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Abstract

Glioblastomas (GBMs) are highly aggressive, recurrent, and lethal brain tu-
mors that are maintained via brain tumor-initiating cells (BTICs). The ag-
gressiveness of BTICs may be dependent on the extracellular matrix (ECM)
molecules that are highly enriched within the GBM microenvironment. Here,
we investigated the expression of ECM molecules in GBM patients by min-
ing the transcriptomic databases and also staining human GBM specimens.
RNA levels for fibronectin, brevican, versican, heparan sulfate proteoglycan 2
(HSPG2), and several laminins were high in GBMs compared to normal brain,
and this was corroborated by immunohistochemistry. While fibrinogen tran-
script was at normal level in GBM, its protein immunoreactivity was prominent
within GBM tissues. These ECM molecules in tumor specimens were in prox-
imity to, and surrounding BTICs. In culture, fibronectin and pan-laminin in-
duced the adhesion of BTICs onto the plastic substratum. However, fibrinogen
increased the size of the BTIC spheres by facilitating the adhesive property, mo-
tility, and invasiveness of BTICs. These features of elevated invasiveness were
corroborated in resected GBM specimens by the close proximity of fibrinogen
with matrix metalloproteinase (MMP)-2 and-9, which are proteases implicated
in metastasis. Moreover, the effect of fibrinogen-induced invasiveness was at-
tenuated in BTICs where MMP-2 and -9 have been inhibited with siRNAs or
pharmacological inhibitors. Our results implicate fibrinogen in GBM as a me-
diator of the invasive properties of BTICs, and as a target for therapy to reduce
BTIC tumorigenecity.
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1 | INTRODUCTION

Glioblastoma (GBM) is the most common and fatal of
adult primary malignant brain tumors (1). Despite aggres-
sive therapies, the median survival is 21 months and less than
5% of patients survive to 5 years (2-4). One reason for this
poor prognosis is the presence of brain tumor-initiating cells
(BTICs) within the GBM microenvironment (5). BTICs are
more chemo- and radio- therapy resistant than their further
differentiated counterparts (6-8). BTICs not only drive tumor
growth, and tumor recurrence after multimodal therapy, they
also contribute to the infiltrative nature of GBM (9-12).
BTICs exhibit stem cell-like properties, such as self-renewal
capacity and expression of stemness markers (13-15).

Increasing evidence suggests that the extracellular matrix
(ECM) serves as a niche for BTICs in the tumor microenvi-
ronment (16, 17). The ECM is comprised of a dense network
of glycans and proteins that are synthesized intracellularly
and secreted into the brain parenchyma (18). ECM molecules
include chondroitin sulfate proteoglycans (CSPGs), heparan
sulfate proteoglycans (HSPGs), collagens, tenascin-C, lami-
nin, fibronectin, and Fibrinogen (19-21). There are four
types of lectican CSPGs in the CNS: brevican, neurocan,
aggrecan, and versican. These ECM components create a
structural and biological milieu that regulate self-renewal,
proliferation, and differentiation of BTICs (22, 23).

The aggressive GBM phenotype is highly dependent
on the proportion and properties of ECM components
within the tumor microenvironment (24-26). For exam-
ple, fibronectin and laminin are ECM proteins that are
overexpressed in GBMs with an invasive phenotype (27,
28). These proteins promote adhesion and migration of
GBM cell through their interactions with other ECM
molecules (27-29). GBM growth, invasion, and adhesion
are also enhanced through the modification of CSPG and
HSPG glycosaminoglycan and sulfation patterns (30-32).

Despite these findings, the relative importance and pro-
portion of the ECM components within human GBM micro-
environment and their supportive functions for BTIC growth
have yet to be determined. We hypothesized that different
ECM molecules would vary in the extent to which they assist
BTIC growth. To test this, we first identified candidate ECM
molecules for in vitro experimentation by using The Cancer
Genome Atlas (TCGA) and Genome Tissue Expression
(GTEXx) databases and staining a number of human GBM
specimens. We then analyzed and compared the effects of
these ECM molecules on patient-derived BTICs in vitro.

2 | MATERIALS AND METHODS
2.1 | Hierarchical clustering analysis of
extracellular matrix genes in GBM and normal
brain cortex tissue

RNA sequencing data for primary GBM specimens
and normal brain tissue samples from TCGA and
GTEx project, respectively, were downloaded using the

TCGAbiolinks Bioconductor package (33). To mitigate
database-specific differences, datasets were harmonized
using the Recount2 pipeline (34). Data for 157 GBM and
252 normal brain samples from the cortex and frontal
cortex (BA9) were retrieved. Ensemble gene identifiers
were converted into HUGO gene symbols using the bi-
omaRt Bioconductor package (35). Raw counts were
normalized to transcripts per million (TPM) based on
gene length prior to hierarchical clustering analysis with
the pheatmap R package.

2.2 | Differential expression analysis of
GBM and normal brain cortex tissue

Raw counts for primary GBM and normal tissue speci-
mens were downloaded as described above. Gene ex-
pression values were normalized based on GC Content
and genes with low expression were detected and re-
moved based on a quantile cut-off. Normalized counts
were utilized for a differential expression analysis with
the limma-voom pipeline (36, 37). Log20-fold changes
were converted into absolute fold changes, and genes
with absolute fold changes of less than 1.5 were filtered
out.

2.3 | Immunofluorescence staining of tissues
Human glioblastoma tissues were collected in accordance
with the protocols approved by the Indiana University
Institutional Review Board. The fresh tissues surgically
removed from patients were snapped frozen and stored
in —80°C. The tissues were fixed in formalin and histo-
logically processed for paraffin-embedded blocks for the
studies. The hematoxylin and cosin stained slides were
examined by a neuropathologist (CH). Tissues were sec-
tioned (6 um) and deparaffinized as previously described
(38). Normal brain tissues were obtained from non-
transformed control samples as described somewhere (11).
Following antigen retrieval and blocking in 1% BSA, the
slides were stained with primary antibodies overnight at
4°C. The following primary antibodies were used for their
respective targets: fibrinogen (Abcam, ab34269, 1:200),
fibronectin (Abcam, ab23750, 1:200), brevican (Thermo
Fischer, pa-31444, 1:500), versican (EMD Millipore,
abl1032, 1:200), HSPG2 (EMD Millipore, Mab1948p, 1:100),
laminin o-3 (US Biological, 344125, 1:200), SOX2 (Abcam,
abl171380, 1:200), MMP-2 (Abcam, ab86607, 1:500), and
MMP-9 (Abcam, ab236494, 1:500). For intracellular stain-
ing of markers including laminin alpha-3 and SOX2, cells
were permeabilized with 0.2% Triton X-100 before probing
with the primary antibody. The slides were then washed,
incubated with fluorescent-conjugated secondary anti-
bodies for 60 min, washed, and then mounted using DAPI
Fluoromount-G (SouthernBiotech) mounting medium.
Fluorescence imaging was done using the Leica TCS SP§
confocal laser scanning microscope.
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To generate 3D reconstructions, the Z-stacks from
the confocal images were loaded into the Imaris software
(Bitplane, version 9.2.0) and adjusted for background stain-
ing. Surfaces for each fluorophore were then created and
adjusted to generate a 3D representation of the staining.
These surfaces were then compiled to obtain a visualization
of the cellular interactions with the ECM molecules.

Intensity analysis of the immunofluorescence glio-
blastoma (n = 5) and normal human brain (n = 2) tissue
staining was conducted using ImageJ; multiple images
were taken per tissue section (glioblastoma n = 3, normal
brain n = 2) for analysis. Each image Z stack was com-
piled into a Z project at a projection type of maximum
intensity in ImageJ. The minimum and maximum inten-
sities of the ECM molecule staining, excluding the DAPI
staining, were adjusted to the approximate beginning and
end of the signal spike, respectively. To determine the pos-
itive signal, the color brightness threshold was set consis-
tently using a value determined by the negative secondary
antibody-stained control. The mean gray value of the im-
ages was taken and the mean fluorescence intensity (MFT)
for each patient was analyzed in GraphPad Prism 9.0.0.

2.4 | Culture of patient-derived BTICs in the
presence of ECM molecules

BTICs lines (BT048, BT073, and BT100) were obtained
from surgical resections of GBMs from the Brain Tumor
Bank of the University of Calgary as previously de-
scribed (39). The lines were checked for stemness markers
(musashi 1, nestin, and CD90), self-renewal property to
reform spheres (Figure S1), and genetic identity routinely.
All experiments with human cells or resected brain spec-
imens were conducted with approval from the Conjoint
Health Research Ethics Board, University of Calgary,
with informed consent from the human subjects.

To propagate the lines, BTICs were dissociated and
plated in T-25 flasks at regular intervals and grown in 5%
CO2 as described elsewhere (39, 40). Briefly, for culturing
patient-derived BTICs, NeuroCult™ NS-A Basal Medium
(referred to here as BTIC medium) was used. This me-
dium was supplemented with NeuroCult Proliferation
Supplement (Stemcell Technologies), 20 ng/ml recombi-
nant human FGF basic protein (R&D Systems), 20 ng/
ml recombinant human EGF (Peprotech), and 0.2%
Heparin Solution (Stemcell Technologies). For passaging,
cells were collected and centrifuged (5 min, 1200 rpm).
For preparation of single cell suspension, BTICs were
collected, centrifuged, and resuspended in 500 pL of
Accumax (Innovative Cell Technologies). The cells were
then filtered through a 40 um cell strainer to remove any
remaining spheres. Single cells were mixed with Trypan
Blue (1:1) and counted using a hemocytometer. To in-
vestigate the effects of ECM molecules on BTIC growth,
recombinant ECM proteins were added to a 96-well flat-
bottom plate in specific concentrations (5, 10, and 20 pg/
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ml). After 3 h incubation in a Steri-Cycle CO, Incubator
(37°C, 5% CO,), the plate was washed with PBS. Then, the
single-cell suspension of BTICs was added to the plate at
10,000 cells per well in 100 pLL. BTTC medium. Control cells
were seeded into a well that was not protein coated. The
seeded plates were then incubated in a Steri-Cycle CO2
Incubator (37°C, 5% CO2) for 48-72 hours. The follow-
ing recombinant ECM proteins were used in this study:
Fibrinogen (EMD Millipore, 341576), fibronectin (Sigma
Aldrich, F4759), and laminin (EMD Millipore, CC095).

2.5 | Generation of human fetal neural
stem cells

Human and mouse fetal neural stem cells were generated
and cultured as previously described (41). Human brain
tissues were obtained from 12- to 18-week-old fetuses
from therapeutic abortions according to ethical guide-
lines established by the University of Calgary. The use
of these human samples is approved by the Institutional
Review Board of the University of Calgary and consent
was obtained from all donors of tissues.

2.6 | Evaluation of BTIC growth

Following 48 h treatment with ECM proteins, the wells
were assessed for their sphere number (38, 39). Briefly, im-
ages of the spheres were taken in multiple fields per well
using a bright-field microscope with a 10x objective. The
average number of spheres above the 60-um-diameter
cut-off per well was assessed by manual sphere counting.
The average length of the spheres was measured manu-
ally using ImageJ. Where total cell number was shown,
BTICs were collected, centrifuged, resuspended in 25 pL
of Accumax, and incubated for 5 min to dissociate the
spheres. Then, single cells were mixed with Trypan Blue
(I:1) and counted using a hemocytometer.

27 | Luminescent cell viability assay

A CellTiter-Glo Luminescent Cell Viability Assay kit
(Promega) was used to determine the level of ATP produc-
tion. The CellTiter-Glo Buffer was added to the cell sus-
pension in the 96-well plate (100 pl/well). After 10 min of
incubation at room temperature, 100 uL of the solution was
transferred to a white 96-well plate and the luminescence
signal was measured using a luminometer (Labsystems).

2.8 | Immunofluorescence staining of cells
in culture

Following incubation of BTICs with different ECM
molecules, cells were fixed by adding 100 pl of 8%
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paraformaldehyde (PFA) to the 100 pl/well of culture
medium. This was followed by incubation in a fume
hood for 20 min. The PFA was then aspirated and the
wells washed with PBS. The cells were then permea-
bilized with 0.25% Triton X-100. After blocking with
Odyssey® Blocking Buffer (Licor) for 1 h at room tem-
perature, SOX2 primary antibody (Thermo Fisher, 14-
9811-82, 1:200) or Musashil (Thermo Fisher, 14-9896-82,
1:500) was added to the cells and incubated overnight at
4°C. After washing, cells were incubated with second-
ary antibodies conjugated with fluorochromes (1:500) for
1 h at room temperature. The cells were stored in PBS
at 4°C until imaging with the ImageXpress Micro XLS
Widefield High-Content Analysis System (Molecular
Devices). Nuclear yellow was used to stain cell nuclei.

2.9 | Extreme limiting dilution assay (ELDA)
The extreme limiting dilution assays were performed
as previously described (39, 40). Briefly, BTIC cells were
seeded in decreasing numbers from 200 cells/well to 1 cell/
well in 200 pl BTIC medium in a round bottom 96-well
plate. Plate was incubated for 14 days, and then the number
of wells containing spheres (number of positive cultures)
was recorded, calculated, and plotted using online ELDA
analysis program (http:/bioinf.wehi.edu.au/software/elda).

2.10 | Flow cytometry

Human BTICs after 2 days in culture were collected
and resuspended in PBS. Upon mechanical dissocia-
tion of spheres, the suspension of single cells was in-
cubated with an antibody against Fibrinogen (EMD
Millipore, 341576). Following 20 min incubation at 4°C
and washing with PBS, the cells were incubated with
secondary antibody conjugated with Alexa Fluor 488
for 20 min. For flow cytometric analysis of BTIC mak-
ers, cells were treated with the following antibodies:
PE anti-Nestin (BD 561230) and APC-Cy7 anti-CD90
(Biolegend 328132) antibodies. Cells were then ana-
lyzed by Attune Acoustic Focusing Flow Cytometer
(Thermo Fisher), gated, and quantified using FlowJo
(version 10.0.7) software.

2.11 | Invasion assay

Predesigned small-interfering RNAs (siRNA; each 25
oligonucletides in length; Invitrogen) were used to tar-
get human MMP-2 or MMP-9 and knock down was
performed as described before (42). To measure the in-
vasion of BTICs upon treatment with ECM molecules,
Transwell migration chambers (Costar 3422, polycarbon-
ate membrane, 24-well format, 8-um pore size, Corning,
Inc., Corning, NY) were used as previously described (11).

Briefly, one million of BTICs (BT073, BT048) or GBM cell
lines (U87 and U251) were suspended in 500 pl of collagen
I gel supplemented with or without fibrinogen (20 pg/ml).
In some experiments, the collagen gel was supplemented
with metalloproteinase inhibitors BB94 (500 nM; British
Biotech) or GM6001 (10 pM; Calbiochem). Inhibitors
were added to the gel 1 h before addition of fibrinogen.
Following polymerization of the collagen I droplet in the
top compartment, 100 pl of BTIC medium was added to
the upper chamber and 1 ml of 10% FBS supplemented
BTIC medium was applied to the lower well. Cells were
then allowed to invade out of the three-dimensional col-
lagen I matrix, across the membrane, at 37°C for 48 h.
Non-invasive cells were then removed from the top com-
partment of the transwell with a cotton swab and the
invasive cells present on the underside of the membrane
were fixed and stained with hematoxylin. The number of
invasive cells was counted per field (20x objective) from
four random fields of each membrane.

2.12 | Time-lapse live cell imaging of
BTIC growth

Sphere speed and displacement were analyzed via live
imaging using a real-time cell imaging system (IncuCyte
live-cell ESSEN BioScience Inc). Images of the cells were
taken every 30 min over 48 h. The images were then com-
piled as a sequence and underwent 3D drift correction
to correct for the movement of the microscope using the
Imagel software. The image sequences were then ana-
lyzed for speed and displacement using the Imaris soft-
ware (Bitplane, version 9.2.0).

2.13 | Statistics

Statistical analyses of BTIC sphere size, sphere number, cell
number, and cell adhesion were carried out using a One-
Way Analysis of Variance (ANOVA) with Tukey's post-hoc
comparisons. Analysis of BTIC speed, displacement, and
invasion was carried out by an independent samples z-test.
All statistical procedures were carried out by GraphPad
Prism version 6.0. Differential expression and hierarchical
clustering analyses were performed on R version 4.0.0. The
threshold for statistical significance was p < 0.05.

3 | RESULTS

3.1 | Selected ECM molecules are
differentially expressed in the GBM
microenvironment

Data mining from the TCGA and GTEx databases re-
vealed the differential expression of ECM genes within
the GBM microenvironment both between different
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patients and compared to normal human brain tissues;
ECM molecules that have been previously described
to be involved in GBM biology are shown (Figure 1A).
Brevican (BCAN), versican (VCAN), heparan sulfate pro-
teoglycan 2 (HSPG?2), and fibronectin 1 (FNI) transcripts
were upregulated in different subtypes of GBM (classical,
neural, proneural, and mesenchymal) relative to normal
human brain tissues, as were laminin subunits laminin -1
(LAMBI), laminin a-4 (LAMA4), laminin y-1 (LAMCI),
laminin y-3 (LAMC3), and laminin fp-2 (LAMB2)
(Figure 1A). Differential expression of laminin o-3
(LAMA3) was noted in GBM samples where it was promi-
nently downregulated in most specimens but upregulated
in some (Figure 1A). The three fibrinogen subunits FGA,
FGB, and FGG were expressed at comparable or slightly
lower levels relative to normal brain tissues (Figure 1A).

Immunofluorescence staining of human specimens
resected from GBM patients (Table 1) for brevican, ver-
sican, fibronectin, and HSPG2 corroborated the tran-
scriptomic data, demonstrating greater expression in
GBM samples from five different patients compared to
normal human brain tissues (Figure 1B). Interestingly,
fibrinogen and laminin «-3 immunofluorescence stain-
ing contradicted the transcriptomic data as they were
elevated in the GBM samples compared to normal brain
tissues (Figure 1B). Next, we measured the mean fluores-
cence intensity (MFI) of each ECM molecules of each
section of the resected tumor specimens. Brevican, ver-
sican, and fibrinogen were found to have the greatest
MFT of expression in the tumors from all five patients
(Figure 1B,C). Fibronectin, HSPG2, and intracellular
laminin a-3 demonstrated similar levels of MFI, and ap-
peared to have lower MFIs compared to the other three
ECM molecules (Figure 1C).

3.2 | Correspondence of selected ECM
Molecules and BTICs within the human GBM
microenvironment

We then investigated whether the upregulated ECM mol-
ecules were correspondent to BTICs in the human GBM
microenvironment. While no universal single marker is
able to define the BTIC population, many studies have
identified BTICs based on cell surface or intracellular
markers such as CDI133, CD90, CD44, nestin, musashil,
SOX2, or Olig2 (43-45). In this study we used SOX2, a
transcription factor commonly applied for BTIC iden-
tification within the tumor microenvironment (46, 47).
Areas of tumor with clusters of SOX2" cells were then
evaluated for ECM molecules. Qualitative analysis of
images showed that all the ECM components investi-
gated in this study (brevican, versican, fibrinogen, fi-
bronectin, HSPG2, and laminin a-3) were in proximity
to, and surrounding cells expressing SOX2 (Figures 2
and 3), suggesting the potential for these ECM members
to regulate BTIC biology.
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3.3 | ECM molecules have different effects on
BTICs in vitro

Given the proximity of BTICs to ECM components in
tumor specimens, we addressed their effects on BTIC
growth and stemness property through ATP lumines-
cence and sphere-forming capacity, respectively. BTIC
lines BT100 and BTO073 isolated from GBM patients
(Table 2). Immunofluorescence microscopy and flow
cytometry analysis affirmed that high proportion of
BTICs in culture express BTIC markers musashil,
CD90, and nestin (Figure SIA,B). Also, sphere forma-
tion assay corroborated the self-renewal capacity of
BTIC lines (Figure SIC). The BTIC lines were cultured
in the presence of fibronectin, pan-laminin, and fibrin-
ogen. Fibronectin and pan-laminin increased cellular
proliferation as determined by ATP luminescence, but
instead of expanding sphere growth, the BTICs adhered
onto the substratum where they differentiated morpho-
logically (Figure 4A-D). In contrast, BTICs treated
with fibrinogen retained sphere forming capacity and,
indeed, sphere size appeared larger than controls while
there were fewer number of spheres (Figure 4A). ATP
luminescence shows that there was marginal elevation
in fibrinogen-treated cultures (Figure 4D).

We corroborated the effects of fibronectin and pan-
laminin on cellular adhesion by counting the adher-
ent cells upon treatment with these ECM molecules.
There was an increase in the number of adherent cells
that occurred in a concentration dependent manner
(Figure 4E,F). Fibrinogen, however, had the opposite ef-
fect and decreased further the low number of adherent
cells commonly seen in control wells (Figure 4G). Taken
together, these findings showed that fibronectin and
pan-laminin have similar effects on BTIC proliferation
and cell adhesion, while fibrinogen may cause spheres
to coalesce together forming fewer but larger clusters in
culture.

3.4 | Fibrinogen enhances BTIC intercellular
adhesion, and elevates the motility of BTICs

The apparent effect of fibrinogen on larger spheres
prompted us to focus on this ECM protein, particularly
on sphere size and the mean number of spheres in cul-
ture. Using BT073 and BT100, and an additional BT048
patient-derived line, we observed larger and fewer num-
bers of spheres when cultured in increasing concentra-
tions of fibrinogen (Figure SA—C). Self-renewal capacity
was not a factor in the increased sphere size since extreme
limiting dilution assays revealed no significant differ-
ence between treated cells and controls (Figure 5D,E).
Opposite to BTICs, fibrinogen did not increase prolif-
eration and sphere size of non-transformed human neu-
ral stem cells (Figure S2). Flow cytometry of untreated
BTIC:s in the serum-free culture medium showed that a
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describing the expression of transcripts encoding several ECM molecules in human GBMs and normal human brain tissues using data from
the TCGA and GTEx databases. Normal or GBM tumor tissues are shown on the top row, with the corresponding ECM components below.
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TABLE 1 Patient characterization of specimens resected from clinical samples
New or Age,

Patient IDH1 EGFR PTEN MGMT recurrence Gender years
101108 Wild-type Mutant Mutant Methylated New Female 57
101029 Wild-type Wild-type Mutant Unmethylated New Male 78
101220 Wild-type Wild-type Mutant Unmethylated New Male 60
100819 Wild-type Mutant Mutant Unmethylated New Male 54
110512 Wild-type Mutant Mutant Partial methylation New Male 59
026-1 Wild-type No information

available

proportion of BTICs expressed fibrinogen on their sur-
face: BT073 (36.1%) and BT048 (9.16%) (Figure 5F).

We monitored growth of BTICs by time-lapse live
cell imaging over a 45-hour period to evaluate whether
BTIC cells coalesce when exposed to exogenously ap-
plied fibrinogen. Indeed, we observed that BTICs moved
more rapidly in solution and merged with other BTICs
in the presence of fibrinogen resulting in larger spheres
(Figure 6A and Movie Sl). Visualization of these mi-
gration patterns through sphere tracking revealed that
fibrinogen-treated BTICs migrated towards other BTIC
spheres over greater distances in a given period relative
to control BTICs (Figure 6B). Overall, the average dis-
placement and speed of these BTICs, when calculated for
each time point, revealed that BTICs were more motile
and covered greater distances in fibrinogen compared
to control condition (Figure 6C). Taken together, these
experiments show that fibrinogen facilitates the adhesive
property, motility, and invasiveness of BTICs.

3.5 | Fibrinogen promotes BTIC invasiveness
through matrix metalloproteinase-2 and -9

Given the increased motility seen in BTICs treated with
fibrinogen, we then asked whether it would have a posi-
tive influence on BTIC invasiveness. Within a tumor
specimen, many factors regulate invasive properties,
including the elaboration of matrix metalloproteinases
(MMPs) such as MMP-2 and -9 (42). Indeed, in resected
GBM specimens, immunofluorescence analyses showed
that in SOX2-positive BTIC-containing areas, fibrino-
gen and MMP-2 or -9 were in proximity and likely within
the same cells (Figure 7A,B); this was demonstrated in 3
of 3 specimens analyzed.

Finally, to ascertain a functional relationship between
fibrinogen and cellular invasiveness, we returned to an
in vitro Boyden chamber model of BTIC invasion across
a collagen barrier. The collagen was embedded with fi-
brinogen or not, with the latter serving as controls. At
48 h after cells were plated onto the top compartment,
we found that a greater number of cells have invaded
across the fibrinogen/collagen membrane compared to
controls (Figure 7C,D). We also addressed the effects

of fibrinogen on invasion of differentiated GBM lines,
U251 and U87. Like BTICs, higher number of invaded
cells were observed in the presence of fibrinogen (Figure
S3). Moreover, this effect of fibrinogen-induced invasive-
ness was attenuated in BTICs where MMP-2 and -9 have
been downregulated with siRNA (Figure 7C,D).

We also pharmacologically inhibited the MMP-2
and -9 by supplementing the collagen membrane with
Batimastat (BB94) or Ilomastat (GM6001) 1 h before
adding fibrinogen. There were a smaller number of in-
vaded cells in the presence of BB94 or GM6001 com-
pared to control (Figure 7E,F). Finally, analysis of
mRNA expression of MMP2 and MMP9 genes in the
GBM samples versus normal tissues in TCGA-GBM and
GTEx normal brain databases showed higher expression
of both genes in the tumor samples versus normal tissues
(p <0.001, Wilcoxon Rank Sum test) (Figure 7G).

4 | DISCUSSION

In the present study, we describe that several ECM
components are upregulated in the human GBM mi-
croenvironment, and that they have differential effects
on BTICs. Transcriptomic data from GBM databases
identified elevated level of LAMBI, LAMB2, LAMAA4,
LAMCI, and LAMC3, FNI, HSPG2, BCAN, and VCAN
compared to normal brains. Tissue staining corrobo-
rated the upregulation of brevican, versican, fibronec-
tin, and HSPG2 in human GBM specimens compared
to normal brains. However, opposite to transcriptomic
data, we observed an increased expression of fibrinogen
and laminin a-3 at protein levels in GBM tissues com-
pared to normal brains.

Growing evidence suggests that ECM molecules
within the tumor microenvironment create a physical
and biochemical niche for cancer cells including cancer
stem cells (48, 49). We found that brevican, versican,
fibrinogen, fibronectin, HSPG2, and laminin a-3 were
in proximity to, and surrounding, BTICs. Consistent
with our finding, another study has shown that BTICs
express brevican to promote their own invasiveness,
through interaction with other ECM molecules like fi-
bronectin (31, 50).
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FIGURE 2 Expression of ECM molecules in the vicinity of BTICs within the GBM microenvironment. Immunofluorescence staining
assessing the proximity of ECM molecules and SOX2" cells in human GBM tissues from three patients (100819, 101029, and 101108). Double-
positive cells are indicated with white arrows. 3D reconstruction of images was obtained using the Imaris software to visualize the potential
interaction between the SOX2" cells and ECM molecules. The images were taken in GBM areas with large populations of SOX2" cells and were
not representative of the entire tumor. All images were obtained using confocal microscopy. Scale bars 10 um

proliferation, and treatment resistance (28). It has been
found that the tumor cells are capable of synthesizing
fibronectin, leading to elevation of its levels both within

The overexpression of fibronectin contributes to
an aggressive GBM phenotype by promoting a variety
of functions, including angiogenesis, migration, cell
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staining of fibrinogen and SOX2 in normal
human brain tissue (AF12) and five human
GBM tissue specimens (100819, 101108,
101029, 026-1, and 110510). The cell nuclei
were stained with DAPI. Scale bas 50 um
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110512
SOX2

TABLE 2 Identification of a panel of patient-derived BTIC lines
Cell line IDH1 EGFR PTEN p53
BT048 Wild-type Mutant Mutant Wild-type
BTO073 Wild-type vIIT* Mutant Mutant
BT100 Wild-type Wild-type Wild-type Wild-type

vIII indicates EGFR variant II1.

the microenvironment and the peripheral blood of GBM
patients (23, 28).

Our data also found that fibronectin induced BTIC
differentiation. These findings were also demonstrated
in a study (23) where BTICs cultured in increasing con-
centrations of fibronectin had significantly reduced
SOX2 expression and increased GFAP expression. The
current study also found that fibronectin increases BTIC
cell adhesion and proliferation.

Our study also found that laminin «-3 were upreg-
ulated within the GBM tissues compared with normal
brains in immunohistochemistry. However, transcrip-
tomic data from the TCGA and GTEx databases demon-
strated that this elevation is not common among GBM
patients. Among different subunits, laminin «-2 has been
shown to promote BTIC stemness, adhesion, migration,
growth, and survival (22). Laminin has also been used

New or Age,
MGMT recurrent Treatment Gender years
Methylated New Unknown Male 68
Unmethylated Unknown  Unknown Male 52
Unmethylated New No treatment Male 63

to propagate GBM stem cells under adherent conditions
(51). This supports our findings in that BTICs cultured in
the presence of pan-laminin were more adherent to the
wells and also had greater levels of ATP, likely indicating
increased BTIC proliferation.

Proteoglycans including HSPGs are an important
ECM component of the normal brain that have signif-
icant roles in brain development, function, and tumori-
genesis (32, 52). Consistent with our finding, other studies
have observed HSPG upregulation within the GBM mi-
croenvironment. For instance, HSPG2 is upregulated in
the GBM and has been shown to be an indicator of poor
prognosis (53, 54). HSPG consistently undergo structural
modifications to both their core protein and heparan sul-
fate chains in GBMs (54). Furthermore, proteoglycans
contribute to the phenotype and therapeutic resistance
of cancer stem cells in different types of cancer (55). In



10 of 16

rain DZIKOWSKI ET AL.
Pathology
(A) Control Fibronectin pan-laminin Fibrinogen
=3
(=1
=
m
o
~
=4
=
m
BT100 + Fibronectin BT073 + Fibronectin BT100 + pan-laminin BT073 + pan-laminin BT100 + Fibrinogen BT073 + Fibrinogen
N i 200 ~ 200 5 200: 200 . 200
2 2 2 5 S
= = rEEE
& 150 was MU0 g g 150 - g 150 ey, S glﬁo % 150 .
a EEE o drey  HREE & & EEE o *EE . . & *
= = =
=< 100 < 100 < 100 < 100 < 100 = 100
g g g 5 g I
g s 5 & 50 s 50 s 50 s 501
S 50 g so O 3 o o O
8 ES B & x ES
0 0 0 0 0 0
Control 510 20 Control 5 10 20 Control 5 10 20 Control 510 20 Control 5 10 20 Control 5 10 20
pg/mL pg/mL pg/mL pg/mL ug/mL pg/mL
BT100 | Fibronectin BT073 + Fibronectin BT100 | pan-laminin ~ BT073 | pan-laminin BT100 ' Fibrinogen 100 BTO073 | Fibrinogen
200 2 000 2000 1
£ el 5 #5 p £ 2 .
Z 1500 = 15 2 1500 2 1500 K 8 z
2 8 3 iy 3 S ¢ é 60 B e
§ 10 B 1 2 1000 § 1000 3 £
2 5 2 5 2 £ 5
2 3 oo 2 - o o 3 2
i b < - g
5 500 S 50 g 500 £ 500 ] § 2
o ) ) b1 g 2 §
= = > = =
0
Control 5 10 20 Control 5 10 20 Control 5 10 20 Control 5 10 20 Control 5 10 20 Contol 5 10 20
pe/mL pg/mL pg/mL pg/ml. g/mL pg/ml,

FIGURE 4 Differential effect of ECM molecules on BTIC proliferation in vitro. (A) Bright-field microscopy images showing the differential
effects of fibronectin, pan-laminin, and fibrinogen (20 pg/ml) on patient-derived BTIC lines (BT100 and BT073) when cultured in vitro. Images
are representative of two independent experiments. Scale bar 100 um. Bar graphs depicting the effect of (B) fibronectin, (C) pan-laminin, and
(D) fibrinogen on ATP production in two cell lines when cultured at increasing ECM concentrations. Data representative of two independent
experiments. Quantification of cell adhesion after exposing to increasing concentrations of (E) fibronectin, (F) pan-laminin, and (G)
fibrinogen. BTICs in the control conditions were cultured in the absence of ECM molecules. *p < 0.05, **p < 0.001, ***p < 0.001, ****p < 0.0001
compared to control (1-way ANOVA with Tukey's multiple comparisons); n = 4 for all groups (for B-G). Data are represented as mean = SEM

our study, we observed HSPG2 expression in the prox-
imity of BTICs.

Very little information exists regarding the role of fi-
brinogen in GBM, particularly with its effect on BTICs.
However, preoperative plasma fibrinogen levels have
been shown to be associated with poor clinical outcome
in glioblastoma patients (56). Immunofluorescence
staining in our study demonstrated the presence of fi-
brinogen within the GBM microenvironment in prox-
imity to BTICs despite the relatively normal level of
fibrinogen transcript within GBM in the transcrip-
tomic database. These findings support previous re-
search that suggests that the GBM may utilize plasma
fibrinogen to attract growth factors and suppress the
immune system (56). Interestingly, fibrinogen promotes

the migration of endothelial cells (57), a key event in
angiogenesis. Also, fibrinogen increases microvascular
permeability (58). Thus, higher deposition of fibrino-
gen within the GBM microenvironment than normal
tissues might be because of vascularized feature of
GBM tissues. Also, post-translational modifications
such as glycosylation may stabilize fibrinogen depos-
ited in the tumor microenvironment and explain the
discrepancy between mRNA and protein levels. Also,
by flow cytometry analysis we noted surface expres-
sion of fibrinogen on BTIC lines. The surface expres-
sion might be a result of deposition of extracellular
fibrinogen on the cell membrane. BTIC lines (BT048
and BT073) with different expression levels of fibrin-
ogen displayed similar levels of intercellular adhesion
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FIGURE 5 Effect of fibrinogen on BTIC proliferation and sphere formation capacity. (A) Bright-field microscopy images of three BTIC
lines (BT100, BT073, and BT048) demonstrating the effect on sphere size and sphere number when the BTICs were cultured in the presence of
increasing concentrations of fibrinogen; the control BTICs were cultured in the absence of ECM protein in three independent experiments.
(B) Quantification of sphere size and (C) sphere number by manual sphere measurement and counting when the BTIC lines were cultured with
increasing concentrations of fibrinogen. Data representative of three separate experiments for each cell line. (D) An extreme limiting dilution
assay (ELDA) demonstrating the effect of fibrinogen (20 pg/ml) on BTICs. BT048 was plated at increasing cell numbers from 20 to 140 cells in
20 cell increments in a total volume of 200 puL, and maintained for 8 days. (E) Manual cell counting of BTIC lines (BT100, BT073, and BT048)
cultured with increasing concentrations of fibrinogen. (F) Flow cytometry plots demonstrate fibrinogen expression on BTIC lines (BT073

and BT048). Cells that did not undergo staining and those stained exclusively with secondary antibody were used as controls. Numbers in the
FACS plots show the percentage of positive cells. *p < 0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001 compared to control (one-way ANOVA with
Tukey's multiple comparisons); n = 4 for all groups (B, C, D). Data are represented as mean = SEM
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FIGURE 6 Fibrinogen modulates motility and invasiveness of BTICs in culture. (A) Bright-field microscopy images of BT100 cultured
with or without fibrinogen (20 pg/ml), captured in 15-hour increments over a period of 45 h using the IncuCyte Live Cell Analysis System in
two independent experiments. Please see Movie S1 for video. (B) BTIC sphere tracks depicting the movement of the spheres over a 46.5-hour
period under control or fibrinogen culture conditions in two independent experiments. The colored lines indicate the movement of the spheres
over time. The time bar is shown in the bottom right corners of the images. Scale bars 80 um. (C) Quantification of BTIC sphere displacement
when BTICs were cultured in the presence of fibrinogen (20 pg/ml) versus control. Data are represented as mean £ SEM (n of 4). ***¥p < 0.0001

(Student's 7-test)

and motility. These data emphasize that extracellular
fibrinogen from plasma may affect intercellular adhe-
sion and motility of BTICs rather than the fibrinogen
expressed by BTICs.

Fibrinogen has been shown to contribute substantially
to GBM growth, proliferation, and angiogenesis, and
promotes an overall malignant phenotype with reduced
patient survival (59). Our results suggest that fibrino-
gen increases intercellular adhesion leading to a signif-
icant increase in sphere size and a significant decrease
in sphere number. The present study also demonstrates
the enhanced displacement, and invasiveness, of BTICs
treated with fibrinogen. These findings are supported by
previous literature that GBM degrades fibrinogen into
fibrin for increasing tumor metastasis (59). The pres-
ence of MMP-2 and -9 and fibrinogen-associated BTICs
in the GBM microenvironment further support this, as
MMP-2 and -9 are highly correlated with ECM remod-
eling and GBM malignancy (60, 61). Downregulation or

pharmacological inhibition of MMP-2 and -9 in BTICs
abrogated the promoting effects of fibrinogen on inva-
siveness; suggesting that fibrinogen may enhance inva-
siveness through upregulation of MMP-2 and -9. Taken
together, these findings suggest that, fibrinogen is pres-
ent in the GBM microenvironment and may be expressed
by BTICs to promote a more aggressive GBM pheno-
type; the effects of fibrinogen on BTICs are summarized
in Figure 8.

In summary, several ECM components are elevated
in the vicinity of BTICs in human GBM specimens.
Although transcript levels were not elevated in GBM
compared to normal brain, fibrinogen immunoreactiv-
ity was high in GBM in situ, likely reflecting the depo-
sition of blood-derived fibrinogen through the highly
leaky blood vessels in GBM. The fibrinogen in proxim-
ity to BTICs may regulate the latter's invasive properties.
Thus, targeting fibrinogen activity in GBMs may reduce
the propensity of BTICs to invade to other brain areas to
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FIGURE 7 Fibrinogen promotes BTIC invasiveness through matrix metalloproteinase-2 and -9. Immunofluorescence staining of three
human GBM specimens (100819, 101220, and 026-1) for fibrinogen, SOX2, and (A) MMP-2 or (B) MMP-9. Scale bar 50 um. (C) Bright-field
microscopy images of control, MMP-2, and -9 knock-down cells in presence or absence of fibrinogen (BT048) Cells were cultured in the
Boyden Chamber membrane using transwell insert, where dark purple indicates individual BTIC nuclei that have invaded through the 3D
matrix of type I collagen to the other side of the membrane. Scale bars 100 um. (D) Quantification of invasion in MMP-2 or MMP-9 knock-
down BTIC (BT048 and BT073) following treatment with fibrinogen. (E) Bright-field microscopy images of invasion assay of BT073 in the
presence or absence of fibrinogen and MMP-2 and -9 inhibitors Batimastat (BB94; 500 nM) or Ilomastat (GM6001; 10 pM). Scale bars 50 um.
(F) Quantification of invasion of BT073 following treatment with BB94 or GM6001. (G) Box plots visualizes the expression of MM P2 and
MMP9 genes in GBM tissues versus normal brains in TCGA-GBM and GTEx normal brain databases. **p < 0.01, ***p < 0.001, **** p < (0.0001
compared to fibrinogen (one-way ANOVA with Tukey's multiple comparisons); n = 4 for all groups
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set up new foci of tumor growth. We conclude that ECM
components, particularly fibrinogen, in GBM are an im-
portant target for therapeutics.
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SUPPORTING INFORMATION
Additional supporting information may be found online
in the Supporting Information section.

FIGURE S1 Expression of stemness markers and self-
renewal capacity of BTICs. (A) The intracellular expres-
sion of stemness marker musashil in two BTIC lines by
immunofluorescence staining of cells in culture. (B) Flow
cytometry analysis of surface expression of stemness
markers CD90 and nestin on live BTICs. (C) Sphere for-
mation assay affirmed the self-renewal capacity of BTICs
FIGURE S2 Effects of fibrinogen on human neural
stem cells. Human neural stem cells isolated from brain
tissues of human fetuses and human BTIC line BT073
were treated with different concentration of fibrino-
gen. (A) Cell growth were observed after 72 h using the
IncuCyte Live Cell Analysis System. Representative of
two independent experiments. (B) ATP proliferation
assay of human NSCs and BT073 following treatment
with fibrinogen for 72 hours. Data are represented as
mean £ SEM (n of 6). *p <0.05 and ****p < 0.0001 com-
pared to control (one-way ANOVA with Tukey's multiple
comparisons). ns, not significant

FIGURE S3 Effects of fibrinogen on migration of differ-
entiated GBM lines. (A) Bright-field microscopy images
of U251 GBM line, in the presence or absence of fibrin-
ogen. Scale bars 50 um. (B) Quantification of invasion
in GBM lines (U251 and U87) following treatment with
fibrinogen. ***p < 0.001 compared to control (one-way
ANOVA with Tukey's multiple comparisons)

MOVIE S1 Bright-field time-lapse live imaging of BTICs
after treatment with fibrinogen (20 pg/ml) and observed
over a 46.5-hour period in 30-minute intervals using the
IncuCyte Live Cell Analysis System. Representative of
two independent experiments. The time each image was
taken is located in the bottom right corner. Scale bar
200 um
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