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Extracellular Matrix Properties Regulate the Migratory
Response of Glioblastoma Stem Cells
in Three-Dimensional Culture

Marisol Herrera-Perez, MSc,"? Sherry L. Voytik-Harbin, PhD3* and Jenna L. Rickus, PhD'™

Diffuse infiltration across brain tissue is a hallmark of glioblastoma and the main cause of unsuccessful total
resection that leads to tumor reappearance. A subpopulation termed glioblastoma stem cells (GSCs) has been
directly related to aggressive invasion; nonetheless, their migratory characteristics and regulation by the micro-
environment are still unknown. In this study, we developed a composite matrix of hyaluronan (HA) structurally
supported by a collagen-oligomer fibril network to simulate the brain tumor extracellular matrix (ECM) com-
position. Matrigel-coated microfibers were embedded within the matrix to create a tunable dual niche microen-
vironment that resembles the vascular network of the brain. This model was compared with the most commonly
used in vitro three-dimensional (3D) culture formats, Matrigel and collagen type-I monomer matrices, to study
how the mechanical and compositional properties of the ECM alter the migration characteristics of GSC neu-
rospheres. The migration mode, distance, velocity, and morphology of the GSCs were monitored over a 72-h
period. The cells altered their migration mode depending on the matrix composition, showing migration by
expansive growth in Matrigel matrices, multicellular extension along rigid interfaces (as Matrigel glass and coated
microfibers), and mesenchymal single-cell migration in collagen matrices. Velocity and distance of migration
within each composition varied according to matrix mechanical properties. In the dual niche system, the presence
of HA reduced velocity and number of migratory cells; however, cells that came in contact with the pseudovessels
exhibited collective migration by an extensive strand and reached higher velocities than cells migrating indi-
vidually across the 3D matrix. Our results show that GSCs adopt varied migration mechanisms to invade multiple
ECM microenvironments, and the migration characteristics exhibited are highly influenced by the matrix physical
properties. Moreover, GSC neurospheres exhibit concomitant single and collective migration as a function of the
microenvironment topography to reach the most productive migration strategy.

It is now well established that tumor cell invasion and
maintenance of tumor stem cells are processes regulated by
the microenvironment and involve sgeciﬁc interactions with
the extracellular matrix (ECM).“H The brain ECM has a

Introduction

LIOBLASTOMA (GBM) 1s A highly invasive and lethal
brain cancer with an estimated 5-year survival of less

than 5%.' Low prognosis is primarily due to resistance to
chemotherapy and radiotherapy coupled with diffuse infil-
tration into healthy brain parenchyma.>* GBM resistance,
rapid growth, and propagation have been linked to the
presence of a subpopulation of tumor cells with stem cell-
like features termed as glioblastoma stem cells (GSCs).4’9
Given the aggressiveness of GSCs, it has been hypothesized
that these cells drive the invasion into healthy brain tissue
and contribute to regrowth of a new heterogeneous tumor.

distinct composition relative to other tissues and organs. It
represents a low stiffness and loosely connected network
comprised mainly of hyaluronan (HA)."*"'* In cases such as
glioma development, tumor cells actively remodel their
microenvironment by depositing their own ECM, including
type-I collagen as a component of the tumor tissue, sur-
rounding environment,'> and GSC niche.'® Interestingly,
GBM can successfully invade any part of the brain, yet,
unlike other cancers, rarely metastasizes. During invasion,
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migratory GBM cells preferentially use existing tracks such
as myelinated axons in white matter and the basement
membrane (BM) surrounding blood vessels, as has been
shown by histopathological examination.'” Such invasion
pattern suggests the existence of productive infiltration
mechanisms mediated by the brain-%peciﬁc microenviron-
ment that foster tumor expansion.'*"!

Despite the well-known characteristics of brain micro-
environment and glioma invasion routes, there is still a lack
of understanding about the mechanistic migration processes
exhibited by GBM cells and specifically by GSCs.'"” A
critical barrier in the cancer field is that most of the invasion
and migration studies are conducted using two-dimensional
(2D) substrates that fail to recapitulate the dimensionality,
composition, and physical properties of brain tissue.?’ In-
creasingly, direct passage of human tumor cells within xe-
nograft mouse models has been preferred to maintain the
in vivo characteristics of cancer cells and the tumor microen-
vironment; however, processes such as GSC migration are still
difficult to monitor and systematically interrogate due to the
complexity of these systems and the limited number of GSCs
present in the tumor.”' Consequently, three-dimensional (3D)
in vitro models that mimic multiple features of the tumor mi-
croenvironment and allow the study of important cancer cell
subpopulations, such as GSCs, are required to compliment
in vivo models and histopathological analysis.

Although previous studies have provided useful insight
about phenotypic and invasive characteristics of GBM when
cultured in 3D matrices, such as collagen monomers (e.g.,
telocollagen and atelocollagen),”>>* chemically functiona-
lized HA,*° chitosan—alginate,”’ and poly(ethylene-glycol)
(PEG)-HA,?® these matrices incorporate chemical groups
naturally absent in vivo and/or do not represent the compo-
sition, structure, or topographical characteristics of the tumor
environment. In this study, we recreated the main features of
the GBM microenvironment by developing a tunable 3D
matrix with a similar composition to glioma ECM with in-
corporated topographical tracks, which simulate the brain
vasculature, to study over time the migratory behavior of
GSC neurospheres and cell line GBAMI1 (CD133") (Supple-
mentary Methods, Supplementary Figs. SIA, B, and S2;
Supplementary Data are available online at www.liebertpub
.com/tea). The composite matrix consisted of a HA network
structurally supported by a customizable collagen-oligomer
fibril matrix embedded with BM-coated microfibers to provide
alternative migratory paths as occurs in vivo.

In addition, for comparison, we generated reconstituted
matrices from the most common 3D cell culture substrates,
type-I collagen monomers and Matrigel. Matrigel represents a
commercial EHS mouse sarcoma extract that mainly com-
prised laminin and type-IV collagen. This tumor extract, which
forms a BM-like hydrogel when warmed to 37°C, has tradi-
tionally been used for tumor invasion studies.”® In addition,
since solubilized type-I collagen formulations differ signifi-
cantly in their molecular composition and fibril-matrix for-
mation capacity, we prepared matrices with diverse structural
and mechanical properties using commercial monomeric col-
lagen (BD Biosciences, San Jose, CA), as well as atelocollagen
and oligomeric collagen extracted from pig skin. We per-
formed 3D culture of GSC (GBAM1) neurospheres in the
different matrices to monitor and compare overtime how
fundamental migratory behavior, such as migration mode,
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velocity, maximum distance, and morphology exhibited by
GSC neurospheres is regulated by the compositional and
physical properties of the different matrices. To the best of our
knowledge, this is the first study that evaluates the migration of
GSC neurospheres in multiple types of ECMs, including a
specifically designed matrix that resembles the main features
of the glioma microenvironment.

Materials and Methods
Cell liquid culture

GBM cells, isolated from human surgical tumor speci-
mens sorted by FACS for CD133 expression (GBAMI1),
were kindly provided by Dr. Phillip Tofilon and the Moffitt
Cancer Center. GSC GBAMI cells (CD133" >98% from
passages 17-23) met all criteria for a stem-like population,
including neurosphere formation in stem cell media, ex-
pression of the stem-like markers Sox2, Notch, and Nestin,
and capability to differentiate into glial cells.*® Cells were
maintained in stem liquid media DMEM/F12 (Life Tech-
nologies, Carlsbad, CA) supplemented with B27 without
vitamin A (Life Technologies) and growth factors, EGF and
bFGF (50 ng/mL each; Peprotech, Rocky hill, NJ), at 37°C
in an atmosphere of 5% CO,. Cells were propagated in T25
or T75 flasks and fed with complete media every other day.
Neurospheres were disaggregated with TrypLE (Life
Technologies) and passaged every 7 days.

Synthesis of collagen and collagen-HA matrices

Three-dimensional collagen matrices were generated us-
ing rat tail type-I collagen monomers from BD Biosciences,
pig skin type-I collagen oligomer,>" and pig skin type-I
atelocollagen. All collagens were adjusted to the desired
concentration and polymerized by neutralization with
10 x phosphate-buffered saline (PBS) (1 xPBS has a 0.17M
total ionic strength) and 0.1 N sodium hydroxide to reach pH
7.4. During and after neutralization, all reagents were main-
tained at 4°C and the neutralized collagen solutions were
pipetted at volumes of 100 uL in 96 multiwell plates and
polymerized at 37°C during 30 min. To generate the com-
posed oligomer-HA matrices, sodium hyaluronate of molec-
ular weight between 351 and 600 KDa (Lifecore Biomedical,
Chaska, MN) was dissolved in 10xPBS and added during
neutralization of the oligomer to attain final concentrations of
2 mg/mL oligomer and 2, 5, and 10 mg/mL HA. To mimic the
topography generated by the blood vessels in the brain pa-
renchyma, pseudovessels were recreated using sterile rods of
PDS II-polydioxanone of diameter 100-150 um (Ethicon,
Blue Ash, OH) coated with Matrigel by immersion. The
coated rods were incubated at 37°C for 30 min and immersed
in the oligomer-HA matrix before polymerization. To cor-
roborate the presence of Matrigel on the rod surface, sample
rods were incubated with anti-Collagen type IV eFluor® 660
antibody (eBiosciences, Santa Clara, CA) and imaged with
confocal microscopy (Supplementary Fig. S3). For the con-
trol experiments, noncoated rods were used.

Analysis of mechanical properties

Rheological properties of the matrices were measured by
oscillatory shear in a stress-controlled AR2000 rheometer
(TA Instruments, New Castle, DE) using a parallel plate
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geometry (40 mm diameter). Each sample (1 mL) was po-
lymerized at 37°C on the rtheometer during 30 min, the ge-
ometry was set at 725 pum gap distance, and humiditgy was
maintained by a solvent trap as previously described.’’ The
viscoelastic properties, shear storage modulus (G’), and
shear loss modulus (G”) were determined by a strain—stress
sweep from 0.01% to 0.4% at 1 Hz (this range was chosen
from predetermined linear viscoelastic response regions).
All measurements were conducted on at least three inde-
pendent samples.

Cell culture in 3D matrices

GBAMI cells were cultured in complete liquid media for 4
days. Neurospheres were collected using a 100 pm cell strainer
(BD Biosciences) and recovered from the strainer by washing
with PBS. Before, polymerization neurospheres were sus-
pended in each of the matrices (Matrigel from BD Biosciences,
collagen and collagen-HA) to achieve a density of 1-2 neu-
rospheres per 100 pL. of polymeric suspension. Volumes of
100 pL of cell-matrix suspension were platted into 96-well
plates. Subsequently, the matrices were polymerized at 37°C
for 30 min followed by addition of complete liquid media.
Cells were cultured at 37°C in an atmosphere of 5% CO,.

Immunofluorescence staining

For N-cadherin detection in GBAM1 cultured in 3D matrices,
matrices with embedded neurospheres were fixed with 4%
glutaraldehyde, permeabilized with 0.5% Triton X-100 (Sigma-
Aldrich, St. Louis, MO), blocked with 5% bovine serum albumin
(Life Technologies), and incubated with the rabbit polyclonal N-
cadherin antibody (Santa Cruz Biotech, Santa Cruz, CA) (dilu-
tion 1:40) at 4°C for 12 h. The matrix was washed and incubated
with IgG anti-rabbit Alexa-488 (Life Technologies) (dilution
1:200) at 4°C for 6 h. Nuclei were counterstained with Hoechst
33342 (Life Technologies) during 1 h.

Laser scanning confocal and light microscopy

Migration of GBAMI cells within the 3D matrices was
quantified using bright field and phase contrast images
collected at 1, 24, 48, and 72h after polymerization of the
matrices. All images were collected using an AmScope
(10MP) camera on a CKX41 Olympus inverted microscope.
Confocal images for detection of N-cadherin and Hoechst
33342 were taken with a Nikon A1R-MP confocal micro-
scope equipped with objectives Apo 40X (1.25NA) and
Plan Fluor 40X-oil (1.3NA). Confocal reflectance micros-
copy (CRM) was performed to analyze the structure of the
collagen-HA matrices in their hydrated state. The images
were obtained from three independent samples for each
matrix at random positions using the objective Plan Fluor
20X (0.75NA) in the reflectance mode.

Analysis of morphology and migration

Bright field and phase contrast images were analyzed
using the software ImageJ (NIH, Bethesda, MD). Migration
distance was quantified as the distance from the initial pe-
rimeter of the neurosphere to the edge of the most external
protrusion or migratory cell.*>*? Average migration velocity
was calculated by dividing the distance recorded by the time
interval chosen (24, 48, or 72h).
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Statistical analysis

Quantitative data were compared by the t-test (a=0.05),
Mann-Whitney, or ANOVA using the statistical software
package SAS 9.3 (SAS Institute, Cary, NC).

Results

Modulation of GSC migration by varying
the concentration of Matrigel matrices

Invasion of cancer cells has been traditionally studied in
Matrigel matrices due to its similar composition to the BM,
an in vivo type of ECM rapidly infiltrated by tumor cells
during tumor invasion.'*

To investigate time-dependent migration of GSCs within
matrices of similar composition to BM, neurospheres were
seeded within Matrigel (100%), Matrigel (75%)-DMEM/
F12 (25% v/v), and Matrigel (50%)-DMEM/F12 (50% v/v)
to monitor their migratory behavior over 72h. During the
first hours of culture, the neurospheres developed thin
pseudopodia-like extensions that were more abundant and
larger in Matrigel 50% compared to other Matrigel matrices.
Subsequently, the extensions exhibited in Matrigel 75% and
100% disappeared, and cells continued expanding as a
functional aggregate with spherical morphology resemblin
multicellular migration by expansive growth (Fig. 1A).>
Contrastingly, the initial pseudopodia developed in Matrigel
50% extensions were gradually replaced by large and wide
protrusions with elongated tips that grew radially and re-
mained in contact with the neurosphere. Three-dimensional
reconstruction from confocal microscopy images of neuro-
spheres cultured in Matrigel 50% showed that the tips of the
migratory strands were located on the same focal plane
(Supplementary Fig. S4) suggesting that, different to the other
3D matrices, Matrigel 50% allowed the generation of focal
contacts with the plate surface generating a semi-3D (or
2.5D) substrate.** It is possible that at this Matrigel concen-
tration, the material shear storage modulus became low en-
ough (Table 1) for the neurospheres to settle and interact with
the rigid surface of the 2D culture plate. To corroborate that
multiple cells in contact formed the extensions, we performed
immunostaining to detect expression of N-cadherin. The re-
sults suggest maintenance of cell-cell contacts in both, the
cells forming the neurosphere and cells migrating as multi-
cellular extensions (Fig. 1B). In comparison, GSCs in the 3D
Matrigel expanded into significantly smaller distances and
with significantly slower velocities compared to the GSCs
that were able to contact the rigid culture plate (Fig. 2A, B).

Type-I collagen 3D matrices support single-cell
migration of GSCs regardless of collagen
concentration or formulation

Fibrillar collagens are ubiquitous components of the ECM
in the majority of tissues and organs and have been dem-
onstrated to be present within glioma tissues and their sur-
rounding ECM during tumor progression.”> To further
explore the morphology and migration characteristic of
GSCs, type-I collagen matrices with diverse characteristics
were generated using type-I oligomers (Oli) isolated through
acid solubilization of pig skin, type-I atelocollagen from
pepsin-treated pig skin (Atelo), and BD Biosciences type-I
collagen from rat tail (BD). Migration of GSCs in all collagen
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FIG. 1. (A) Glioblastoma stem cell (GSC) neurospheres present different migration characteristics when seeded within
Matrigel matrices of different concentrations. Neurospheres exhibit migration by expansive growth when cultured in three-
dimensional (3D) matrices of Matrigel 100% and 75%, while Matrigel 50% exhibits multicellular strand migration due to
low compliance of the matrix (semi-3D substrate). Scale bars 100 um. Migration was determined as the distance from the
initial perimeter of the neurosphere to the edge of the most external strand or migratory cell. (B) GSCs cultured in Matrigel
50% develop contacts with rigid surfaces of the plate (semi-3D substrate), giving onset to wide, stable, and long protrusions
that comprised one or more cells with intact and stable cell-cell contacts. Neurospheres after 72h of culture were fixed and
stained with Hoechst 33342 and N-cadherin-Alexa 488. Staining for nuclei was incomplete due to the high density of the

neurosphere. Scale bars 25 um. Color images available online at www.liebertpub.com/tea

matrices occurred by single-cell migration (Fig. 3A and
Supplementary Fig. S5) consistent with the migration mode
presented by other glioma cells in commercial collagen.**??
Different concentration of collagen and absence of telopep-
tides (atelocollagen) or collagen source (commercial rat tail
or pig skin) did not modulate the migration mode exhibited.
The neurospheres cultured in collagen developed thin
pseudopodia-like extensions with subsequent detachment of
single cells from the neurosphere (Fig. 3A). Migration oc-
curred in all directions with cells presenting a spindle-shape
morphology resembling mesenchymal single-cell migration.

Collagen formulation and concentration influence
migration distance and velocity of GSCs

Parameters such as collagen source, isolation method, and
polymerization reaction conditions dictate the mechanical
and physical properties of self-assembled collagen matri-

velocity. While previous studies have explored glioma mi-
gration in collagen, only standard commercial monomeric
collagen has been used to generate 3D matrices.?>**>2
Unlike conventional monomer matrices, which represent
entanglements of long fibrils, oligomers induce interfibril
associations to yield branched fibril networks. As such,
oligomer matrices present higher stiffness compared to
monomer matrices prepared at the same collagen concen-
tration (fibril density). In this study, collagen matrices were
prepared at concentrations ranging from 1 to 4 mg/mL, and
GSC migration distance and velocity were measured as a
function of concentration, formulation, and matrix stiffness.

Variation of collagen concentration affected the distance
and migration velocity of GSCs (Fig. 3B, C). The rela-
tionship between concentration and velocity was specific
for each of the collagen formulations. Atelocollagen matri-
ces, prepared from collagen molecules in which telopeptide
regions have been enzymatically eliminated, showed

ces” and are expected to affect migration distance and short migration distances and low matrix stiffness values

TABLE 1. VISCOELASTIC PROPERTIES OF THE DIFFERENT MATRICES USED FOR THREE-DIMENSIONAL
MIGRATION STUDIES OF GLIOBLASTOMA STEM CELL (N=3, MEAN = SEM)

Matrix Shear storage modulus G’ (Pa) Matrix Shear storage modulus G’ (Pa)

Matrigel 100% 56.5+3.1 BD-Col 3 mg/mL 245103

Matrigel 75% 35.6+0.8 BD-Col 1.5 mg/mL 6.5+19

Matrigel 50% 17.9+0.3 Atelocollagen 4 mg/mL 39+2.1

Oligomer 3 mg/mL 885+92.3 Atelocollagen 2 mg/mL 4+13

Oligomer 2 mg/mL 397+£32.7 HA:2 mg/mL-Col:2 mg/mL 126.2+14.6

Oligomer 1.5 mg/mL 225+14.1 HA:5 mg/mL-Col:2 mg/mL 107.9+£19.6

Oligomer 1 mg/mL 90+5.2 HA:10 mg/mL-Col:2 mg/mL 36.1+£0.6

HA, hyaluronan.
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FIG. 2. (A) Distance of migration reached by GSCs increases progressively in all the matrices. Cells cultured in Matrigel
50% that exhibit long protrusions due to contact with rigid surfaces (semi-3D substrate) present the highest distance. (B)
Velocity of migration of GSC at varying times in different Matrigel matrices. The maximum velocity was reached in
Matrigel 50% at 24 h and decreased gradually afterward. Values marked as * are statistically different from values marked

as **p-value <0.05. n=9 (Matrigel 100%, 50%), n=6 (Matrigel 75%), error bars indicate + SEM.

(Fig. 4A, B and Table 1) along with low velocities that
slightly increased with concentration (Fig. 3C). BD collagen
matrices also exhibited low stiffness and induced slightly
higher although nonstatistically different levels of invasion
compared to atelocollagen. However, the velocity decreased
moderately as the collagen concentration increased (Fig.
3C). In contrast to other formulations, oligomer presented
the highest stiffness at the same fibril density (Fig. 4A, B
and Table 1) and a broad range of migration distances as a
function of collagen concentration. The velocity and dis-
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tance increased with oligomer concentration until reaching a
maximum in 2 mg/mL matrices; subsequently, velocity and
distance decreased for matrices of higher concentration
(B3 mg/mL) (Fig. 3B, C). Interestingly, matrices such as BD
collagen and atelocollagen that represented the low end of the
matrix stiffness spectrum (4-39 Pa) supported low migration
distances and velocities similar to those obtained in matrices.
Oli-3 that represented the highest matrix stiffness (885Pa)
evaluated and exhibited higher cell-matrix contacts but re-
duced porosity. Analysis of oligomer matrices encompassing
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FIG. 3. GSCs exhibit elongated single-cell movement in collagen-I, BD1.5 (BD collagen 1.5 mg/mL), Oli (oligomer), and

Ate (atelocollagen). (A) GSC neurospheres embedded in multiple types of collagen type-I matrices present a single

migration mode. Scale bars 100 um. (B) Cells cultured in acid-solubilized matrices of low collagen concentration (BD-1.5
and Oli-1.5, Oli-2mg/mL) presented the highest distance of migration. (C) Maximum velocity was reached during

the first 24 h of culture and decreased subsequently. Similar to B, the highest velocity was reached in BD-1.5 mg/mL
and Oli-1.5, 2 mg/mL. Values marked as * are statistically different from **p-value <0.03, T are statistically different from
Tp-value <0.05. n=9 (oligomer), n>4 (BD collagen and atelocollagen), error bars indicate + SEM.
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FIG. 4. Optimal migration distance and velocity of GSCs in collagen-I occur at stiffness levels in the range of normal
brain. (A) Migration distance (at 72 h) and (B) migration velocity (at 24 h) are modulated by matrix stiffness (G”). Values
marked as * are statistically different from **, T are statistically different from '', p-value <0.05. Oligomer matrices with G’
of 225 Pa (oligomer 1.5 mg/mL) and 397 Pa (oligomer 2.0mg/mL) supported the greatest migration distance and velocity

compared to other collagen matrices. Error bars indicate + SEM.

a wider range of stiffness values (90-885Pa) suggested an
optimum range where the maximum migration is reached
(Fig. 4A, B). GSCs cultured within matrices Oli-1.5 and Oli-2
(225-397 Pa) of similar stiffness values to brain tissue (100—
600 Pa)*® supported the greatest migration.

Presence of HA in composite matrices reduces
GSC migration

To recreate some essential features of glioma ECM
composition and study the migratory behavior of GSCs,

>

HA:10-Col:2 mg/ml HA:5-Col:2 mg/ml HA:2-Col:2 mg/ml

FIG. 5.

composite matrices of HA and type-I collagen (Col) were
generated with 0, 2, 5, and 10 mg/mL of HA and a constant
oligomer concentration of 2mg/mL. GSC neurospheres
cultured in Col-HA matrices exhibited early pseudopodia
extension followed by single-cell migration similar to what
was observed in collagen-only matrices. Nevertheless, in-
creasing HA concentration proportionally reduced migration
as well as the frequency of cell detachment from the neu-
rospheres (Fig. 5A, B). Cells cultured in oligomer 2 mg/mL
exhibited the greatest migration distance, while cells in
HA:2-Col:5mg/mL. and HA:2-Col:5mg/mL presented a
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(A) GSCs present single-cell migration in composite oligomer—hyaluronan (HA) matrices similar to only oligomer

matrices. Increasing concentration of HA decreases the number of migrating cells and alters the morphology of the migratory
cells from elongated to spherical shaped. White arrowheads point out elongated migrating cells and black arrowheads point out
rounded migrating cells. Scale bars 100 pm. (B) Distance of migration is reduced with increasing presence of HA. All matrices
present statistically different distance at all time points, except HA:2-Col:2 and HA:5-Col:2 mg/mL. (C) Velocity decreased
with time as observed with other matrix types, except HA:10-Col:2 mg/mL matrix where the velocity increased with time.
Values marked as * are statistically different from **, ** are statistically different from *** p-value <0.05, ' are statistically
different from ™ p-value <0.05, #, ##, and ### are statlstlcally different, p-value <0.05. n=9, error bars indicate + SEM.
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Oligomer 2 mg/ml

FIG. 6. Confocal reflec-
tance microscopy of oligo-
mer matrices with varied
concentrations of HA. HA
presence altered the collagen
interfibril associations. Scale
bars 50 pm. Color images
available online at www
Jiebertpub.com/tea

significant reduction of migration compared to only oligo-
mer matrices. The most drastic reduction was observed in
HA:10-Col:2 mg/mL, where very few cells detached from
the neurosphere and migrated considerable short distances.
Cells that left the neurosphere were able to increase the
migration velocity over time, different to what was observed
for the other matrices (Fig. 5C). In addition, presence of HA
induced morphological changes of the migratory cells. Cells
switched from an elongated morphology observed in only
oligomer and HA:2-Col:2mg/mL matrices to a mixed
population of elongated and rounded cells in HA:5-Col:2
mg/mL matrices (Fig. 5A) and to a mostly rounded mor-
phology in HA:10-Col:2 mg/mL matrices.

Addition of HA modulates fibril microstructure
and mechanical properties of oligomer matrices

To further analyze how the incorporation of HA altered
the mechanical properties of the matrices and the migratory
behavior of GSCs, we performed viscoelastic shear tests of
the composite matrices. Increasing HA concentration re-
duced the storage and loss moduli, while slightly decreasing
the phase angle () of the matrix (Supplementary Table S1).
The greater values of the storage modulus compared to the
loss modulus indicate that the matrix dynamic response is
mainly controlled by the elastic (solid) phase. Structural
changes of the matrix caused by HA were examined by
CRM and suggest that HA incorporation does not affect
fibril density, as was expected for matrices of the same
collagen concentration, but disrupts the formation of inter-
fibril associations, reducing the fibril branching (Fig. 6).
Since collagen fibril branching is correlated with matrix
stiffness,?” the reduction of fibril associations caused by HA
might have contributed to stiffness reduction.

GSCs exhibit multiple types of migration

We next asked what would be the overall migratory re-
sponse of GSCs in a 3D in vifro microenvironment that
mimics the composition and topography of the glioma en-
vironment in a single 3D construct. To address this question,
we cultured GSC neurospheres in a composite matrix of
HA:10-Col:2 mg/mL with embedded Matrigel-coated mi-
crofibers to imitate the structural tracts formed by the blood
vessels that offer the cells diverse migratory paths. We
observed that neurospheres located close to the fibers mi-
grated toward the fiber and developed strand collective
migration using the topographical cues as physical support
(Fig. 7A). Cells migrating along the rods maintained cell-
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Oligomer 2: HA 5 mg/mi Oligomer 2: HA 10 mg/ml

cell contacts during movement, as was identified by the
expression of N-cadherin, and did not separate from the
neurospheres, whereas cells facing the collagen-HA matrix
directly (no rods nearby) detached from the neurosphere and
exhibited single-cell migration, as was observed previously
in collagen-only and collagen-HA matrices. A similar be-
havior was presented when noncoated rods were used
(Supplementary Fig. S6), indicating that, regardless of the
presence of Matrigel coating, the cells used the microfibers
to migrate collectively.

The velocity and maximum distance for collective mi-
gration along the rods (Fig. 7B, C) were comparable with
the values obtained for single-cell migration in oligomer
2 mg/mL matrices and are greater than the values obtained
for migration in oligomer-HA matrices. The results indicate
that multicellular strand migration exhibited during dur-
otaxis, such as along the structural cues in composite ma-
trices and in the semi-3D (Matrigel 50%) matrix, is the most
productive and fastest migration mode (Fig. 7D, E), as it
favors the generation of combined motility force and
maintains important paracrine signaling.'”

Discussion

Migration of GSCs has been linked to tumor re-
appearance; nevertheless, the migratory characteristics of
this cell population in diverse types of ECMs have not been
previously studied in detail. In this study, we used multiple
3D formats commonly used for tumor invasion studies, such
as Matrigel and type-I collagen, as well as a novel com-
posite in vitro model that mimics the ECM composition,
physical properties, and topography of the glioma micro-
environment. Our results indicate that GSCs exhibit varied
velocities and migration modes such as collective migration,
expansive growth, single-cell migration, and combined
collective—single migration as a function of the composition
and physical characteristics of the 3D microenvironment.

In 3D matrices of Matrigel, the neurospheres adopted a
rounded morphology resembling expansive growth. Such
morphology can be associated with the structural charac-
teristics of the matrix. Matrigel presents a different cross-
linking 8pattern as well as a larger pore size than native
BM,'#* and does not confine or resist neurosphere expan-
sion. As a consequence, cells tend to exhibit characteris-
tics related to proteolysis-independent migration, such as
amoeboid morphology for single cells® or expansive
growth,** consistent with the morphology observed in Ma-
trigel 75% and 100%. Our results also suggest that reduction
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of matrix stiffness as in Matrigel 50% generates a semi-3D
(or 2.5D) substrate, where close contact between the neu-
rospheres and the rigid surface of the culture plate allows
the formation of focal contacts and stable multicellular
strands supporting greater migration distances.

The drastic change of GSC morphology to strictly elon-
gated, mesenchymal-like single migration in type-I collagen
corroborates the relevance of the ECM properties on the
regulation of cancer cell migration. Fibrillar collagen, al-
though nonpresent in normal brain ECM, has been found in
glioma tissues, surrounding ECM,'® and as a component of
the GSC niche,'® suggesting that glioma cells deposit it to
support tumor maintenance. While previous studies have
explored the migration of glioma cells in collagen matrices
using established cell lines and commercial collagen,?***>2
we focused on studying the invasiveness of GSCs due to
their role on tumor migration and regrowth. In addition, we
generated matrices with oligomer collagen that, as recent
reports showed, offers a number of advantages over con-
ventional monomeric collagens, including hierarchical col-
lagen fibril assembly that recapitulates that observed in vivo,
presence of tissue-specific intermolecular cross-links, short
polymerization time, and customization over a broad range
of relevant physicochemical features.*’ GSC neurospheres
exhibited single-cell detachment and mesenchymal migra-
tion in all the types of collagen matrices studied, consistent
with the migration mode presented by other glioma cells
lines in 3D collagen matrices.?*** The velocity and distance
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FIG. 7. (A) GSC neurospheres
exhibited multiple migration
modes in the composite matrix as
the single-cell migration mode
across the 3D matrix and collective
strand migration along the topo-
graphical cues present in the ma-
trix. Staining for nuclei was
incomplete due to the density of the
neurosphere. Scale bars 100 um.
(B) Distance of migration along the
rods increases with time and pres-
ent values comparable to Matrigel
50%, n=4, error bars indi-
cate £ SEM. (C) Velocity of mi-
gration along the rods slowly
decreases with time presenting
values comparable with other types
of matrices such as oligomer 2 mg/
mL, n=4, error bars indi-
cate £ SEM. (D) Comparison of
GSC maximum distance of migra-
T tion in different types of matrices at
72h, n=9. (E) Comparison of GSC
velocity of migration in different
types of matrices at 24h, n=9.
Color images available online at
www.liebertpub.com/tea
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of migration were modulated by the concentration of the
collagen as was expected due to changes in the fibril density
and pore size of the matrix."'" In atelocollagen matrices
where no crosslinks are present, increasing concentration
derived in higher migration due to higher generation of cell-
matrix contacts and proteolysis-independent migration. In
covalently cross-linked matrices such as BD collagen and
oligomer, increasing collagen concentration reduces the
pore size and the available space for cell movement; hence,
migration relies on the ability of the cell to degrade and
remodel the ECM, or to deform its body until reaching an
appropriate size to move through the pores.*' Similarly,
reduction of the collagen concentration and consequent in-
crease of the pore size can also reduce migration due to the
lack of structural support for the development of cell-matrix
contacts and generation of traction force to propel move-
ment. These differences in migration due to the collagen
matrix concentration are similar to observations by other
authors® and support the existence of an optimum collagen
concentration range where the fibril density and pore size
support the maximum cell migration.**

HA enrichment of the ECM and overexpression of CD44
receptors have been associated with glioma successful in-
vasion of brain parenchyma.*”™*’ Interestingly, when in-
creasing quantities of HA were incorporated to collagen
matrices to resemble glioma microenvironment, the number
of migratory cells and migration distance were reduced. In
addition, the cell morphology shifted to a more rounded
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appearance. Previous studies of collagen-HA 3D matri-
ces*?>* have related increasing HA concentrations with
matrix stiffness and subsequent reduction of cell migration
with adoption of rounded morphology. Similarly, in PEG-
HA matrices, increased stiffness has been derived in chan-
ges of cell morphology.?® Nevertheless, our results showed
that incorporation of noncross-linking HA decreases matrix
stiffness (Supplementary Table S1), but also induces adop-
tion of cell-rounded morphology. As other studies of acid-
solubilized collagen matrices have shown, HA incorporation
increases interstitial fluid movement resistance without af-
fecting fibril density.*’ Consistently, Col-HA matrices pre-
sented a similar fibril density upon HA addition; however,
the interfibrillar associations were disrupted. Therefore, we
suggest that the stiffness reduction is linked to reduction
fibrillar branching caused by HA during matrix polymeri-
zation,”” and the adoption of cell-rounded appearance is
mainly due to increased resistance of the interstitial fluid
caused by HA hydration that opposes an additional barrier
for cell deformation and movement.

It is accepted that GBM presents a rapid infiltration pat-
tern with preference for myelinated axons and blood ves-
sels."* Recently, it was shown using in vivo xenograft
models that GBM cells present directional and efficient
migration (greater net distance and velocity) along blood
vessels, while migration through the parenchyma occurs by
expression of multiple pseudopodia with constant changes
in direction.”® Certain GBM cell lines also presented a
chain-like morphology when extending from the tumor to
the blood vessels.” In line with such findings, our results,
obtained using an in vitro composite matrix, suggest that
GSCs detect the asymmetric rigidity gradient presented in
the environment and develop different migration modes
according to the mechanical properties of the structures to
invade. Migration across the collagen-HA matrix, which
poses a low-stiffness environment, triggers cell detachment
and single-cell migration with constant changes of direction;
however, when rigid structures (as the microrods) are pre-
sented to the neurospheres, the cells develop collective
strand migration along the directional tracts. Such a mi-
gration mode by multicellular strands was present along
rods, regardless of the percentage of Matrigel coverage, on
the rod surface. Hence, we suggest that the rigidity of the
topographical clue coupled with the proximity of the neu-
rosphere to the clue induce durotaxis and formation of
strand collective migration, and that this type of collective
migration is likely to be present not only along blood vessels
but also along myelinated axons.>*>

In this study, we describe a new composite tunable matrix
that resembles important features of the glioma microenvi-
ronment such as ECM composition, mechanical properties,
and preexisting structural cues to dissect mechanistic un-
derstanding regarding the migratory behavior of GSCs in 3D
environments. Furthermore, we analyzed multiple matrices
of varied mechanical properties using Matrigel and diverse
types of fibrillar collagen to assess how the migratory
characteristics of GSCs are affected by the physical prop-
erties of the matrix. Our results indicate that GSC neuro-
spheres are able to exhibit multiple velocities and migration
modes such as collective migration (expansive growth and
strand)®* and single-cell migration (mesenchymal) as a
function of the mechanical and compositional properties of
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the matrices. In a composite collagen-HA matrix, the mi-
gration of GSCs was reduced by the presence of HA,
nonetheless, cells adopted a productive and fast migration as
a collective strand using the preexisting topographical cues
presented as migratory paths. Taken together, the results
suggest that GSC migration is not limited to a unique mi-
gration mode as is usually observed in in vitro studies, but is
able to exhibit concomitantly multiple migration modes
(collective and single) as a response to the heterogeneity of
the environment. The recreation of additional characteristics
of cancer environments such multiple cell coculture and
functional vascular networks in controllable 3D-models is a
powerful tool to study cancer development and progression.
Additional efforts in this area will contribute to elucidate
fundamental mechanisms such as how cell sensing of the
microenvironment composition and mechanical characteris-
tics induce the adoption of different migration mechanisms.
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