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Abstract

Unlike many other cancer cells that grow in tumors characterized by an abnormally stiff collagen-
enriched stroma, glioma cells proliferate and migrate in the much softer environment of the brain,
which generally lacks the filamentous protein matrix characteristic of breast, liver, colorectal, and
other types of cancer. Glial cell-derived tumors and the cells derived from them are highly
heterogeneous and variable in their mechanical properties, their response to treatments, and their
properties in vitro. Some glioma samples are stiffer than normal brain when measured ex vivo, but
even those that are soft in vitro stiffen after deformation by pressure gradients that arise in the
tumor environment in vivo. Such mechanical differences can strongly alter the phenotype of
cultured glioma cells. Alternatively, chemical signaling might elicit the same phenotype as
increased stiffness by activating intracellular messengers common to both initial stimuli. In this
study the responses of three different human glioma cell lines to changes in substrate stiffness are
compared with their responses on very soft substrates composed of a combination of hyaluronic
acid and a specific integrin ligand, either laminin or collagen I. By quantifying cell morphology,
stiffness, motility, proliferation, and secretion of the cytokine IL-8, glioma cell responses to
increased stiffness are shown to be nearly identically elicited by substrates containing hyaluronic
acid, even in the absence of increased stiffness. PI3-kinase activity was required for the response
to hyaluronan but not to stiffness. This outcome suggests that hyaluronic acid can trigger the same
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cellular response, as can be obtained by mechanical force transduced from a stiff environment, and
demonstrates that chemical and mechanical features of the tumor microenvironment can achieve
equivalent reactions in cancer cells.
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INTRODUCTION

The most common primary malignant glioma, called glioblastoma (GBM), is one of the
deadliest cancers among humans. High proliferation rate, invasiveness, and insensitivity to
existing treatments result in very poor prognosis and short survival period. GBM tumors are
usually highly heterogeneous and consist of regions with different subpopulations of cells
and various matrix compositions, which are often associated with treatment failure and
development of treatment resistance.1-2 Glioblastoma cells usually do not create distant
metastatic sites in other organs, as is observed for breast, prostate, and liver cancer cells, but
rather their migration is limited to the CNS with characteristic rapid infiltration to different
brain regions.3 Brain tissue has a unique composition compared with other soft tissues, like
breast or liver. Instead of having a continuous highly cross-linked extracellular protein
scaffold surrounding the cells, the extracellular matrix (ECM) of the brain is composed of a
relatively low content of fibrous proteins but is highly enriched in proteoglycans such as
aggrecan and tenascin and glycosaminoglycans including hyaluronic acid. These
components are known for their role in regulating cell proliferation, adhesion, and
differentiation.?

It is widely documented that cells can sense and respond to the stiffness of their
surroundings,® in a manner that depends on the cytoskeleton and the transmembrane
complexes such as integrins that adhere the cell to the substrate.8 Neurons, astrocytes, and
glioma cells in culture and in tissue preparations all respond to changes in substrate
mechanics.” Identifying the mechanosensing mechanism is important for understanding and
potentially reversing the development of pathological processes in which increased
stiffening is observed, including, for example, breast cancer, where stiffness alterations are
so significant that the tumor can be localized by physical palpation or liver fibrosis, where
stiffness is postulated to be a causative factor of liver cirrhosis.8® For such diseases, a
connection between increased matrix stiffness and increased cell proliferation, motility, and
aggressiveness have been observed.10.11 Interestingly, the opposite correlation was observed
for metastatic ovarian cancer cells, which in vivo metastasize preferentially to soft and fatty
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omentum and in laboratory settings display a more malignant phenotype on softer matrices
than on stiffer ones.12

In this context, glioblastoma and other brain tumors are a unique category of cancer, since
multiple studies of glioma stiffness have led to different results both in vitro and in vivo,
suggesting that whether the mechanical properties of the tumor are altered might depend
more strongly on geometry or the conditions under which the viscoelasticity is measured
than for other tumor types for which a consensus is apparent. Some studies show increased
stiffness in glial cell-derived tumors.13-15 In other studies either the shear modulus of
glioma tissue was softer than that of normal tissue from the contralateral sidel6 or increased
stiffening was not observed for the large majority of samples when studied in vivo by
ultrasound elastography7:18 or ex vivo with microindentation!®-20 unless the tissue was
compressed. An important finding not generally considered in studies of tumor stiffness is
that even when tumor elastic moduli are indistinguishable from those of normal tissue, there
is a large difference in viscosity, with gliomas showing less viscous response than adjacent
nonmalignant tissue.1” Thus it is not evident that mechanosensing by glioblastoma cells is a
universally clinically relevant modulator of cell behavior or whether another factor triggers
the same responses in vivo that are produced by mechanical stimuli in vitro. To address this
question the unique composition of brain ECM and the glioblastoma microenvironment has
to be taken into account.

Hyaluronic acid (HA) is proposed to play a role in malignant glioma development, and its
tissue content can be correlated with malignancy and poor GBM prognosis.2! HA interacts
with cells mechanically by linking through transmembrane receptors, like CD44 and
RHAMM, and these linkages can regulate cell adhesion and motility. AFM-based force
spectroscopy demonstrated physical binding between HA and CD44 with rupture force
between 60 and 90 pN, which is similar to forces needed to unbind integrin-ligand
complexes.?223 Hyaluronic acid is a large, linear, negatively charged macromolecule that
forms viscous liquids and cross-linked 3D structures and is believed to play a structural role
in brain ECM formation and function. Its role in mechanical properties of the brain is not
fully understood, but in other materials like cartilage it acts to retain water and resist
compression while allowing compliance in shear. Depletion of HA in pancreatic ductal
carcinoma results in decreased interstitial fluid pressure.24

Cancer cells undergo many molecular changes that are involved in tumor growth and
metastasis. These changes include altered expression of cytokines and growth factors, loss of
responsiveness to cell-cycle control proteins or self-destruct signals, and many others.
Among these changes, overexpression of interleukin 8 is associated with malignancy. IL-8
has a capacity to modulate the tumor microenvironment by enhancing cell proliferation and
migration, by modifying communication between different cell types, by promoting
preangiogenic responses in endothelial cells, and by activating tumor-associated
macrophages.> The majority of glioblastomas exhibit an elevated concentration of IL-8 as
detected both in tumor specimens and in glioblastoma cell lines grown in vitro.2

All of these findings represent major problems in understanding glioblastoma progression
and support the hypothesis that glioblastoma cells’ interaction with their environment is a
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key part of their aggressive nature. In an effort to determine the extent to which altered
mechanosensing can drive glioblastoma development, we performed a series of experiments
using different cell lines and substrates with controlled stiffness. Taking into account GBM
heterogeneity, we select three different cell lines with high metastatic potential. On the basis
of our previous study,19 we synthesized and characterized 2-D polyacrylamide and
hyaluronic acid hydrogels in stiffness ranges relevant to brain and glioma mechanics. We
used them to investigate the dependence of glioma cell morphology, mechanical phenotype,
motility, proliferation, and I1L-8 secretory potential. Our results support the hypothesis that
mechanical coupling between glioblastoma cells and brain-ECM facilitates the malignant
phenotype in brain but also suggest that P13-kinase-mediated signaling from substrates
containing both HA and integrin ligands can reproduce many of the phenotypes of cells on
rigid substrates.

MATERIALS AND METHODS

Substrate Fabrication

Glioblastoma cells were cultured on polyacrylamide and hyaluronic acid hydrogel substrates
of desired stiffness using methods previously described.1%27 In brief, the acrylamide and
bis-acrylamide solutions (BIORAD Laboratories, Hercules, CA) were prepared in double-
distilled H,O to a total volume of 1 mL. 1 /L of TEMED electrophoresis grade (Fisher
BioReagents, Pittsburgh, PA) and 10 £L of 2% ammonium persulfate (Thermo Fisher
Scientific, Rockford, IL) were used as polymerization initiators. Gels were polymerized
between glutaraldehyde (bottom) and SurfaSil-treated (top) coverslips (Thermo Fisher
Scientific). After removing the top coverslip, polyacrylamide gels were covalently linked to
integrin ligands by incubating with 50 L of 0.1 mg/mL collagen | (BD Bioscience, San
Diego, CA) or 0.1 mg/mL laminin (Collaborative Biomedical, Bedford, MA) after activating
the gel surface with the UV-sensitive Sulfo-SANPAH cross-linker (Thermo Fisher
Scientific). Gel stiffness was adjusted to 0.31 + 0.03, 1.04 + 0.05, 3.50 + 0.17, 4.54 + 0.17,
7.99 +0.89, and 14.08 + 1.28 kPa.

Native HA can be modified to induce functional groups that allow cross-linking, and
resulting physicochemical properties of the hydrogels are tightly connected to the type of
chemical modification applied.28:2° In our study we used a semisynthetic HyStem Hydrogel
Kit (Glycosil, BioTime) that consists of thiol-modified hyaluronan (average MW ~ 250
kDa), thiol-reactive cross-linker PEGDA (Extralink), and sterile degassed water (DG Water).
First, all of the components were allowed to come to room temperature. Then, a vial
containing 10 mg of thiol-modified hyaluronan was reconstituted in 1 mL of DG water, and
the vial containing 5 mg of PEGDA was reconstituted in 0.4 mL of DG water. The
hyaluronan-containing vial was then placed in 37 °C for 40 min until fully dissolved,
whereas PEGDA dissolved immediately. To form a hydrogel, PEGDA cross-linker was
mixed in a 1:4 volume ratio with hyaluronan and supplemented with the appropriate amount
of collagen I and laminin to reach a final protein concentration of 0.1 mg/mL. Gels were
polymerized between the modified coverslips as for polyacrylamide hydrogels. Previous
studies have shown that gels of different stiffness have the same ligand density on the
surface and that there is no difference in ligand surface distribution between the gels where
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protein was coated or incorporated into the gel.2” Hyaluronic acid hydrogels stiffness was
adjusted to 0.30 + 0.03 kPa.

Hydrogel Characterization

Cell Culture

Rheology measurements were performed using a Rheometrics RFS3 (Rheometrics,
Piscataway, NJ) strain-controlled rotational rheometer fitted with 8 mm diameter parallel
plates and a Peltier element incorporated in the bottom plate. For each sample, the gel
solution was pipetted between the plates prior to polymerization, and the shear modulus of
the polymerizing gel was measured over time by applying a constant oscillatory strain (2%)
and frequency (2 rad/s). The equilibrium shear storage modulus (G”), which reflects gel
stiffness, was measured after polymerization was completed. Gelation was monitored by
following the kinetics of both G’ and the loss modulus G”, which showed that the ratio G
'IG” as well as the magnitude of G’ reached steady state 30 min after the addition of
initiators. Measurements were conducted at 25 °C, and an external cover was used to prevent
sample drying.

Because of the strong evidence of glioblastoma tumor heterogeneity, three different glioma
cell lines with distinct origin were studied. LN229 (CRL2611; ATCC, Manassas, VA) and
LN18 (CRL2610; ATCC) cells were obtained from American Type Culture Collection. The
LN-18 cell line was isolated from the cells of right temporal lobe of grade-1V human
glioma, and the LN229 cell line was isolated from the cells taken from frontal parieto-
occipital human glioblastoma. The injection of LN18 and LN229 cells into nude mice
induces the formation of tumors. The LBC3 cell line was developed from human
glioblastoma multiforme tissue after surgical resection, as previously described.30 Cells were
cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco, Grand
Island, NY) and 100 U/mL penicillin and 100 &M streptomycin (Sigma-Aldrich, St. Louis,
MO) on tissue culture plastic and kept in a humidified incubator at 37 °C and 5% CO,.

Immunofluorescence

24 h after cell seeding, cells were fixed using 4% paraformaldehyde in PBS (Sigma-Aldrich)
for 20 min and permeabilized with cold (4 °C) 0.2% Triton-X 100 solution in PBS for 5 min.
For vimentin visualization, cells were incubated with primary monoclonal antibody against
vimentin (1:200, Sigma-Aldrich) and antimouse Alexa Fluor 488 secondary antibody
(1:500, Molecular Probes, Eugene, OR). Actin filaments and cell nuclei were visualized with
rhodamine-phalloidin (1:500, Molecular Probes) and Hoechst (1:1000, Molecular Probes).
Each incubation was followed by triple PBS washing, and all steps were performed at room
temperature unless stated otherwise. Immunofluorescence images were recorded using a
Leica DMIREZ2 inverted microscope (Leica, Buffalo Grove, IL) equipped with a mercury
lamp, and images were acquired using a Hamamatsu camera (Hamamatsu, Japan) and a
100x oil lens with a numerical aperture of 1.25.
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Cell Area Determination

The cell adherent area was determined from optical images collected with a 40x air lens
with a numerical aperture of 0.60 and phase contrast using a Hamamatsu camera on a Leica
DMIRE?2 inverted microscope (Leica). For each condition, a minimum of 20 images was
acquired, and approximately 120-150 cells per sample were analyzed. Cell area was
calculated using ImageJ software by precise tracing of single cell peripheries (ImageJ
Software, NIH, Bethesda, MD). Only single cells were taken into account.

Cell Motility and Persistence Measurements

The migration speed of glioblastoma cells growing on gels and glass coverslips was
determined with time-lapse microscopy over a period of 7 h in 5 min intervals. A Tokai-Hit
Imaging Chamber (Tokai Hit, Shizuokaken, Japan) that maintained a humid 37 °C and 5%
CO» environment was first equilibrated for 1 h. After 24 h of seeding, cultures were placed
inside the chamber mounted on a Leica DMIRE2 inverted microscope (Leica) equipped with
an ASI x/yiz stage (BioVision Technologies) and a Hamamatsu camera; a 10x air lens was
used for image sequence recording. Cell migration speed o (length of the total trajectory ¢
divided by time 2 was calculated by tracing the (x,)) position of the center of the cell
nucleus at every image using ImageJ Software (NIH) and the Manual Tracking plugin
(https://imagej.nih.gov/ij/). Total cell trajectory d can be expressed as a long discrete chain
consisting of 77segments of the length /(d'= 7 /), and thus persistence length L, was
calculated using following formula

where r(xm) is end-to-end distance (straight line that connects the first and the last points of
cell trajectory) traveled by a single cell over a 7 h period, 77is the number of frames taken
over the 7 h period, and /is the average distance traveled by the single cell between the
frames.

Results are presented as mean =+ standard error of the mean (SE). Approximately 40 cells per
substrate were analyzed. Cells were excluded if they migrated out of the field of view.

Cell Stiffness Measurements

Cell cortical stiffness measurements were performed using atomic force microscopy
working in spectroscopy mode as previously described.3! In brief, measurements were
performed using a DAFM-2X Bioscope (Veeco, Woodbury, NY) mounted on an Axiovert
microscope (Zeiss, Thornwood, NY) with silicon nitride cantilevers of a nominal spring
constant of 0.06 N/m (NP-010, Bruker, Madison, WI) and a 3.5 gm diameter polystyrene
bead attached. The thermal tuning method was used for precise spring constant
determination prior to the beginning of each experiment. So-called force versus distance
curves were recorded on glass coverslips and successively on the sample of interest. The
cantilever was moved toward the sample at the rate of 6 gm/s, and force—distance curves
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were analyzed assuming Hertzian contact mechanics for a spherical indenter and Poisson
ratio of the sample equal to 0.5. Cells were measured 24 h post-plating and kept in
appropriate culture medium during the measurement. Approximately 100 cells per condition
were analyzed.

Cell Population Doubling Time

The doubling time #; of cells growing on different substrates was determined by plotting cell
number versus time based on previously published methodology.32 In brief, low-
magnification images of the cells (10x) at 20 different locations were collected for all
substrates using Leica DMIRE2 inverted microscope (Leica) every 24 h for a period of 4
days. The average cell number per field over time was fitted using an exponential growth

equation: () = ypeXl where )y is the cell number at the time point %, & is the growth
In2 32

constant, and Zis time. Doubling time (4;) was calculated using the equation 7; = =-

Results are presented as mean values and standard deviations of mean (SD).

IL-8 Expression

Media conditioned by LBC3 and LN229 cells growing on different substrates were prepared
as follows. Both cell lines were seeded at a density of 40 000 cells/mL onto soft (0.3 kPa)
and stiff (14 kPa) polyacrylamide and soft hyaluronic acid (0.3 kPa) hydrogels linked with
collagen I or laminin or glass coverslips. 24 h post-plating, samples were transferred to new
well-plates to eliminate the impact of the cells that attached to the well and not to the gel
surface. 24 h later, cells were washed twice with PBS, and medium was renewed. After 24 h,
conditioned media was collected into sterile eppendorf tubes and centrifuged at 1000g for 5
min to pellet detached and dead cells. The supernatant was collected and transferred to a
new eppendorf tube. The human interleukin 8 ELISA assay (Thermo Fisher Scientific) was
used for quantitative determination of IL-8 content in glioblastoma cell conditioned media
according to manufacturer instructions. Simultaneously, all of the samples were imaged
using a low-magnification (10x air lens) objective to estimate the total number of cells per
sample. The results were normalized to the total cell number and are expressed as
femtograms per cell (fg/ cell).

PI3Kinase Inhibition by Wortmannin

The effect of phosphoinositide 3-kinase (PI3Ks) inhibition on LN229 cell adherent area was
quantified using time-lapse microscopy. The P13-kinase inhibitor wortmannin was dissolved
in DMSO to a concentration of 1 mM, and a working solution of 20 nM was prepared in cell
culture medium (DMEM + 10% FBS) and used immediately for each experiment. LN229
cells were grown on 0.3 kPa hyaluronic acid and 14 kPa polyacrylamide gels with 0.1
mg/mL collagen I, as described above. After 24 h, cells were transferred to a live cell
imaging chamber mounted on a Leica DMIREZ inverted microscope (Leica) and observed
with a 10x lens for 1 h prior to wortmannin treatment. Then, wortmannin was added to a
final concentration of 20 nM and time-lapse microscopy for a period of 2 h with 30 s
intervals was started. Changes of cell adherent area over time were quantified with ImageJ
software by tracing single-cell peripheries (ImageJ Software, NIH). A control experiment
with DMSO only was performed in parallel.
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Statistical Analysis

Mean values + standard errors of the mean (SE) are presented unless otherwise stated. Each
experiment was performed at least in triplicate. The unpaired Student’s ftest with 95%
confidence interval was used to confirm statistical differences between the measured
quantities. Denotations: *, £< 0.05; **, < 0.01; ***, P<0.001; ns, P> 0.05, no significant
differences. The two-sample Kolmogorov-Smirnov test with 95% confidence interval was
used to confirm statistical differences between the distributions of cell area in Figures 2B
and 7B-E. The pvalue was computed from maximum distance between the distributions of
two data sets, and p values that are <0.05 denote that two data sets differ significantly.

RESULTS
Cell Area Is Regulated Not Only by Substrate Stiffness but Also by Its Composition

Three glioblastoma cell lines were plated on polyacrylamide hydrogels with stiffness
ranging from 0.3 up 14 kPa and coated with two types of adhesive ligand, laminin, and
collagen I. Quantification of adherent cell area on polyacrylamide hydrogels with different
stiffness is presented in Figure 1B,C, respectively, for collagen I or laminin used as a
coating. As previously reported, glioblastoma cells respond to substrate stiffhess in this
range, but their area and morphology depend not only on gel stiffness but also on the type of
ECM ligand used for coating.1® On polyacrylamide gels of the lowest stiffness these
glioblastoma cells fail to spread and exhibit round morphology and the smallest adherent
area with little actin-rich protrusions. Increasing substrate stiffness results in increased cell
area and features cell-specific preferences for collagen | or laminin. On stiffness around 1
kPa, cells start to spread and produce characteristic blebs usually observed in the early stage
of cell spreading. Further increase in substrate stiffness leads to the appearance of other
actin-based protrusions—filopodia and lamellipodia. Importantly, as presented in Figure
1B,C, even on the gels of the highest stiffhess, cell spread area does not reach the values
obtained for cells on rigid glass.

Because brain ECM exhibits a very low content of fibrous proteins but a high content of
glycosaminoglycans (GAGS) and proteoglycans, the next step of this study was to substitute
the nonbiological and inert polyacrylamide (PAA) with one of the most abundant GAGs in
the brain matrix, hyaluronic acid (HA), as the material forming the elastic gel substrate. In
contrast with PAA, hyaluronan can bind to cells through specific cell-surface receptors like
CD44, RHAMM, and others.33:34 The effect of hyaluronic acid on glioblastoma cell
adhesion and spreading area can be seen in Figure 2. Despite being cultured on a substrate
with stiffness as low as 0.3 kPa, when hyaluronan is present in the gel, glioblastoma cells
can spread, form actin-based bundles resembling stress fibers, and have a highly developed
vimentin cytoskeleton, none of which were observed in cells on 0.3 kPa polyacrylamide
hydrogels.

The response to hyaluronic acid is cell-line-specific, as shown in Figure 2B. The
distributions of cell areas and differences in response to collagen | and laminin show a shift
toward higher values when polyacrylamide is replaced by hyaluronic acid. LBC3 cells, in
particular, when grown on 0.3 kPa hyaluronic acid gels with collagen I, exhibit hallmarks
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typical of well-spread cells, including large cell area, polymerized actin fibers, and large
nuclear area. When collagen | is replaced by an equal amount of laminin, LBC3 cells fail to
spread and develop fibrous cytoskeletal filaments. This strong integrin ligand preference is
less evident for LN18 and LN229, although both cell lines are sensitive to HA.

Substrate Rigidity Regulates Cortical Stiffness of Glioblastoma Cells

The effect of ECM stiffness on glioblastoma cell stiffness was evaluated by single cell force
spectroscopy. Changes in substrate stiffness in a range of 0.3 to 14 kPa were sufficient to
alter glioblastoma cells’ cytoskeletal organization, as reflected in changes of cortical cell
stiffness. Cells cultured on highly compliant substrates had low cortical stiffness and became
stiffer with increased rigidity of the substrate (Figure 3A). The contribution of ECM
stiffness to glioblastoma cell mechanical properties is also influenced by the type of the
ligand used for cell adhesion. LBC3 cells show a strong preference for collagen-I-coated
substrates and stiffen on these substrates when they are as soft as 1 kPa, even though they
have a small cell area. Moreover, cell stiffness achieved at 1 kPa is comparable to the
stiffness that these cells reach on glass coverslips. On the contrary, LN229 cells stiffen more
when they adhere to laminin than collagen | even though they are exposed to the same
substrate stiffness. LN18 cells do not exhibit a significant protein preference, as was also
observed for spreading area measurements (Figure 2B).

When polyacrylamide is substituted by hyaluronic acid, cortical cell stiffness is dramatically
influenced. Cortical stiffening also depends strongly on integrin-mediated protein binding
and is highly cell-line-specific. LBC3 cells stiffen remarkably on 0.3 kPa HA-collagen |
matrices, whereas 0.3 kPa HA-laminin does not cause such an increase. The heterogeneity of
local mechanical properties of cells is reflected in width of stiffness (E) distributions seen
for cells grown on 0.3 kPa HA gels with collagen I (Figure 3B). Glioblastoma cell
morphological changes induced by hyaluronic acid were previously reported, while
accompanying changes in cells stiffness were not investigated.3® We therefore tested if cell
adhesive area and cell stiffness are correlated. Figure 3C shows the relation between cell
elastic modulus and cell area for all conditions studied. Significant differences among the
three glioblastoma cell lines can be observed. In most cases an increase in spreading area is
accompanied by an increase in cell stiffness. However, the link between area and stiffness is
not strictly causally linked3® and LBC3 growing on collagen-I-coated hydrogels maintains a
constant high cell stiffness independent of changes in cell area.

Cell Motility and Persistence Is Differentially Influenced by Substrate Stiffness and
Composition

Cell area and stiffness represent a steady-state value at a single time point. To better
understand the influence of cell-ECM mechanical interactions on the dynamics of
glioblastoma progression and to test whether HA-mediated signaling contributes to cell
locomotion, cell migration was measured by time-lapse live-cell imaging. Migration was
quantified by determining both random speed and persistence. Speed was determined over a
7 h period starting 24 h after plating. In addition to speed, one of the main aspects of cell
motility that determines migration is the directionality of cell movement, often called
persistence. Persistence can be understood as the ability to follow a specific direction and
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often is defined as a relation of end-to-end distance traveled by cell over a certain period of
time to its total distance traveled over this period. A schematic illustration of this parameter
is presented in Figure 4A. In the left panel, end-to-end distance is comparable to total
distance traveled (7= @) and results in high persistence; in the right panel, total distance
traveled by cell is much bigger than the end-to-end distance and results in low persistence.

LBC3 cell motility is rigidity-responsive when the cells are grown on PAA substrates, as can
be seen in Figure 4B, whereas LN229 and LN18 cell migration remains relatively substrate-
insensitive. Hyaluronic acid in the substrate increases LBC3 and LN18 cell speed even
though substrate stiffness remains very low, but this behavior is not observed with LN229
cells. Differential response of glioblastoma cells to substrate rigidity was previously reported
by Grundy et al. and supports the hypothesis of coexistence of multiple glioblastoma cell
populations with different migratory potential inside the tumor.37 Work by Kim and Kumar
also shows that glioblastoma cell motility when exposed to hyaluronic acid can be
influenced by both stiffness and adhesive ligand content.38 The speed of a cell is not
necessarily related to the persistence of its migration, and Figure 4B shows that both LBC
and LN229 cells move faster on collagen-coated substrates than on laminin-coated
substrates, but they move more persistently on laminin. Similarly, HA greatly increases the
speed of LBC3 cells on both collagen and laminin, but it has no significant effect on
persistence.

Cell Population Doubling Time Depends on Substrate Stiffness and Composition

Substrate stiffness has previously been shown to affect the entry of cells into the cell cycle,
with stiffer substrates generally supporting more rapid cell division for fibroblast, smooth
muscle, and breast epithelial cell lines.3? In contrast, softer matrices can increase
proliferation of cardiomyocytes.%0 Whether there are systematic differences in the response
of normal and malignant cells to substrate stiffness has not been determined. Therefore, we
studied the relation between cell proliferation and substrate stiffness and chemistry by
measuring the increase in cell number using the same set of substrates for which
morphology and maotility were studied.

Glioblastoma cell proliferation can be stimulated by increasing substrate stiffness, as
previously reported.#? LBC3, LN229, and LN18 cells divide significantly faster on stiff
polyacrylamide substrates compared with soft ones (except for the LBC3 cells grown on
collagen | coated substrates) and at a rate comparable to that observed on stiff glass (Figure
5). The presence of hyaluronic acid allows all three glioma cell lines to shorten population-
doubling time, although for LN229 cells this behavior depends on the type of adhesive
ligand used. Our data provide evidence that glioblastoma cell proliferation not only depends
on substrate stiffness but also is mediated by adhesion receptors like integrins and HA
binding proteins.

Pro-Inflammatory IL-8 Secretion Is Altered by Substrate Stiffness and Composition

IL-8 expression, with its pro-inflammatory properties, is tightly regulated in normal tissues.
Previous reports show that HA fragments can stimulate the expression of the cytokines IL-8
and TNF-a in primary human alveolar macrophages from patients with pulmonary fibrosis.

Biomacromolecules. Author manuscript; available in PMC 2018 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pogoda et al.

Page 11

42 The majority of human glioblastoma cell lines secrete significant levels of IL-8 into
conditioned media, and human brain tumor specimens also contain increased amount of this
cytokine. Glioblastomas are heterogeneous tumors that consist of not only glioma cells but
also glia, neurons, macrophages, microglia, and others. Macrophage infiltration correlates
with the histologic grade of glioblastoma, and apart from IL-8 secretion, activated
macrophages can release TNF-a and 1L-1, which likely have a pro-tumorigenic effect on
GBM cells and facilitate their IL-8 production.28 Massive influx of immune cells, like
macrophages, can also be associated with local increase in tissue stiffness, which is a
common symptom of inflammation, but does not necessarily cause the stiffening of ECM
but rather increases the interstitial fluid pressure.*3 To assess if changes in substrate stiffness
or the presence of hyaluronic acid as an adhesive ligand will modulate I1L-8 secretion in
glioblastoma cells, we tested the presence of IL-8 in media conditioned by LBC3 and
LN229 cells grown on glass, soft (0.3 kPa), and stiff (14 kPa) polyacrylamide gels as well as
hyaluronic acid gels with laminin or collagen | used as an adhesive ligand (Figure 6).

Our findings show that whereas the level of I1L-8 secreted when cells grow on a glass
coverslip is comparable for LBC3 (0.58 £ 0.15 fg/cell) and LN229 (0.50 £ 0.20 fg/cell)
cells, its level detected in conditioned media collected from gel specimens differs
considerably. LBC3 cells secrete more cytokine when grown on gel substrates compared
with glass, and secretion is inversely correlated with gel stiffness. Moreover, the highest
secretion is observed for cells grown on soft HA gels. In contrast, LN229 cells secrete less
cytokine when grown on gel substrates than on glass, but again secretion depends on gel
stiffness. Importantly, the presence of IL-8 in conditioned media depends strongly on type of
the protein used as an adhesive ligand, which can be seen, for example, for LN229 cells
when grown on hyaluronic acid gels with laminin or collagen I. This result suggests a role
for outside-in integrin signaling as well as HA-dependent signaling in cytokine secretion.

Requirement for PI-3 Kinase Activity for Glioma Cell Spreading on Soft HA Gels but Not
Stiff Gels with Only Integrin Ligands

Hyaluronic acid is known to modulate the PISBK/AKT signaling pathway in cancer, which
leads proximally to increased levels of phosphatidylinositol trisphosphate (P1P3) and
downstream to integrin activation, increased cell migration, and increased cell proliferation.
44 Wortmannin is a potent and selective inhibitor of PI3K and forms a covalent bond with
lysine localized within the ATP-binding site of P13-kinase.*® To test whether spreading of
glioblastoma cells on polyacrylamide and hyaluronic acid gels is PI3K-dependent, we
treated them with 20 nM wortmannin and observed the change of cell area as a result of
treatment. Within the first 10 min post-treatment, cells decreased in adherent area, as shown
in Figure 7A. LN229 cells grown on a 14 kPa polyacrylamide hydrogel with collagen |
started to recover their adherent area significantly after ~40 min, and this increase was
continued over the rest of the measurement. Cells grown on soft hyaluronic acid gels with
collagen I, despite having spread morphology before wortmannin treatment, became round
and small when PI3K was inhibited and did not restore their spreading area over the time of
observation, as can be seen in Figure 7A,E.
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DISCUSSION

The glioblastoma cell malignant phenotype can be driven not only mechanically but also
biochemically by exposing cells to brain-mimicking environments with a high content of
hyaluronic acid. This activation can manifest in changes in cell spreading area, cortical
stiffness, motility, proliferation, and secretion. Adhesion to collagen I or laminin triggers
cell-specific responses and determines the mechanical response to substrate stiffness, which
supports the importance of integrin-mediated signaling in cell-ECM adhesion in brain. This
signaling can be modified when integrins and HA receptors bind simultaneously. Our
findings show that glioblastoma cells respond to soft matrices with hyaluronic acid similarly
to their response on stiff polyacrylamide hydrogels. Binding to hyaluronic acid can enhance
the motility of glioblastoma cells in an integrin-dependent manner, as observed for the
LBC3 cell line (Figure 5B). This phenomenon was previously reported in a system where
soluble HA was added to cells in a membrane and was postulated to depend on activation of
the PISK/AKT pathway.*4

The results obtained from all three cell lines show that activation of cell spreading,
stiffening, motility, secretion, and in some cases proliferation can be stimulated to similar
levels by either a stiff microenvironment or the presentation of integrin ligands in a soft
matrix also containing cross-linked HA. Glioma cell activation by substrate stiffness has
previously been reported194 and is similar to that reported in studies of numerous other cell
types.#® Consistent with these results, a correlation between glioblastoma aggressiveness and
the stiffness of ECM enriched in tenascin C has been reported.4” Other studies suggest that
the relevance of an in vitro mechanical response to the in vivo setting in the brain is
obscured by the fact that the elastic modulus of normal brain is very low, on the order of a
few hundred Pascal, and the stiffness of human glioma tissue is highly variable, with
different studies concluding either stiffening or softening of the tumor when measured by
elastography in vivol3-18 and no greater than that of normal brain when measured ex vivo
from biopsy sections.1® However, the values of elastic moduli measured by macroscopic
rheometry of excised specimens may not reflect the local stiffness that cells encounter in
intact tissue. Previous studies have shown that pressure gradients that arise in brain tumors
can produce uniaxial compression that significantly increases local stiffness,® and there
may be microstructures such as the boundaries of blood vessels or other fibers that exert
larger resistance to cell-generated forces than the average stiffness measured for the tissue as
a whole. These issues leave open the possibility that mechanosensing might play a role in
the growth and dissemination of gliomas, and identifying optiaml stiffness ranges that alter
the phenotype of specific types of glioma cells has potential for new diagnostic and
therapeutic efforts.*8

On the contrary, diminished mechanosensing has been shown to be a feature of some cancer
cells,*9 and recent studies show that although averaged over a large population cultured
glioma cell lines display a strong response to the stiffness of their substrate, glioma cells
with a greater malignancy display a much more blunted response to these mechanical
signals.50 Therefore, other factors, such as upregulation of hyaluronic acid in the ECM of
the brain, might augment glioma cell activation either alone or in concert with changes in
local mechanical environment. The role of the HA receptor CD44 in promoting migration,
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proliferation, and the malignant phenotype of glioma cells supports the idea that signals
initiated by ECMs enriched in HA can drive tumor growth and invasion,38:51-53 and the
roles of other HA receptors remain to be determined. The effect of HA to alter cell response
to integrin ligands is not universal and has often not been reported in previous studies,
consistent with previous reports that the augmentation of integrin signaling by HA is highly
cell-type- and integrin-ligand-specific.2” In addition, some cell types bind HA independently
of integrin activation, and cells bound in HA matrices without integrin ligand®* or with
coupled integrin ligands?” still respond to the matrix stiffness.

The striking similarity of the effect of HA together with integrin ligands in a soft matrix and
those of the same integrin ligands in much stiffer but inert polyacrylamide substrates
suggests that signaling downstream of HA might activate some of the same pathways that
are activated by stiffness-dependent intracellular tension. One possibility is that ligation of
collagen or some other integrin ligand to matrices composed of cross-linked HA causes
them to self-assemble into fibrous structures that can change local stiffness or present
epitopes otherwise seen only on stiff substrates. Local structural changes and possibly local
formation of collagen oligomers on HA gels cannot absolutely be ruled out, but the equally
strong effect of HA to alter response to laminin, which does not form rigid fibers (Figures 2
and 3), or to RGD peptides, which neither self-assemble nor have static structures,?” argues
against this interpretation. Alternately, the effect of HA arises from simultaneous activation
of multiple signaling pathways triggered by HA and those triggered by the integrin ligand.
In this context, phosphoinositide signaling, which is activated by HA receptors such as
CD44,4451.55 s 3 possible link between cell activation and both intracellular tension and
increased HA. PIP3 and other polyphosphoinositides (PPIs) are potent regulators of cellular
actin assembly.58 Several cytoskeletal regulators shown to be activated by the increased
tension that arises when cells are grown on stiff substrates or that respond to cortical tension
are also activated by PPIs in the absence of force. These proteins include talin,5” formins,
58,59 alpha-actinin,® vinculin,69.61 ALWASP,62 and ezrin, a protein immediately downstream
of CD44.53 We therefore tested the hypothesis that the ability of cells to spread and stiffen
their actin-rich cortices on soft HA-containing gels depends on activation of cytoskeletal
pathways that can be activated either by PPIs or by force. Indeed, inhibition of PI3K with
nanomolar concentrations of wortmannin resulted in significant reduction of cell adherent
area (Figure 7) which could not be restored by cells on soft HA, in contrast with the
recovery observed for cells growing on stiff polyacrylamide hydrogels.

CONCLUSIONS

These studies of three distinct human glioma cell lines reveal substantial heterogeneity in
response to both substrate stiffness and matrices enriched in HA but also some clear
patterns. All cell types respond to both mechanical and HA-mediated stimuli, but these
responses depend on the type of integrin ligand embedded in the matrix and the specific
cellular phenotype that is measured. The integrin-ligand dependence is consistent with the
large reported heterogeneity of integrin classes expressed by different glioma and other
cancer cell types. For example, LBC3 cells, which are unusual in being derived from a
collagen-1-enriched tumor, also respond more strongly to substrates containing collagen |
than they do to substrates with laminin. The response of these glioma cells lines to changes
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in stiffness are within the range reported for other cell types, but their response to substrates
containing HA is novel. The ability of soft HA-containing substrates to elicit the same
phenotypes as rigid substrates has been reported for primary cells such as cardiac myocytes
and appears to reflect the response of these cells to the changing ECM during development
and injury.34 Similar responses in cancer cells might reveal the mechanisms by which
malignant cells interpret or manipulate both the chemical and mechanical features of their
microenvironment. The implication of the P13-kinase pathway in the ability of soft HA
substrates to mimic the effects of stiff substrates suggests that chemical messengers might
duplicate the intracellular signals that act downstream of physical stimuli.
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Figure 1.

Glioblastoma cell spread area as a function of substrate stiffness. (A) Fluorescent images of
LBC3, LN229, and LN18 cells F-actin organization on collagen-I-coated polyacrylamide
hydrogels of different stiffness (scale bar = 15 um for all the images). (B) LBC3, LN229,
and LN18 cells mean area on collagen-I-coated polyacrylamide hydrogels of different
stiffness. (C) LBC3, LN229, and LN18 cells mean area on laminin-coated polyacrylamide
hydrogels of different stiffness. Statistical differences were confirmed using the unpaired
Student’s ¢test. Horizontal lines indicate statistical significance between cells grown on 0.3
and 14 kPa PAA (denotation: ***, < 0.001). /V/= 100 cells analyzed for each condition.
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Figure 2.
Typical morphology and spreading areas of LBC3, LN229, and LN18 cell lines on different

substrates. (A) LBC3 glioma cell morphology on soft (0.3 kPa) hyaluronic acid hydrogels.
Cells visualized by fluorescence imaging of F-actin (green) and nucleus (blue). Scale bar =
15 tm. (B) Distributions used for quantification of cell spreading area on different substrates
coated with laminin or collagen I. The two-sample Kolmogorov-Smirnov test was used to
confirm statistical differences between the distributions in panel B, and associated p values
are presented. V= 100 cells analyzed for each condition. Bin size is identical for all
distributions and equals 175 zm?.
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Figure 3.

Regulation of glioblastoma cell stiffness by substrate stiffness and composition. (A) Cell
stiffness as a function of substrate stiffness for polyacrylamide hydrogels coated with
collagen I or laminin. (B) Differences in the cell stiffness when PAA is substituted with HA.
(C) Glioblastoma cell stiffness as a function of their spreading area. The unpaired Student’s ¢
test was used to confirm statistical differences between the cell stiffness in panels A
(between 0.3 and 14 kPa PAA gels) and B (between 0.3 kPa PAA and 0.3 kPa HA);
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denotation: ***, £< 0.00).
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Page 21

Changes in cell motility as a response to substrate stiffness and composition. (A) Hlustration
of persistence of two different cell trajectories. (B) LBC3, LN229, and LN18 cell speed and
persistence calculated based on time-lapse microscopy. Mean values + standard deviations
(SD) are presented and A= 40 cells analyzed for each condition. Statistical differences were
confirmed using the unpaired Student’s ftest (denotations: *, £< 0.05; **, P<0.01; ***, P
<0.001; ns, P> 0.05). Black vertical lines indicate statistical significance between PAA and
HA samples of the same stiffness but with different ligand (collagen I or laminin), while
horizontal red and blue lines indicate statistical significance between 0.3 and 14 kPa PAA

samples with the same adhesive ligand used for coating.
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Figure5.
LBC3, LN229, and LN18 cell population doubling time (#) as a function of substrate

stiffness. Mean values of doubling time + standard deviations (SD) are presented. The
unpaired Student’s ftest was used to confirm statistical differences (denotations: *, < 0.05;
** P<0.01; ***, P<0.001; ns, P> 0.05). Black vertical lines indicate statistical
significance between PAA and HA samples of the same stiffness but with different ligand
(collagen I or laminin), while horizontal red and blue lines indicate statistical significance
between 0.3 and 14 kPa PAA samples with the same adhesive ligand used for coating.
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Figure 6.
IL-8 secretion by LBC3 and LN229 cells. Black columns indicate IL-8 release from cells

grown on a glass surface, whereas blue and red columns indicate IL-8 release from cells

grown on gels with 0.1 mg/mL laminin or collagen I, respectively. Mean values + standard
deviations (SD) are presented. The unpaired Student’s #test was used to confirm statistical
differences (denotations: *, £< 0.05; **, P<0.01; ***, £<0.001; ns, P> 0.05).
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1000 2000 3000

LN229 cells grown on 0.3 kPa HA and 14 kPa PAA gels with collagen | and incubated with
20 nM wortmannin over the period of 2 h. (A) Average LN229 cell area as a function of time
after 20 nM wortmannin treatment, obtained with time-lapse microscopy. Distributions of
cell spreading area on 0.3 kPa HA and 14 kPa PAA at the moment of 20 nM wortmannin
addition (B) and 12.5 (C), 60 (D), and 120 min (E) post-addition. V= 30 cells analyzed for
each condition. The two-sample Kolmogorov—Smirnov test was used to confirm statistical
differences between the distributions in panels B-E, and associated p values are presented.
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