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Glioblastoma Spheroid Invasion through Soft, Brain-Like
Matrices Depends on Hyaluronic Acid—-CD44 Interactions

Gevick Safarians, Alireza Sohrabi, Itay Solomon, Weikun Xiao, Soniya Bastola,
Bushra W. Rajput, Mary Epperson, Isabella Rosenzweig, Kelly Tamura, Breahna Singer,
Joyce Huang, Mollie J. Harrison, Talia Sanazzaro, Michael C. Condro, Harley I. Kornblum,

and Stephanie K. Seidlits*

Increased secretion of hyaluronic acid (HA), a glycosaminoglycan abundant in
the brain extracellular matrix (ECM), correlates with worse clinical outcomes
for glioblastoma (GBM) patients. GBM cells aggressively invade the brain
parenchyma while encountering spatiotemporal changes in their local ECM,
including HA concentration. To investigate how varying HA concentrations
affect GBM invasion, patient-derived GBM cells are cultured within a soft, 3D
matrix in which HA concentration is precisely varied and cell migration

1. Introduction

Glioblastoma (GBM) is the most common,
lethal, and aggressive form of primary cen-
tral nervous system (CNS) cancer.['?] Even
after surgical resection, radiotherapy, and
adjuvant chemotherapy, long-term survival
is rare. Among GBM patients receiving this
conventional, aggressive treatment, median

observed. Data demonstrate that HA concentration can determine the
invasive activity of patient-derived GBM cells in a biphasic and highly
sensitive manner, where the absolute concentration of HA at which cell
migration peaked is specific to each patient-derived line. Furthermore,
evidence that this response relies on phosphorylated ezrin, which interacts
with the intracellular domain of HA-engaged CD44 to effectively link the actin
cytoskeleton to the local ECM is provided. Overall, this study highlights
CD44—HA binding as a major mediator of GBM cell migration that acts
independently of integrins and focal adhesion complexes and suggests that
targeting HA-CD44—ezrin interactions represents a promising therapeutic

strategy to prevent tumor cell invasion in the brain.
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survival is 12-15 months and the 5-year sur-
vival rate is around 6%.**1 GBM tumors
aggressively invade the brain parenchyma,
with recurrent tumors appearing most of-
ten near the resection site of the primary
tumor.’] Extraneural GBM metastases are
rarel® and, instead, GBM cells preferen-
tially migrate along defined structures in
the brain, known as the secondary struc-
tures of Scherer.!®’ Together, these ob-
servations suggest that mechanochemical
features of brain microenvironment are
uniquely conducive to GBM cell infiltration
and invasion.

Brain tissue is enriched with high molec-
ular weight forms of hyaluronic acid (HA),
a linear-chain, unsulfated, glycosaminoglycan of repeating
p-glucuronic acid and N-acetyl-p-glucosamine disaccharide
subunits.®] HA and other glycoproteins form the 3D extracellu-
lar matrix (ECM) through which GBM cells infiltrating the brain
parenchyma must navigate. In GBM tumors, increasing expres-
sion of HA, HA synthases, and hyaluronidase correlates with
disease progression.[*2] To improve our understanding of how
these changes may drive tumor invasion, effects of HA concen-
tration on invasion of patient-derived GBM spheroids into 3D
biomaterial scaffolds were investigated.

The relationship between cell-ECM adhesions and cell mi-
gration has been explained by the “motor-clutch” model of cell
migration, where receptor-ECM adhesions act as “clutches”
that determine traction forces exerted by myosin motors on
polymerized actin to drive migration.'>*] As predicted by the
“motor-clutch” model, cells typically exhibit a classic biphasic
relationship between migration speed and ECM concentration,
where speed increases with increasing ECM availability up to
a maximum, at which point migration speed decreases with
increasing ECM.[">78] While this phenomenon has been well
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characterized for integrin-ECM interactions, independent ef-
fects of CD44-HA interactions in this model have remained
largely unexplored.'>*%] The “motor-clutch” model of cell
migration requires that matrix-engaged receptors be tethered
intracellularly to the actin cytoskeleton, typically through adaptor
proteins. For example, focal adhesions, comprised of integrins
and adaptor proteins, dynamically rearrange to oppose the force
exerted by their surrounding matrix, a process dictating a cell’s
ability to move.

A similar mechanism may present through CD44 via the ezrin
adapter protein, which anchors the intracellular domain to actin
filaments in its phosphorylated, “open” state.l?6’] In this teth-
ered state, additional adapter proteins (e.g., radixin and moesin),
transmembrane proteins (e.g., CD44, integrins, and tyrosine ki-
nase receptors), and actin fibers are recruited to the sites of
matrix-bound CD44.7-2% The degree of recruitment depends on
the number of bound CD44 receptors, extent of ezrin phosphory-
lation, and the physical force exerted by the ECM at the adhesion
site.[?”2%] These complexes are thought to act as “clutches” regu-
lating migration speed based on adhesion forces.!>3% In murine
models, one study reported that intermediate levels of CD44 ex-
pression by xenografted GBM cells were observed in the most
aggressive tumors, supporting the theory that CD44 acts as a
molecular clutch.'®] However, in reality the role of CD44-HA in-
teractions in cell migration are likely more complex. For exam-
ple, CD44 can act as mechanosensor, mediating effects of sub-
strate stiffness on cell proliferation and motility.!l In addition,
previous work by our group has found that GBM cells require
both integrin and CD44 engagement for invasion through soft,
3D matrices.[??

In addition to the “motor-clutch” model,[>3%1 CD44 receptors
during cell migration (and other activities requiring substantial
cytoskeletal and membrane rearrangements) have also been de-
scribed using the anchored “picket-fence” model.33*°! In this
model, actin fibers are considered the “fences” which are joined
by CD44 “pickets” when actively tethered by ezrin. The “pickets”
form barriers with the cell membrane creating localized “corrals”
that confine diffusion other membrane-bound proteins, includ-
ing integrins, from crossing the “fences.”®>] Thus, with more
“pickets,” membrane diffusion and clustering of integrins and
CD44 are reduced, effectively preventing a local increase mem-
brane tension within the “corral.” This mechanism is key for
many cell activities requiring membrane polarization, including
phagocytosis and chemotaxis.35-37]

Like HA expression, ezrin activity and CD44—ezrin interac-
tions have long been associated with aggression and metas-
tasis in several cancers, including breast cancerl®*®! and
osteosarcoma.[?639*1] Both CD44 and ezrin mediate cancer cell
proliferation and metastatic invasion through pathways well-
known to drive disease progression and cell migration, includ-
ing Akt/mTOR, Ras/Rac, and RhoA.[?6#2] Past studies have
demonstrated reduced growth of xenografted GBM tumors in
mouse models and reduced proliferation in vitro with inhibi-
tion of either moesin or radixin activity.[**] However, effects
of HA concentration, along with the mechanisms behind these
effects, on tumor cell migration in three dimensions through
very soft, low tension matrices resembling brain tissue, as ex-
perienced by invading GBM cells, have yet to be thoroughly
investigated.
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Biomaterial approaches to model the brain ECM in 3D cul-
tures have been previously developed to investigate the effects
on ECM parameters on the invasive capacity through a 3D ma-
trix. In general, these studies have reported that HA concentra-
tion, matrix stiffness, concentration of integrin-binding sites, and
scaffold porosity each affect GBM cell migration. However, pre-
vious fabrication methods for 3D culture scaffolds did not ade-
quately decouple these features and/or vary the HA concentra-
tion, making it difficult to discern the independent effects of HA
concentration.*~% While wide ranges of stiffnesses for brain
and GBM tumors have been reported,®!! this study focused on
very soft biomaterials representing the lower end of this range
based on our previous findings that when patient-derived GBM
cells are cultured in very soft 3D scaffolds (=100 Pa shear stor-
age modulus or 1 kPa Young’s modulus) it exhibited behaviors,
such as treatment resistance, that more closely resembled in vivo
behaviors, compared to culture in marginally stiffer scaffolds
(~250 Pa shear storage modulus; 2.5 kPa Young’s modulus).l>?!
Furthermore, when incorporating HA into 3D scaffolds, both
the molecular weight and degree of chemical modification of
HA have profound effects on bioactivity, including activation of
the CD44 receptor.>3**] Here, we used a HA with high molec-
ular weight (nominal 700 kDa), to best represent HA in the na-
tive brain ECM,®] that was minimally modified, where a thiol
group was added to ~5% of disaccharides.’?] In addition, we
sought to investigate the effects of HA concentration over a range
(0.1-0.75% w/v) that encompasses the range of physiological HA
concentrations>*>8! present in normal brain. However, many
previous studies used scaffold fabrication methods that required
both high degrees of HA modification (e.g., >50%) and a mini-
mum of 1% w/v HA in biomaterial scaffolds.l¥-" To achieve a
lower concentration range of unmodified, high molecular weight
HA in a 3D scaffold, researchers have physically embedded solu-
ble HA into a collagen fiber network.[“>°] However, altering the
concentration can alter the fiber size in the network, which in
and of itself may affect cell migration.[**] Together, insufficient
decoupling of migratory cues may be responsible for inconsis-
tent results across these previous studies.

Here, we fabricated 3D culture matrices in which HA concen-
tration could be varied from 0.10-0.75% weight per volume (w/v)
while maintaining constant, brain-mimetic mechanical proper-
ties, availability of integrin-binding RGD sites, and solute per-
meability. This culture platform enabled a systematic investiga-
tion of the effects of HA concentration on the invasion of encap-
sulated, patient-derived GBM spheroids which are genotypically
and phenotypically different from and more clinically represen-
tative than transformed GBM cell lines (e.g., U87-MG) used in
many previous studies.[*#9°961] Across this physiologically rele-
vant range of HA concentrations, results show that GBM cell mi-
gration in a 3D matrix is closely linked to HA concentration and
CD44—ezrin—actin anchoring, with cells derived from specific pa-
tient tumors showing clear biphasic responses.

2. Results
2.1. Higher Grade Gliomas Secrete Greater Levels of HA

Like many solid tumors, GBM tumors oversecrete HA.[62% To
assess potential differences in HA deposition in clinical brain
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Figure 1. HA deposition increases in CNS tumors, including GBM. A) Representative image of immunohistochemistry of patient tissue microarrays
(TMAs). Brown, positive HA stain; dark blue, hematoxylin. Scale bar = 100 um. B) Categorical scoring of 34 GBM and 19 lower-grade CNS cancer tissues.
Mann-Whitney U Test statistical test was used. C) Expanded image of patient-resected GBM tissue. Blue square = area of high HA concentration. Yellow
square = area of low HA concentration. Scale bar = 100 um. D) HA (yellow) staining images of HK408 xenograft. Nuclei (Hoechst 33324) shown in blue.

Scale bar = 200 um.

tumors, we immunostained tissue microarray (TMA) samples,
provided without any identifying information by the UCLA
Brain Tumor Tissue Resource, for HA in GBM (N = 34) and
lower-grade CNS (N = 19) sections of tumors resected from
patients. Representative images of tissue samples are shown in
Figure 1A. Quantification showed elevated HA concentration in
GBM tissues, also known as grade IV glioma, relative to lower
grade CNS cancers (Figure 1B). The spatial distribution of HA
in patient tissues was nonuniform, containing regions with
relatively higher (darker brown) and lower (lighter brown) HA
concentrations (Figure 1C). Following orthotopic implantation
in mice, HK408 cells also exhibited greater HA deposition, espe-
cially along the tumor edge where invasion into the parenchyma
occurs (Figure 1D).

2.2. Fabrication of 3D Culture Matrices with Tunable HA
Concentration

To investigate the effects of different HA concentration on
GBM cell phenotypes, we encapsulated gliomaspheres (GSs)
in mechanochemically tunable, 3D hydrogels, as previously
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described by Liang et al. (2022).%°] Specifically, we fabricated
HA hydrogels with 0.10%, 0.25%, 0.50%, or 0.75% weight per
volume (w/v) HA. Concentrations were chosen to approximate
physiological ranges of HA in mammalian CNS tissues.[>®>7]
To control extraneous variables affecting cell phenotypes, we
ensured spheroid-laden hydrogels across experiments contained
0.025% w/v RGD peptides, were exposed to equal UV doses
during gelation, and had comparable mechanical properties.
Hydrogels had comparable storage (G’, 0.10% HA = 115.1 +
14.2 Pa, 0.25% HA = 116.3 + 19.0 Pa, 0.5% HA = 116.3 +
20.3 Pa, 0.75% HA = 124.4 + 16.3 Pa) and loss (G”, 0.10%
HA =29 + 0.9 Pa, 0.25% HA = 4.8 + 0.9 Pa, 0.5% HA = 3.7
+ 0.6 Pa, 0.75% HA = 4.9 + 0.7 Pa (Figure 2A and Figure
S1A, Supporting Information). Similar storage and loss moduli
were observed across the hydrogel conditions, confirming that
differences in viscoelasticity were not responsible for observed
differences (Figure S1A, Supporting Information). Storage
moduli in the range of 100-150 Pa approximate those for healthy
brain tissue.®®’] Swelling characterization was performed by
incubating priorly weighed hydrogels in Dulbecco’s phosphate
buffered saline (D-PBS) for 24 h. The ratio of the final to initial
mass, or mass swelling ratio, gradually increased with increasing
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Figure 2. Characterization of hydrogel matrices for 3D cell culture. A) Mass swelling ratios of individual hydrogels following fabrication. One-way ANOVA
statistical test was used follwed by post-hoc Tukey’s multiple comparisons test of significance. B) Storage moduli (G’) of hydrogels with varying HA
concentrations. One-way ANOVA statistical test was used followed by Tukey’s post-hoc test of significance. C) Effective diffusion coefficients, as measured
using FRAP, of 20 and 70 kDa FITC—dextran polymers through hydrogels with varying HA concentrations or D-PBS buffer. Two-way ANOVA statistical
test was used followed by Tukey’s post-hoc test of significance. *, p < 0.05; **, p < 0.01; *** p < 0.001; **** p < 0.0001.

HA concentrations in hydrogels (Figure 2B). This result is not
unexpected, given the hygroscopic properties of HA.[®%] While
differences in water content may have effects on cell interactions
with hydrogel matrices, solute diffusion through 3D hydrogel
matrices remained similar. Using fluorescence recovery after
photobleaching (FRAP), we found the effective diffusion rates
of 20 and 70 kDa fluorescein isothiocyanate-dextran (FITC-
Dextran) solutes in all hydrogel conditions were equivalent to
dextran diffusion through D-PBS solutions (Figure 2C). These
results confirmed that solutes of 70 kDa or lower, including
the growth factors and small molecule inhibitors used in these
experiments, could freely diffuse through hydrogels.

To allow for cell-cell adhesions and paracrine interactions
among tumor cells, as would normally be present within brain
tumors, GSs 2150 um in diameter were encapsulated within 3D
hydrogels for culture. Experiments were performed across four
unique GBM cell lines, derived from individual patients, des-
ignated here as HK408, HK177, HK217, and GS054. Full anal-
ysis of molecular alterations, through genomic and transcrip-
tomic sequencing, were performed by the labs of Dr. Harley Ko-
rnblum (HK408, HK177, and HK217) and Dr. David Nathanson
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(GS054) at UCLA at the time of sample collection. Based on
the subtype classifications specific by Verhaak, et al. (2010),7%
HK408 and HK217 were classified as proneural and HK177 as
mesenchymal.l’!! GS054 was classified as a mix of both classical
and mesenchymal subtypes, given mutations in PTEN, NF1, and
CDKN2A genes.[”]

Quantification of a live/dead assay confirmed that GSs from
patient-derived GBM cell lines remained viable over the 6-day ex-
perimental period, regardless of the HA concentration in the hy-
drogel matrix (Figure 3A). In general, viability of HK408 GSs was
above 75% 24 h following 3D encapsulation in all hydrogel for-
mulations (Figure S1B, Supporting Information). Apoptosis was
assessed via immunostaining for cleaved-PARP (Cl-PARP). Less
than 10% of cells in GSs were apoptotic across 3D culture con-
ditions (Figure 3B). Specifically, after 24 h in 3D culture, HK408
GSs in 0.10%, 0.25%, 0.5%, and 0.75% w/v HA hydrogels had
6+ 2%, 3 + 2%, 3 + 1%, and 3 + 1% apoptotic cells, respec-
tively, while GS054 GSs had 2 + 1%, 2 + 1%, 2 + 1%, and 2 +
1% apoptotic cells, respectively. A significantly greater apoptotic
percentage was evident for HK408 cells in 0.10% w/v HA cul-
tures, as compared to those with higher HA content. This is not

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Characterization of GS viability in 3D culture matrices. A) LIVE/DEAD stain quantification was performed to assess cell viability following 6
days in culture for HK408 and GS054 GSs. B) Quantification of CI-PARP positive cells in HK408 and GS054 GS sections following 6 days in culture.
For all data, one-way ANOVA statistical test was used followed by post-hoc Tukey’s multiple comparisons test of significance for each patient line. C)
Representative images of Ki67 staining of HK408 and GS054 GS cryosections following 6 days in culture. Red = Ki67; Blue = Hoechst 33342. Scale
bars = 50 um. **, p < 0.01; *¥*¥*, p < 0.001; **** p < 0.0001.

0.10% (w/v)

HK408

GS054

unexpected, as previous reports have found that HA can increase
GBM cell survival.[13272] Additionally, we performed immunos-
taining for the proliferation marker Ki67, which we found was
heavily expressed by most cells within GSs across hydrogel con-

assay for proliferation (Figures S1C and S2, Supporting Informa-
tion).

ditions (Figure 3C). The exceptional group was the HK408 GSs in
0.10% w/v HA hydrogel. In line with viability data, HK408 GSs
in 0.10% w/v HA had observably fewer proliferative cells (Ki67+)
than those in 0.25%, 0.50%, or 0.75% w/v HA hydrogels. This ob-
servation was further confirmed for HK408 cells using an EdU

Adv. Healthcare Mater. 2023, 12, 2203143 2203143 (5 of 16)

2.3. Relationships between HA Concentration and GS Invasion in
Soft Matrices

Cell invasion from periphery of GSs’ into the surrounding hydro-
gel matrix was clear by 24 h in 3D culture (Figure S3, Supporting
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Information). GSs in 3D culture displayed diverse morphologies
dependent on both HA concentration and the patient line. How-
ever, these morphologies were independent of the sub-type clas-
sification (proneural—HK408 and HK217 or mesenchymal—
GS054 and HK177) assigned to the original patient tumor.l”"]
While HK408 and HK177 GSs displayed thicker, multicellular
protrusions indicative of collective migration, HK217 and GS054
GSs displayed thinner, single cell protrusions extending into ma-
trix (Figure S4A,B, Supporting Information). Still, individual in-
stances of single and collective cell migration could be found
in all patient lines. Uniquely, GS054 spheroids encapsulated in
0.75% w/v HA hydrogels adopted polarized, crescent-like shapes,
which did not resemble the invasive phenotypes observed for
GS054 in 0.10-0.50% w/v HA hydrogel cultures or for other cell
lines (Figure S4B, Supporting Information).

Invasion of cells from 3D cultured GSs into hydrogel scaffolds
was quantified over the course of 6 days for HK408, HK177, and
GS054 cells. In comparison, invasion was slower from HK217
GSs and so migratory activity was assessed over 9 days. Invasion
was quantified through two separate measurements, spheroid
shape factor and migration length (Figure S5, Supporting Infor-
mation). Spheroid shape factor represents the deviation from cir-
cularity of an individual GS over time as cell migrates out from
the sphere periphery and provides a measure of overall invasive
activity. The spheroid shape factor immediately after GS encap-
sulation is set as 1, while deviations from circularity, caused by
GBM cell invasion into the matrix, are less than 1. Thus, a de-
creasing spheroid shape factor indicates increasing invasive ac-
tivity. In contrast, migration length represents the maximum Eu-
clidian displacement by a single cell or multicellular protrusion
from the GS periphery into the matrix. Thus, an increasing mi-
gration length indicates that cells are able to invade further into
the matrix, and away from the original GS. In general, GSs across
patient lines were the least invasive in hydrogels with 0.10% w/v
HA, with statistically significant differences in spheroid shape
factor and migration length when compared to GSs in 0.25% w/v
HA hydrogels (Figures 4A-F and 5A-F and Figure S4A,B, Sup-
porting Information).

GSs of HK408 and HK177 patient lines exhibited peak inva-
sive activity around 0.25-0.50% w/v HA hydrogels, indicative of a
classic biphasic relationship!>~'#! between HA concentration and
invasion, where invasion initially increases with increasing HA
concentration until reaching a maximum in the first phase, then
decreases with increasing HA concentration in the second phase
(Figure 4A-F). For HK408 cells, differences in spheroid shape
factor were non-significant for hydrogels with at least 0.25% w/v
HA (Figure 4A,B). However, the median migration length of GSs
in 0.75% w/v HA hydrogels was significantly less than for those
in 0.50% w/v HA, indicating peak migratory activity in 0.25-
0.50% HA hydrogels (Figure 4C). For HK177 GSs, the median
spheroid shape factor for HK177 GSs was lower in hydrogels with
0.25% w/v HA than those with 0.50% or 0.75% w/v HA hydro-
gels, demonstrating peak migratory activity in 0.25% w/v HA cul-

www.advhealthmat.de

tures (Figure 4D,E). However, differences in migration lengths
for HK177 GSs were only significant between 0.10% and 0.25%
w/v HA cultures (Figure 4F).

Unlike for HK408 and HK177 cells, there was no HA concen-
tration at which there was an obvious peak in migratory activity
for GS054 and HK217 patient line. For spheroid shape factor and
migration length measurements, GS054 GSs were most migra-
tory in 0.75% w/v HA hydrogels, with no significant differences
between the 0.25% and 0.50% w/v HA conditions (Figure 5A-C).
While GS054 cell invasion increases with increasing HA concen-
tration, this relationship is not linear and, qualitatively, appears to
be reaching a plateau. In contrast, HK217 cell invasion increased
substantially when the HA concentration increased from 0.10%
to 0.25% w/v, but then experiences a plateau with a constant level
of invasiveness, according to either spheroid shape factor or mi-
gration length measurements, across 0.25%, 0.50%, and 0.75%
w/v HA (Figure 5D-F). As the GS054 and HK217 patient lines
do not follow the classic biphasic relationship between ECM con-
centration and migratory activity,'® these were denoted as “non-
biphasic” (Figure S4B, Supporting Information).

2.4. Biphasic Response to HA Concentration Corresponds to
Spatial Overlap of CD44 and Ezrin

Immunofluorescent staining for CD44 and ezrin (total protein,
non-specific to phosphorylation state) was used to evaluate the
relationships between HA concentration, CD44 recruitment of
ezrin, and GS invasive capacity. In general, HK408 GSs, which ex-
hibited a classic biphasic relationship between migratory activity
and HA concentration, had high membrane expression of CD44,
while GS054 GSs had sporadic CD44 expression (Figure 6A,B).
There were no obvious differences in the intensities of CD44
signal from immunostaining across HA conditions for either
HK408 or GS054 GSs. However, intensity of ezrin immunoflu-
orescence was observably lower in for HK408 GSs cultured in
0.10% w/v HA hydrogels as compared to those cultured in 0.25—
0.75% w/v HA hydrogels (Figure 6A).

There were clear differences in CD44 and ezrin colocalization
at cell membranes in HK408 cells across HA concentrations.
However, there was significantly less overlap of CD44 and ezrin
immunostaining in hydrogel cultures with 0.10% w/v HA hydro-
gels than those with 0.25%, 0.50%, or 0.75% w/v HA (Figure 6C).
Notably, these changes in membrane localization of CD44 and
ezrin was not limited to cells in direct contact with the HA matrix
at GS edges, but included cells located within the spheroid mass
suggesting that HA content may affect cells not in direct contact
with the hydrogel matrix (Figure 6A). Unlike HK408 GSs, GS054
GSs did not display a biphasic relationship between migratory
activity and HA concentration within the range of HA concentra-
tions explored here. Across varying HA concentrations, no dif-
ferences in CD44—ezrin colocalization were apparent for GS054
GSs (Figure 6B,D).

Figure 4. Patient-derived GBM cells exhibiting classic biphasic relationships between HA concentration and invasion. A) Spheroid shape factor quan-
tification of HK408 GSs from days 1 to 6. B) Spheroid shape factors of HK408 GSs at the end of 6th day in culture. C) Migration lengths of HK408 GSs
at the end of 6th day in culture. D) Spheroid shape factor quantification of HK177 GSs from days 1 to 6. E) Spheroid shape factors of HK177 GSs at
the end of 6th day in culture. F) Migration lengths of HK177 GSs at the end of 6th day in culture. For all data, Kruskal-Wallis statistical test was used
followed by Dunn’s multiple comparisons test of significance. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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2.5. Effects of HA Concentration on Invasive Capacity Depend on
Ezrin Phosphorylation

Constitutive knock-down of either CD44 or ezrin compromises
cell proliferation, survival, and the ability of GSs to form.[5273.74]
Moreover, there is no well-established small molecule inhibitor
targeting CD44 phosphorylation or CD44—ezrin binding. Thus,
migration experiments were repeated with varying doses of a
previously well-characterized, small-molecule inhibitor of ezrin
phosphorylation, NSC668394,3#1] to explore the mechanism
of HA effects. For HK408 cells cultured in matrices with HA
concentrations supporting migration (0.25%, 0.50%, and 0.75%
w/v), 20 um of NSC668394 successfully reduced migratory ac-
tivity while lower concentrations had no significant effects (Fig-
ure 7A). At these HA concentrations, ezrin inhibition effectively
disrupted extension of processes and invasive cell fronts from
GSs and, thus, maximum migration length could not be calcu-
lated. However, migration of single, round cells from HK408 GSs
clearly remained (Figure S6, Supporting Information). Notably,
when cultured in matrices with only 0.10% w/v HA, treatment
with NSC668394 increased HK408 cell migration (Figure 7A).
With 5 pm NSC668394, small processes and single, rounded cells
extended into the 0.10% w/v HA matrix. However, with 20 um
NSC668394, only single cells were observed, and cultures ap-
peared very similar in all HA conditions (Figure S6, Supporting
Information).

It is possible that untethering CD44 “pickets” from the acto-
myosin cortex, through NSC668394-mediated ezrin inhibition,
may cause a larger relative reduction of membrane tension in
matrices with a limited initial capacity for HA-CD44 engagement
(i.e.,0.10% w/v HA compared to higher HA content) to support a
more amoeboid-like migration.[?2%%75] This finding supports the
popular hypothesis that the actin cortex must be sufficiently de-
tached from both the cell membrane and the matrix for a cell
to deform and migrate through a porous scaffold.” In matrices
with sufficient HA-bound CD44 (i.e., 0.25-0.75% w/v HA) ini-
tially, treatment with NSC668394 uncouples CD44 from the ac-
tomyosin cortex but does not remove the CD44 tethering to HA
in the ECM leaving one “fence” attached to the CD44 “picket.”l”%!
Thus, the cells are not able to detach their membranes from the
substrate and migrate using an amoeboid-type mode.[”778 Addi-
tionally, when sufficiently decoupled from the actin cortex, ECM-
bound CD44 “pickets” likely still inhibit membrane diffusion of
integrins, reducing their ability to rearrange and generate trac-
tion forces needed for migration.

As discussed above, HK217 GSs were as sensitive to HA con-
centration as HK408 GSs, with higher rates of invasion in hy-
drogels with at least 0.25% w/v HA and little-to-no migration
in those with 0.10% w/v HA. Like HK408 GSs, treatment with
5 um NSC668394 increased migration of single, rounded cells in
0.10% w/v HA matrices (Figure 7B and Figure S6, Supporting In-
formation). However, increasing NSC668394 dose to 10 or 20 pm

www.advhealthmat.de

effectively halted all cell migration, indicating that cells could not
generate sufficient traction forces (Figure 7B and Figure S6, Sup-
porting Information). For HK217 GSs in either 0.25% or 0.50%
w/v HA hydrogels, GS invasiveness was inhibited by NSC668394
in a dose-responsive manner, with many cells appearing to die at
the 20 um dose. For HK217 GSs in 0.75% w/v HA matrices, 5 um
NSC668394 had no clear effects and 10 um NSC668394 was re-
quired to inhibit invasion. This finding may be explained if the
higher HA content results in increased numbers of HA-CD44
complexes and a downstream increase in ezrin phosphorylation,
requiring more NSC668394 to achieve functional inhibition. Fi-
nally, for GS054 GSs the addition of NSC668394 at any concen-
tration effectively inhibited invasion (Figure 7C and Figure S7,
Supporting Information).

3. Discussion

This study sought to investigate the association between in-
creased malignancy and expression of peritumoral HA and the
CD44 receptor, which has been identified in cancers.’>7*81 To
better understand how HA-CD44 interactions influence inva-
siveness of GBM tumors, which reside in very soft, HA-rich brain
tissue, we cultured spheroids of patient-derived GBM cells within
3D, bioengineered matrices in which HA concentration was var-
ied. Results show that information about the local HA concen-
tration is relayed through CD44—ezrin, with direct effects on GS
invasiveness. Furthermore, relatively small variations in HA con-
centration were sufficient to significantly affect cell outgrowth
from GBM patient-derived spheroids embedded and cultured
within 3D matrices.

Hydrogel matrices for 3D cell culture were constructed us-
ing thiol-ene, photo-click chemistry which quickly forms stable
covalent bonds under physiological conditions in the presence
of live cells[®>8283] relative to Michael addition reactions conven-
tionally used to formulate HA hydrogels.*#+#7] First, we thi-
olated high molecular weight HA, modifying ~5% of its glu-
curonic acid groups,®® which enabled a thiol-ene reaction with
norbornene, provided here in the form of an 8-arm PEG.[®°] At
this degree of modification of HA chains with an average molecu-
lar weight of 700 kDa, we can estimate that on average the molec-
ular weight between cross-link sites is 5 kDa. Thus, we incorpo-
rated branched PEGs into our hydrogel formulations with each
branch being 5 kDa. We posit that inclusion of PEGs contribute
to the lack of differences in hydrogel porosity, permeability, and
stiffness across hydrogel conditions. Thiolated, 4-arm PEGs were
introduced to reduce the HA concentration while maintaining
a constant total polymer content. Increasing hydrogel swelling
with increasing HA concentrations confirmed variations of HA
between the different hydrogel formulations. Despite differences
in swelling, hydrogel matrices had comparable porosity, perme-
ability, and shear modulus across the range of HA concentrations
investigated.

Figure 5. Patient-derived GBM cells that increase invasion with increasing HA concentration, but without a classic biphasic response. A) Spheroid shape
factor quantification of GS054 GSs from days 1 to 6. B) Spheroid shape factors of GS054 GSs at the end of 6th day in culture. C) Migration lengths of
GS054 GSs at the end of 6th day in culture. D) Spheroid shape factor quantification of HK217 GSs from days 1to 6. E) Spheroid shape factors of HK217
GSs at the end of 6th day in culture. E) Spheroid shape factors of HK217 GSs at the end of 6th day in culture. F) Migration lengths of HK217 GSs at
the end of 6th day in culture. For all data, Kruskal-Wallis ANOVA statistical test was used followed by post-hoc Dunn’s multiple comparisons test of

significance. *p < 0.05; ** p < 0.007; ***p < 0.001; ****p < 0.0007.
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Thus, this approach was used to fabricate hydrogel matrices in
which the effects of HA concentration on cell migration could be
effectively decoupled from the effects of bulk mechanical prop-
erties and diffusive permeability. Furthermore, matrices were
uniquely formulated to approximate several bioactive features of
the brain ECM, including: 1) HA concentration varying across a
single order-of-magnitude range and representing physiological
HA ranges found in brain tissues,***”] and 2) low storage
modulus (100-150 Pa) representing that of peritumoral brain
tissue.[®®®7] Tn addition, this study identified trends common
to GBM cells derived from several individual patient tumors,
rather than transformed GBM cell lines which often do not
behave like patient-derived cells.®>% Overall, we anticipate this
experimental design increases the physiological relevance of
reported results.

Here, results indicate that HA concentration has biphasic
effects on migratory activity and that CD44 receptors, like
integrins, act as biochemical “clutches” (i.e., following “motor-
clutch” theory of migration), where there exists a level of
HA-bound CD44 with an adhesive force at which cell migration
is maximized.'*!l This finding is congruent with previous
reports, which identified that expression of either too little or
too much CD44 reduced the propensity for GBM cell invasion,
implying an optimal “medium” expression level exists.[1%8+92]
We then demonstrated how ezrin mediates 3D invasion of GBM
cells by linking the intracellular domain of HA-bound CD44
to the actin cytoskeleton through ezrin. By physically tethering
extracellular HA to the actin cortex, CD44—ezrin complexes
have been theorized to act as “pickets” linking the HA and
actin filament “fences” to control local membrane tension and
diffusion of membrane-bound proteins.33**] However, further
investigations into the mechanisms by which CD44 and ezrin
regulate cell migration are warranted. Some studies have re-
ported that CD44 and phosphorylated ezrin are concentrated
at the leading edges of cells cultured on a hard, plastic surface,
implying that CD44-ezrin increases migration by promoting
local force generation.’”?3%5) Conversely, other studies have re-
ported that CD44—ezrin interactions are sequestered toward the
trailing edge of migrating cells, where they may act as “pickets”
to inhibit nanoscale clustering of integrins and facilitating ECM
detachment and increasing migration speed.[?82935:997] These
seemingly conflicting findings of the roles of CD44 and ezrin
may be attributed to experimental differences across previous
studies. The stiffness of the substrate or matrix, availability of
ECM-derived binding sites, and cell lines investigated likely all
affect how cells migrate. For example, cell migration on very
stiff, flat substrates likely requires alternative modes of force
generation than migration through very soft, 3D matrices.

Here, we have demonstrated how HA concentration affects 3D
cell invasion through CD44 and ezrin interactions. While previ-
ous work has relied primarily on CD44 engagement through un-
controlled, endogenously produced HA in the glycocalyx, in this

www.advhealthmat.de

study an exogenous HA matrix with 3D geometry was provided.
Recently, local inhibition of CD44—ezrin interactions has been de-
scribed as crucial to phagocytosis, a process which, like migra-
tion, involves dramatic restructuring of the cell membrane.[3>%!
Specifically, CD44—ezrin “pickets” must detach from the actin fil-
ament “fences” to reduce tethering of the actin cortex to the cell
membrane, effectively relieving membrane tension to allow for
deformation. A similar process of membrane deformation must
occur in amoeboid-type cell migration, where the cell membrane
at the leading edge of the cell must deform to protrude into gaps
within the 3D ECM and then propel its cytoplasmic contents for-
ward before detaching and retracting the trailing edge.[”®! Intrav-
ital imaging studies have suggested that invading cancer cells
may predominately use amoeboid migration in vivo, where the
ECM is generally softer than traditional culture substrates and
cells can migrate within a 3D space.3#%] In this study, when the
ability of CD44—ezrin to bridge together the HA matrix and cy-
toskeleton was inhibited by low HA concentration in the 0.10%
w/v matrix and with NSC668394, cells adopted an amoeboid-
like migration mode in which adhesion to the matrix would be
very low and likely inhibited by activation of the HA-CD44—ezrin
axis. These results align with those from previous studies sug-
gesting that very low adhesion and confinement (e.g., in matrix
pores) is ideal for a transition from mesenchymal-to-amoeboid-
like migration.[100-102]

HA concentration also had effects on viability of GBM cells,
where cells cultured in matrices with low HA (0.10% w/v) had
low viability, but only in some of the patient-derived lines. Like-
wise, effects of HA concentration on 3D invasion also varied
across patient-derived cell lines. This finding is expected given
the high degree of interpatient heterogeneity in GBM clinical
pathology.!] Notably, cell invasiveness in response to HA con-
centration or ezrin inhibition was not uniform across GBM tu-
mor subtypes, as previously defined.”*”!] This is not unexpected,
as there is no clear evidence that these subtypes impact clinical
outcomes and given single-cell RNA sequencing analysis of pri-
mary clinical tumors, which indicates that no tumor is truly a
single subtype.l'*] Thus, the 3D culture platform presented here
may have utility to identify patient-specific responses to therapeu-
tics, such as those targeting migration, to inform personalized
clinical strategies.

A number of studies have suggested that the small molecule
ezrin inhibitor used in these studies, NSC668394, may have
value as a clinical cancer therapy,***!! but no clinical trials eval-
uating NSC668394 have been registered on ClinicalTrials.gov
at this time. In general, results from this study support the
therapeutic potential of NSC668394 for GBM, as in most patient
lines and matrix conditions NSC668394 reduced cancer cell
survival and migration. While NSC668394 treatment inhibited
GS invasion in conditions with high degrees of tethering of
the HA matrix to the cytoskeleton, in matrices with minimal
levels of HA-CD44 binding low doses of NSC668394 increased

Figure 6. Greater CD44—ezrin colocalization occurs in more migratory GSs. A) Representative images of HK408 GSs stained for CD44 and ezrin following
6 days of culture. Scale bars = 10 um. B) Representative images of GS054 GSs stained for CD44 and ezrin following 6 days of culture. Scale bars = 10 um.
C) Pearson correlation coefficient distribution of overlapping CD44 and ezrin in staining for HK408 GSs. D) Pearson correlation coefficient distribution
of overlapping CD44 and ezrin in staining for GS054 GSs. Kruskal-Wallis statistical test was used followed by post-hoc Dunn’s multiple comparisons
test of significance. *p < 0.05; ***p < 0.001; ****p < 0.0001.
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migration of cells using what appears to be an amoeboid-like
mode. In all conditions, larger doses of NSC668394 induced
apoptosis and prevented migration.

Overall, results support the idea that inhibiting ezrin phospho-
rylation is a promising therapeutic strategy for GBM; however,
delivering subtherapeutic doses may result in only partial block-
ing or even stimulation of tumor cell invasion, depending on the
local ECM. In addition, results suggest that further studies inves-
tigating efficacy of NSC668394 as a co-therapy with cilengitide, a
competitive antagonist for integrin binding to RGD-bearing ECM
proteins, are warranted. While cilengitide has shown promise in
preclinical and clinical trials, efficacy was not clear in phase 3
trials.'%! However, it is possible in some cases that CD44—ezrin
mediated migration of GBM cells may compensate for reduced
integrin adhesion with cilengitide treatment.

Beyond findings reported here, there remain several areas to
be investigated, including the roles of matrix degradation, other
proteins known to link CD44 to the actin cytoskeleton, non-ezrin
proteins in the ERM complex, and other potentially redundant
signaling pathways. In this study, the 3D culture scaffolds used
contained no matrix metalloprotease-degradable sites but were
susceptible to hyaluronidase degradation. Thus, matrices with
lower HA content are inherently more degradable than those
with higher HA content. While differences in HA degradation
could certainly affect migratory capacity, data clearly show that
HA-CD44 interactions facilitate transduction of forces needed
for migration. HA molecular weight is another factor that af-
fects CD44 signaling and cell migration.['%! However, the cur-
rent studies used only high molecular HA (=700 kDa, similar to
HA in native brain tissue,*®)) so that effects of HA concentration
on GBM cells could be isolated.

Moreover, there are proteins other than ezrin known to
link CD44 to the actin cytoskeleton, including ankyrin and
IQAPI, which have previously been suggested to mediate cell
migration.®”1%] However, it is unclear if these adapter proteins
have redundant, agonistic, or antagonist actions to ezrin. In ad-
dition, while NSC668394 has been previously identified as a po-
tent inhibitor of ezrin phosphorylation, it may have off-target
effects on radixin and moesin. Finally, several other signaling
proteins involved in migration, such as ERK/MAPK, PKC, and
RhoA/ROCK, create complex interactions and feedback loops to
integrate matrix signals transduced through integrins and CD44
and regulate migration.['21%19] Thuysg, it will be important in fu-
ture studies to take a systems-level approach to understand how
cells integrate biochemical and mechanical cues from their ma-
trix to enable migration.

4. Conclusions

Here, we used soft, 3D matrices designed to approximate the per-
itumoral microenvironment of GBM tumors to investigate how
HA in the ECM affects cancer cell invasion. In general, results

Figure 7. Effects of NSC669384 on GS migration. Spheroid shape factor
distribution of A) HK408, B) HK217, and C) GS054 GSs at endpoint fol-
lowing treatment with 0—20 um of NSC669384. Kruskal-Wallis ANOVA sta-
tistical test was used followed by post-hoc Dunn’s multiple comparisons
test of significance. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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show that GBM cell invasion has a biphasic dependence on HA
concentration, supporting the concept that GBM cell migration
follows the “motor-clutch” model of cell migration, where CD44-
ERM complexes act as molecular clutches to regulate the extent
of migratory activity independently of integrin attachments. Re-
sults also support previous findings that CD44—ezrin complexes
act as “pickets,” as defined in the anchored “picket-fence” model,
where migration requires dynamic, spatiotemporal coordination
of anchoring and releasing of “pickets” though ezrin phosphory-
lation and dephosphorylation, for migration to occur. Inhibition
of ezrin activation through NSC668394 represents a promising
strategy for preventing GBM cell invasion. However, in very soft
tissue microenvironments, where cells can bind the matrix via
integrins but not CD44, low-level NSC668394 doses may induce
a phenotypic switch in GBM cells from a mesenchymal-like to an
ameboid-like migration state, presenting a means of therapeutic
resistance.

5. Experimental Section

HA Thiolation and Hydrogel Fabrication: Approximately 4.5-6% of
p-glucuronic acid carboxylic acid groups in the repeating HA dis-
accharide chain (My, = 700 kDa, LifeCore Biomedical) were thio-
lated via carbodiimide chemistry (N-hydroxysuccinimide; 1-ethyl-3-[3-
dimethylaminopropyl] [EDC]) and reaction with cysteamine (Sigma-
Aldrich) to yield HA-SH. Following reduction with dithiothreitol and sub-
sequent dialysis for purification, proton nuclear magnetic resonance spec-
troscopy and an Ellman’s test were conducted to verify HA-SH thiolation
percentage.

Prior to gelation, compounds were buffered in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES; Fischer BioReagents) with Hank’s
buffer salt solution (Sigma-Aldrich) to yield the following solution densi-
ties: 10 mg mL~! HA-SH; 100 mg mL~" thiol-terminated 4-arm polyethy-
lene glycol (PEG-SH, My, = 20 kDa, Laysan Bio); 100 mg mL~" 8-arm
polyethylene glycol norbornene (PEG-Norb; My, = 20 kDa, Laysan Bio);
4 mm thiolated RGD peptide (RGD-SH, ‘GCGYGRGDSPG’; GenScript);
1-3 mg mL™' Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP;
Sigma-Aldrich). Prepared gel solutions contained 0.25% w/v LAP, 0.25 mm
RGD-SH, and either 0.10%, 0.25%, 0.50%, or 0.75% w/v of HA-SH.

30 pL of finalized gel solutions were added to 30 mm? cylindrical
slots in silicone molds. These solutions were then exposed to 3.95-
4.05 mW cm~2 magnitude of 365 nm UV radiation for 15 s to initiate
gelation. Gel products were removed from molds and maintained in PBS
(D-PBS) until characterization.

Hydrogel Characterization: ~ Mechanical property testing: Hydrogel stor-
age moduli (G’) were measured using a discovery hybrid rheometer-2
(DHR-2, TA Instruments) at 37 °C. Frequency sweeps were performed un-
der 1% constant strain in the range of 0.1-1.0 Hz. Storage modulus of
each sample was calculated as the average value of the linear region of
the storage curve from the frequency sweep plot. For statistical analysis,
three separate measurements were taken in which five samples from each
condition were measured.

Mass-swelling ratio: Fabricated hydrogels without cells were weighed us-
ing a scale (Weight; ;) and subsequently incubated in 1x PBS at 37 °C
and 5% CO,. After 24 h, the weight of each hydrogel was again recorded
(Weight; ;). The formula below was used to calculate the mass swelling
ratio per hydrogel.

Weight ; ,

Mass Swelling Ratio = ————
& Weight;

M

Diffusion modeling: For diffusion measurements, FRAP was used. Hy-
drogels were incubated with FITC-Dextran solution (0.33 mg mL™" in
PBS) overnight. Five pre-bleach images were taken at 10% power of a
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488 nm laser under a SP5 laser scanning confocal microscope (Leica).
In order to photo-bleach the samples, 30 um region of hydrogels were ex-
posed to a 488 nm laser (600 um pinhole) for 20 s. 1000 frame of images
were taken as post bleached images. t4 values (time for half recover) were
calculated from fluorescence recovery graphs. Diffusion coefficients (D,)
were calculated using simplified Fick’s law:[110]
1/2
M. _ 2[%] !
Ming

2

X2

Patient-Derived GBM Cell Culture: GS054, HK177, HK217, and HK408
were the patient-derived GBM lines used in this study. Patient line GS54
(passages 14-18) and lines HK177 (passages 15-17), HK217 (passages
11-22), and HK408 (passages 15-24) were generously provided by Dr.
David Nathanson (UCLA, GS54) and Dr. Harley Kornblum (UCLA, HK
lines), respectively. While all patient lines were sphere-forming, HK217,
HK177, and GS54 cells were expanded in suspension cultured while
HK408 cells were expanded as monolayers. All cells were collected in ad-
herence to the UCLA Institutional Review Board and provided with no
identifying information. All GBM cells were cultured in T-75 flasks with
complete media which consisted of DMEM/F12 with L-glutamine and
15 mm HEPES in 1x Gem21, 0.2% Normocin, 20 ng mL~" human fi-
broblast growth factor-2, 50 ng mL~" human epidermal growth factor, and
25 mg mL~" heparin. Both 2D and 3D cultures were incubated in 5% CO,
and 37 °C throughout the course of all experiments. For passaging, 1x
TrypLE (Life Technologies) was used for GS dissociation or monolayer dis-
ruption. Single cells were replated at 100 000 cells mL~" to establish sub-
cultures.

Gliomasphere Culture and 3D Encapsulation:  Following passaging, sin-
gle GBM cells were seeded (600 000 cells/well) into individual wells of a
24-well AggreWell plate pre-coated with 5% Pluronic in 1x PBS solution.
Centrifugation (300 X g for 3 min) and incubation (5% CO, and 37 °C)
followed. After 18 h, GSs were prepared for suspension culture or 3D en-
capsulation within hydrogels. For 3D encapsulation, GSs, ~150 um in di-
ameter, were harvested from AggreWell plates and resuspended in pre-
pared gel solutions (0.10-0.75% w/v) (see “HA Thiolation and Hydrogel
Fabrication”). Gelation of mixed gel and GS solutions ensued as previ-
ously described in the methods and yielded the 3D hydrogels containing
the patient-derived GBM spheroids at a density of 100 GSs per 30 pL of
hydrogel.

Microscopy and Quantification of Invasion: ~ Phase contrast images were
obtained using the Zeiss Axio-Observer microscope and Zen software, and
image analysis was performed using the Image] software. GS invasion was
quantified by spheroid shape factor, a ratio of a GS’s area to its squared
perimeter, and migration length, the maximum protrusion radius from a
GS's periphery. Perimeter (P) and area (A) values were obtained by man-
ually tracing GSs, and spheroid shape factor was calculated using the fol-
lowing formula:

A

Spheroid Shape Factor = 47 (3)

Cryopreservation, Immunostaining, and Confocal Imaging: Hydrogels
underwent fixation in 4% paraformaldehyde (PFA) in 1x PBS solution for
1 h at room temperature. Then, it was followed by sequential incubations
in solutions of 5% and 20% sucrose in 1x PBS for 1 h time periods. After
leaving the hydrogels in 20% sucrose solutions overnight at 4 °C, hydro-
gels were embedded in 20% sucrose in preservation molds containing 1x
optimal cutting temperature compound for 3 h at 4 °C and flash frozen in
2-methylbutane. Frozen hydrogels were cut into 12 mm sections using the
Leica Cryostat.

Sections were fixed in 4% PFA in 1x PBS solution for 12 min before be-
ing subsequently washed using 0.10% Tween-20 in 1x tris-buffered saline
(TBS-T) and blocked with 4% bovine serum albumin (BSA) in 1x TBS-
T for 1 h in room temperature. Then, sections were incubated at 4 °C
overnight with primary antibodies for CD44 (1:400, 37259T, Cell Signal-
ing Technology), RHAMM (1:400, NBP1-76538, Novus Biologicals), Ezrin
(1:200, 3145S, Cell Signaling Technology), Ki67 (1:100, PA5-16785, Invit-
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rogen), and cleaved PARP (1:400, 5625S, CI-PARP, Cell Signaling Technol-
ogy) or biotinylated HA binding protein (1:100, 385911-50UG, HA binding
peptide [HABP], EMD Millipore) diluted in blocking solution according
to the provided manufacturer’'s recommendations. The next day, samples
were incubated in Hoechst 33342 and appropriate secondary antibody so-
lutions with limited light exposure for 1 h. Following a final wash, slides
were mounted using coverslips with applied Fluoromount G (Southern
Biotech, Birmingham, AL, USA) and imaged using confocal microscopy.

Cell Extraction from Hydrogels and EdU Proliferation Assay: Cultured
and encapsulated spheres were incubated in a 1:1000 dilution of EdU so-
lution (Cayman Chemical Company) for 4 h. Following a wash in PBS,
hydrogel samples were broken down using a 10 mL syringe with a 20G
needle and passed through a 40 mm filter into collection tubes. For 2D
culture, GBM spheres were disintegrated using TryplE before further pro-
cessing. All samples were subsequently centrifuged (400 X g for 5 min),
resuspended in 4% PFA in 1x PBS, and stored in 4 °C overnight.

The following day, samples were centrifuged (400 x g for 5 min) and
washed in 1% BSA in 1x PBS. Cells were permeabilized for 15 min in per-
meabilization buffer (0.1% Saponin and 1% BSA in 1x PBS). Staining solu-
tion was prepared and added to the cells undergoing the permeabilization
reaction. After 30 min of incubation without light in room temperature,
samples were washed twice and ultimately resuspended in permeabiliza-
tion buffer. Flow cytometry data were collected using the Guava easyCyte
flow cytometer and analyzed using Flow)o software.

Cell Viability Quantification: Encapsulated GSs were incubated at
37 °Cand 5% CO, for 15 min in LIVE/DEAD working reagent prepared by
diluting 2 mm ethidium homodimer-1 (1:500) and 4 mwm calcein AM solu-
tion (1:2000) stock solutions in 1x PBS. Spheres were imaged and three
separate counters quantified the presence of live or dead cells in images
provided.

Tissue Microarray HA Staining and Scoring: TMAs were prepared by
clinically isolated tissue biopsy samples from 39 GBM and 19 lower-grade
CNS cancer (grade I-1ll astrocytoma, grade I-lll oligodendroglioma, pi-
tuitary gland cancer, and meningioma) patients, prepared and provided
with no individually identifying information by the UCLA Brain Tumor Tis-
sue Resource, which was under the direction of Dr. William Yong who
had full approval of UCLA Institutional Review Board to obtain and share
de-identified samples. Paraffin-embedded slides of 5 mm thickness were
de-paraffined using 100% xylene and a five-step reduction in alcohol pre-
sentation from 100% ethanol to deionized water. Samples were washed
(0.1% Tween in 1x TBS), blocked (5% normal goat serum and 1% BSA
in washing solution), and incubated with biotinylated HABP overnight at
4 °C. The following day, samples were washed and incubated using Vectas-
tain ABC kit reagents and 3,3’-diaminobenzidine substrate. Samples were
mounted onto slides using a toluene solution. Images were taken using
the Zen Axio-Observer microscope and images were semi-quantitatively
scored according to a previously described method.l"!]

In Vivo Intracranial Xenograft Tumor Models:  8-week-old female NOD
SCID gamma null mice (NSG) were used for GBM intracranial implanta-
tion. All animal experiments were carried out under an Institutional Animal
Research Committee (ARC) (ARC-1993-285) approved protocol according
to NIH guidelines at the University of California, Los Angeles. The GSCs
suspension (2 x 10° cells in 3 uL of PBS) was injected into the brains of
NSG mice as previously described.['12] When mice developed neuropatho-
logical symptoms, they were sacrificed and perfused with ice-cold PBS fol-
lowed by 4% PFA. Mice brains were dissected and fixed in 4% PFA for 24
h. The brains were then transferred to 10% formalin and processed for
subsequent histopathological analysis.

Statistics:  All statistics were performed using GraphPad Prism soft-
ware. Kolmogorov—Smirnov test was performed to assess normality of
data. For parametric data, a Student’s t-test and one- or two-way analysis
of variance (ANOVA) was performed to assess significance between two
and multiple data sets, respectively, followed by post-hoc Tukey’s multiple
comparisons test. In the case of non-parametric data, a Kruskal-Wallis
ANOVA was used to assess significant differences between any data sets
followed by post-hoc Dunn’s multiple comparisons test. Modes of sig-
nificance were reported as follows: ns, non-significant; *, p < 0.05; **,
p < 0.07;%%% p < 0.001; **** p < 0.0001.
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