significant changes in cell adhesion. 
A. Gene knockdown of ERM protein expression on U251-MG cells did not change cell adhesion 
in a statistically significant manner at any of the tested stiffnesses of bare HA hydrogels. 
Consistent with previous results, CD44 knockdown did significantly reduce cell adhesion at the 
tested stiffnesses, 1.1 and 6.5 kPa. B. Pharmacological inhibition of ERM-CD44 inhibition using 
DX-52-1 also did not significantly influence U251-MG cell adhesion. C. To confirm that the 
negative findings were not specific to the U251-MG cell line, DX-52-1 treatment was also tested 
on U373-MG cells, but also did not yield any changes in stiffness sensitivity. 

A 

B C 
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4.5 Discussion 

Given the well-established overexpression of the ezrin-radixin-moesin (ERM) family 
proteins in GBM and its known role in cell motility and cancer invasion, we sought out to 
determine whether ERMs are responsible for sensitivity of CD44 to the stiffness of a bare HA 
matrix using genetic and pharmacological tools. In both cases, no consistent differences between 
control and treated cells were found in cell adhesion or stiffness sensitivity. Several explanations 
are possible for this lack of effect. First, although our knockdowns are quite efficient (93%, 99%, 
and 78% reduction in ezrin, radixin, and moesin expression, respectively, Fig. 4.1), the 
remaining amount of protein may still have been sufficient to display a normal phenotype, 
especially since there is some functional redundancy between the three proteins. In order to test 
this, immunohistochemistry (IHC) may be employed to determine the localization of ERM 
proteins at the cell-HA matrix interface, and to identify if knockdown of one protein leads to 
recruitment of the others to adhesions. However, since IHC is a semi-quantitative measure, this 
technique may not be sensitive enough to detect small changes in localization. 

In order to circumvent the possible functional redundancy between ERM proteins, we 
also sought to use a pan-ERM inhibitor to elicit a change in CD44-based adhesion. While others 
report significant effects from DX-52-1 inhibitor on many glioma cell lines (105), the drug may 
not have been potent enough at the 100 nM concentration used in our studies with U251-MG and 
U373-MG cells, and perhaps a measurable effect on cell adhesion would be seen at higher doses 
of inhibitor. Alternate genetic strategies can also be employed to intercept ERM-CD44 
interaction more effectively, such as a dominant-negative ERM construct created using ezrin, 
with the actin-binding domain removed (144). Similarly, overexpression of merlin, as previously 
reported (142), would perform the same function to broadly inhibit ERM activity. 

Figure 4.3. Invasion through transwell membranes coated with hyaluronic acid is 
not affected by ezrin/radixin/moesin inhibition. 
A. Consistent with our previous findings, knockdown of CD44 resulted in a significant decrease in 
cell invasion, but knockdown of ezrin, radixin, and moesin did not affect cell invasion. *, P < 0.05 
by ANOVA. Results are shown from three independent experiments, each done in duplicate.   
B. Treatment with the inhibitor of ERM-actin binding, DX-52-1, did not influence cell invasion. 
Results are shown from one experiment done in duplicate. 

A B 
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An alternate explanation is that CD44 mechanosensitivity is in fact not mediated by 
ERM, but rather by a different cellular machinery. A systematic domain mapping strategy could 
be used to pinpoint the exact portion of CD44 which is responsible for the stiffness-sensitive 
adhesion and pro-invasion properties we found in Chapter 3. For instance, another CD44 binding 
partner that is a prime candidate for explaining our findings is ankyrin, which links the CD44 
intracellular tail to the actin-spectrin cytoskeletal network (145, 146), which has been shown to 
be responsible for mechanical stresses at the cellular level (147). 
Finally, other signaling mechanisms may be at play. For instance, Pietras et al. (29) have defined 
a mechanism in which the binding of osteopontin to CD44 results in cleavage of the CD44 
intracellular domain, which then translocates to the nucleus and elicits alterations in the 
transcriptome that promote tumor growth and stemness. In our case, HA-CD44 binding may 
trigger a similar release of the CD44 intracellular domain and execute changes in the 
transcriptional program of the cell. However, given that the mechanosensitive nature of our 
adhesion results were on very short timescales (within 30 minutes), any transcriptional changes 
are not likely to account for these quick responses, but may be important on longer time scales. 

While ERM inhibition by individual knockdown or DX-52-1 treatment did not impose 
any changes in stiffness-sensitive cell adhesion or transwell invasion through HA-coated 
membranes, the follow-up studies described here are the next steps to continue the search to find 
the molecular mechanism of CD44-based mechanosensing. In doing so, we would reveal a novel 
mechanism in which cells are regulated by the microenvironment, and potentially expose new 
therapeutic targets to inhibit cell invasion in HA-rich matrices. 
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Chapter 5. Evidence on the influence of CD44 on drug 
efflux activity and cell invasion 
 

 

 

5.1 Abstract 

With the knowledge that the mechanical properties of hyaluronic acid (HA) influences 
cell adhesion and migration on two dimensional surfaces, we sought out other endpoints which 
could be influenced by HA matrix mechanics. Based on previous reports that CD44 associates 
with multidrug resistant efflux pumps at the cell membrane and supports their activity, we first 
sought to identify whether HA matrix mechanics could directly influence the ability for cells to 
efflux chemotherapeutic drugs. In this small-scale assay, we found a biphasic relationship 
between HA substrate stiffness and efflux activity. In an effort to expand this finding to a larger-
scale measurement, we next quantified the size of the side population using flow cytometric 
measurement of Hoechst 33342 dye uptake. While CD44 expression did influence side 
population size, we were unable to confirm the side population assay as a tool to measure the 
efflux capacity of cells. 

5.2 Introduction 

Numerous mechanisms of drug resistance act as barriers for effective chemotherapy 
treatment. They include: low drug influx due to heightened cell or tissue barrier function, 
excessive drug efflux due to efflux pump activity, drug inactivation by metabolism, alterations in 
the drug target, and repair of DNA damage (148). By mitigating these resistance mechanisms 
and increasing drug sensitivity, chemotherapies will have increased effectiveness. Further, by 
eliminating the chemoresistant glioma stem cell population that is thought to be largely 
responsible for inevitable tumor recurrence that occurs after initial chemotherapy treatment 
(149). If more of these stem cells can be eliminated from initial treatment, chemotherapy may be 
more effective, and survival time may be extended. 

Among the various routes of drug resistance, CD44 is known to promote drug resistance 
by supporting the activity of drug efflux pumps (150) by a variety of signaling mechanisms. The 
upregulated pumps include ABCG2 (BCRP) and ABCB1 (MDR1) drug transporters of the ABC 
(ATP-binding cassette) family (24). In colon carcinoma cells, CD44 activates the Src family 
tyrosine kinase lyn, which in turn activates PI3K and Akt survival pathways (150). PI3K-Akt-
based signaling was also shown to be critical in the CD44-HA based induction of MDR1 
expression in breast carcinoma (151). Similarly, in non-small cell lung cancer (152), CD44-HA 
interaction induced the gene expression of the MRP2 efflux pump. Finally, other work suggests 
that aside from effects on gene expression, CD44 also induces drug resistance by stabilizing the 
localization of efflux pumps on the cell membrane (23) in lipid microdomains. Drug resistance 
and CD44 expression are frequently associated with stem-like cell populations, as discussed in 
Chapter 1. In light of these facts, we sought to test the relationship between CD44 expression, 
HA stiffness, and drug efflux activity. 
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5.3 Materials and methods 

5.3.1 Fluorescence intensity dye uptake assay 

To quantify cell drug uptake, calcein AM (Life Technologies) was used as a model drug 
and incubated with the cells at a concentration of 4 μM. In some conditions, 200 μM of 
verapamil efflux pump inhibitor was also used included. After a specified incubation time, cells 
were imaged in both phase contrast microscopy and fluorescence with a 10× objective lens with 
a Nikon TE2000E2 epifluorescence microscope. To measure intracellular fluorescence, the cell 
membrane was manually traced in phase contrast images using ImageJ in order to select the 
interior of the cell, then used to obtain the mean brightness value in the fluorescence images. For 
each experiment, a minimum of 45 cells were measured, and experiments were repeated in 
duplicate. 

5.3.2 Side population assay 

To quantify the size of the side population, characterized by low Hoechst dye uptake, 
U251-MG cells were harvested with Accutase (Innovative Cell Technologies). Cells were rinsed 
and resuspended in DMEM (Life Technologies) supplemented with 10% bovine calf serum 
(Hyclone) at 106 cells/mL. In some conditions, cells were incubated with 200 μM verapamil 
efflux inhibitor (Sigma-Aldrich) for 15 minutes. All cells were incubated with 2.5-10 μg/mL of 
Hoechst 33342 (Sigma-Aldrich) for 1 hour at 37°C, then immediately mixed with an equal 
volume of 4°C PBS and spun down at 50 g at 4°C. Cells were resuspended at 106 cells/mL in 
cold medium. Immediately before flow cytometric analysis, 1 μg/mL of propidium iodide 
(Sigma-Aldrich) was added. Cells were analyzed using a LSR Fortessa (BD Biosciences) flow 
cytometric analyzer, with excitation from an ultraviolet light source and analysis by dual 
wavelength (blue 450/50 nm, red 670/30 nm). Results were gated to remove debris, dead cells 
marked by high PI staining, and doublets. The side population gate was drawn around the cells 
low in both Hoechst-red and Hoechst-blue, and the upper bounds of the gate were adjusted such 
that the control cells would yield a 0.5% side population. Within one experiment, identical gates 
were used between conditions. Data were analyzed by FlowJo software. 

5.3.3 Preparation of drug-resistant cell lines 

To impart drug resistance, U251-MG cells were challenged with increasing levels of 
temozolamide (TMZ, Fisher Scientific) over a total of six passages, comprising of two passages 
each in 10 μM, 30 μM, then 100 μM TMZ.  Cells were then maintained in culture with 100 μM 
TMZ prior to conducting experiments. 

5.3.4 Confirmation of drug resistance 

Drug resistance was confirmed by WST-1 metabolic assay (Roche). 2,500 cells/cm2 were 
seeded with phenol red-free media and 0, 30, or 100 μM TMZ, and allowed to grow for 5 days 
prior to measurement. Samples were incubated following manufacturer’s instructions with 10% 
WST-1 reagent in the cell medium for 30 minutes at 37°C. Absorbance at 440 nm was measured 
and converted to cell number using a concurrently obtained standard curve based on WST-1 
measurements of defined numbers of cells. Data shown are the means of 2 independent 
experiments, each done with N = 4. 
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5.3.5 Transwell invasion assay 

Transwell membrane inserts with 8 µm pores were coated overnight with 2 mg/mL high 
molecular weight HA from Streptococcus equi (Sigma), then blocked with 2 mg/mL BSA 
(Sigma). Membranes were then thoroughly rinsed with PBS, and cells were seeded at a density 
of 28,000 cells/cm2 in cell medium supplemented with 1% calf serum (Hyclone). Cells were 
fixed 4 hours after seeding, and cells remaining on tops of membranes were removed by scraping 
with a pipette tip. To quantify cells that had invaded through the membrane, fluorescence images 
of DAPI-stained cells were thresholded, and the total number of nuclei in each membrane was 
counted with particle analysis software (ImageJ). 

 

5.4 Results 

First, we sought to identify whether CD44 expression would influence drug efflux 
activity of the cells. To do so, we validated the calcein AM uptake assay, which has previously 
been used to quantify efflux activity (153). To demonstrate that U373-MG cells express active 
efflux pumps, cells were incubated with calcein AM for various time periods, and the average 
brightness value of all pixels within the cell was measured (Fig. 5.1A-B). Between 15 minutes 
and 60 minutes there was a small but statistically significant increase in fluorescence, which then 
remained constant up to 120 minutes. Cells were also incubated with verapamil inhibitor of the 
efflux pump P-glycoprotein (P-gp). Verapamil treatment caused more calcein to be retained 
within the cell, resulting in higher fluorescence measurements at each time point. 

Next, we tested the effect of HA substrate stiffness on calcein efflux. On both bare HA 
and HA functionalized with RGD peptide, a bimodal relationship was found between stiffness 
and efflux, in which an intermediate stiffness of 2.8 kPa resulted in the lowest efflux activity, 
though the relationship was weaker on bare HA. Interestingly, functionalization of HA surfaces 
with RGD resulted in a consistent decrease in intracellular calcein at all stiffnesses, suggesting 
an increase of drug efflux. Since these effect is small in magnitude, in subsequent studies, a 
verapamil-treated control should be included for each stiffness to determine the baseline 
minimum level of efflux. 

 While fluorescence measurements demonstrated that intracellular drug concentration 
appeared to be affected by substrate properties, this approach presented some limitations. First, it 
is relatively low-throughput. Additionally, the intracellular fluorescence measurement could be 
influenced by the cell spreading area, since a more rounded cell is may appear more fluorescent 
than a spread cell, even if it has the same amount of internalized drug. Therefore, we sought a 
more high-throughput measure of efflux activity that would be less influenced by cell spreading 
effects, and would not require robust adhesion to measure drug retention. The side population 
assay serves that purpose, since it uses flow cytometry to measure drug content. In these 
experiments, the model drug used was Hoechst 33342, which emits in a broad range of 
wavelengths ranging from 400 nm to 700 nm, with a side population defined as the low-
fluorescence tail when Hoechst blue is plotted against Hoechst red (154). Cancer cell lines such 
as U251-MG have previously been shown to possess side population cells (155) capable of 
growing as neurospheres in serum-free conditions, differentiating into neurons and glia, and 
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having high tumorigenicity (156). Ultimately, we wanted to culture glioma cells on HA 
hydrogels of varying stiffnesses, then harvest them to perform the side population assay.  

  

We first needed to establish that the side population assay would be a consistent measure 
for drug efflux activity as measured by calcein AM uptake. As expected, and consistent with the 
calcein AM fluorescence studies (Fig. 5.1A), the verapamil inhibitor control condition 
consistently reduced side population size (Fig. 5.2B). Critically, knockdown of CD44 drastically 
reduced side population size. Next, to establish a positive control with increased side population 
compared to control groups, we then developed a set of chemoresistant cell lines by culturing 
cells in sequentially higher levels of the chemotherapy drug TMZ. This treatment has previously 
been shown to induce a larger side population, which was confirmed by the capacity to grow in 
neurosphere culture (27). 

Figure 5.1. Drug efflux activity can be measured in U373-MG glioma cells by 
fluorescence of model drugs. 
A. After addition of model drug calcein AM to culture media, passive diffusion of the molecule 
into cells caused fluorescence. With the addition of verapamil efflux inhibitor, more drug 
accumulated inside the cell, increasing fluorescence. Scale bar, 50 μm. B. Mean intracellular 
fluorescence measurement of control and verapamil-treated cells demonstrates that verapamil 
effectively inhibits efflux at all timepoints tested. After 60 minutes of calcein incubation, 
intracellular calcein concentration levels remain steady. C. Mean intracellular fluorescence of 
cells seeded on bare HA matrices and RGD-functionalized matrices of varying stiffness. *, P < 
0.05, Student t test. #, P < 0.05, ANOVA and Tukey-Kramer. 

Control Verapamil A 

B C
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After six passages of stepwise TMZ dosing, cells appeared to be morphologically 
recovered from chemotherapy treatment (Fig. 5.3A). To confirm that these cells were indeed 
resistant to TMZ in a quantifiable manner, the WST-1 assay was used after culturing cells in the 
presence of 0, 30, or 100 μM TMZ for 5 days (Fig. 5.3B). While the cell density of all cell lines 
were identical in the absence of TMZ, both 30 and 100 μM TMZ shows that the cells treated 
with sublethal doses of TMZ for many passages developed TMZ resistance compared to naïve 
cells. 

Figure 5.2. CD44 supports a larger side population in a flow cytometric side 
population assay. 
A. Flow cytometry plots of dual wavelength analysis displaying fluorescent emission of Hoechst 
33342 in the blue and red ranges. B. Average percent side population from five independent 
experiments, with non-targeting (NT) control condition gate normalized to 0.5%. Verapamil-
treated cells were incubated with the efflux inhibitor during the labeling procedure. *, P < 0.05 
Student t test. 
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Figure 5.3. U251-MG cells acquired resistance after long-term culture with TMZ.  
A. Cell morphology of naïve cells become apoptotic after exposure to 100 μM TMZ, whereas 
cells which have undergone stepwise TMZ dosing appear to be normal. Scale bar, 50 μm. B. Cell 
count by WST-1 assay after 3 days in culture with 30 uM TMZ demonstrate that non-targeting 
cells acquired resistance to TMZ. 
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Figure 5.4. TMZ resistance does not alter side population size, nor invasion on HA-
rich surfaces. 
A. In the flow cytometric side population assay, acquisition of TMZ resistance (TMZ-R) did not 
significantly alter side population size of U251-MG cells. B. Percent of control or CD44 
knockdown U251-MG cells that invaded through 8-μm pores in membranes coated with HA and 
blocked by BSA. *, P < 0.05 by Student t test. 
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The established TMZ-resistant cell lines were then assayed in the side population assay 
(Fig. 5.4A). Surprisingly, TMZ resistance did not have a statistically significant effect on the side 
population size. CD44 expression remained the only factor that did influence side population 
size. Then, since some reports show that drug resistance triggers increased cell invasion (157), 
we tested this relationship in our system. Using the same transwell invasion assay described in 
Chapters 3 and 4, the effect of TMZ resistance on both control and CD44 knockdown lines was 
measured (Fig. 5.4B). In both control and CD44 knockdown cell lines, TMZ resistance did not 
induce any change in cell invasion. 

5.4 Discussion 

Resistance to chemotherapy is a major barrier to the treatment of cancer. Given that 
CD44 has previously been published as a marker for chemoresistance cancer stem cells, we were 
motivated to investigate the relationship between HA matrix mechanics and efflux pump 
activity, particularly because CD44 expression has been shown to potentiate efflux pump activity 
(150, 152, 158).  When the intracellular concentration of model drug calcein AM was measured 
by fluorescence intensity, we found that the stiffness of both bare HA and HA functionalized 
with RGD affected drug retention, with the softest substrate stiffness of 0.1 kPa tested displaying 
the highest efflux activity. Investigation of PI3K and Akt levels by Western blot may confirm the 
signaling pathways involved in promotion of efflux pumps by CD44 expression are also at work 
here (150-152). 

In light of these preliminary studies, we aimed to translate these findings to an assay that 
is widely employed in the literature: the side population assay, which uses flow cytometric 
techniques to identify cells with Hoechst 33342 dye uptake to mark cells with high drug efflux. 
The side population of cancer cells is thought to be largely responsible for the malignancy of the 
entire cancer cell population, and the existence of side population cells have been shown in 
glioma cell lines (156). Here, we show that side population size is dependent on CD44 
expression, but contrary to a previous report (27), does not depend on resistance to TMZ. This 
discrepancy may be due to the fact that Bleau et al. applied TMZ to neurospheres derived from a 
previously isolated side population, whereas our TMZ treatment was applied to an unsorted 
population. In our case, perhaps an enrichment of side population was induced, but too small to 
be detected. 

These findings bring to the fore two separate possibilities. First, it is possible that TMZ-
resistance indeed failed to induce any real change in side population. To serve as a more reliable 
control of high side population, alternate strategies can also be used to influence efflux activity, 
such as genetic overexpression of efflux pumps. Alternatively, it is possible that this assay (as we 
have employed it) is not correctly isolating the true side population. To verify the validity of the 
side population marked by low Hoechst uptake in our particular system, a critical next set of 
experiments would involve fluorescence-activated cell sorting (FACS) in order to isolate the 
Hoechst-low and Hoechst-high populations. Each population could then be analyzed for growth 
in neurosphere culture, differentiation capacity, and tumorigenicity.  

In sum, these findings leave open the possibility of a feedback mechanism in which HA- 
and RGD-based matrix mechanics inform efflux pump activity, and the methods we have 
employed here need to undergo an extensive set of method validations. When successfully 
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executed, by better understanding the nuances of matrix-driven chemoresistance by drug efflux, 
we may be able to new strategies to target the glioma stem cells that are largely responsible for 
tumor recurrence. 
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Chapter 6. Conclusions 
 

Parts of this chapter are excerpted with permission from Springer Science+Business Media 
Dordrecht, from Chapter 26 in Tumors of the Central Nervous System, Volume 13, “The role of 
hyaluronic acid and its receptors in the growth and invasion of brain tumors”, by Yushan Kim 
and Sanjay Kumar. 

© 2014 Springer Science+Business Media Dordrecht  

 

 

The work described in this dissertation explores the roles of hyaluronic acid (HA) and its 
receptor, CD44, in glioma cell adhesion, migration, invasion, and chemoresistance. In Chapter 1, 
we explored what is known about the biology of HA as an important organizing component of 
the extracellular matrix (ECM) in the brain, and the various changes that the ECM undergoes 
during GBM progression. Here, we already began to uncover hints that the high molecular 
weight characteristic of HA may confer important biophysical signals to cells. In Chapter 2, we 
tailored a currently existing biomaterials platform to methodically study such relationships. This 
platform also the door for many other possibilities to better understand how materials science 
properties of the matrix influence cell behavior. For instance, given that the loss modulus of 
integrin-ligating cell substrates has recently been shown to be critical in cell behavior (159, 160), 
it will be of interest to study if the loss modulus of HA-based materials have a similar effect. By 
varying the molecular weight of the starting material prior to methacrylation and cross-linking, 
or systematically altering the methacrylation density, the effects of these and other nuances of 
HA materials properties on cellular signaling can be studied. 

 In Chapter 3, we uncovered a previously underappreciated role for CD44-based 
mechanosensing in which cell adhesion and 2D migration were dependent on the stiffness of HA 
in the absence of adhesive proteins. We also developed a model in which HA maximizes 3D 
glioma invasion, whereas adhesive proteins facilitate robust adhesion but may limit 3D invasion. 
In light of these findings, in Chapter 4 we began to investigate some of the potential downstream 
mechanisms of CD44-based mechanosensing, finding that the ezrin-radixin-moesin (ERM) 
proteins known to mediate linkage of CD44 to the F-actin cytoskeleton do not seem to be 
involved in this phenomenon. Finally, in Chapter 5, we found enticing preliminary evidence that 
HA-based matrix mechanics may influence CD44 potentiation of efflux pump activity that 
contributes to chemoresistance. 

In our search for a greater understanding of the malignant processes that drive invasion of 
GBMs and other cancers, the field faces many challenges ahead. Currently, there is still much 
more to understand about the role of CD44 in maintaining the stemness, chemoresistance, and 
invasive properties of the glioma stem cells (GSCs) described in Chapter 1, and the perivascular 
niche in which they reside. As alluded to in Chapter 5, measures such as the side population 
assay can often be imperfect predictors of tumorigenicity. In turn, in vivo animal models of 
glioma have failed to predict clinical outcomes. Thus, the cancer field will greatly benefit from 
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more advanced engineered systems for cell-scale in vitro study, and more advanced in vivo 
animal models for GBM progression. 

Perhaps an even greater challenge than understanding how cancer cells synthesize and 
respond to signals through one receptor such as CD44 is to understand how they fit in with the 
greater picture, composed of an entire slew of signals from other adhesion and growth factor 
receptors, and biophysically-imposed constraints. In particular, the great focus of the field on the 
dominance of integrin-based adhesion and tumorigenic signaling calls into question how 
integrin-ligand and CD44-HA receptor-ligand pairs might interact, and what relative role they 
have in GBM progression. The field’s attempts to answer these questions have the potential to 
not only inform greater therapeutics to treat GBM, but also to understand and treat other cancers. 

Outside of the cancer field, a large collection of other disease pathologies involve 
aberrant HA and CD44-driven processes. Further, given that HA is ubiquitous throughout the 
body, and increasingly becoming a more popular materials scaffold for engineered biomaterials 
systems, these dissertation studies also have broader implications on our understanding of the 
complex biochemically and biophysically feedback which cell engage with their surroundings. 
Elucidation of exactly how CD44-based mechanisms vary among cell types and disease states 
will greatly impact many fields of biological and medical study. 
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