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Abstract

Glioblastoma is an extremely aggressive and deadly brain tumor known for its striking cellular heterogeneity and capability to
communicate with microenvironment components, such as microglia. Microglia-glioblastoma interaction contributes to an
increase in tumor invasiveness, and Wnt signaling pathway is one of the main cascades related to tumor progression through
changes in cell migration and invasion. However, very little is known about the role of canonical Wnt signaling during microglia-
glioblastoma crosstalk. Here, we show for the first time that Wnt3a is one of the factors that regulate interactions between
microglia and glioblastoma cells. Wnt3a activates the Wnt/f3-catenin signaling of both glioblastoma and microglial cells.
Glioblastoma-conditioned medium not only induces nuclear translocation of microglial (3-catenin but also increases microglia
viability and proliferation as well as Wnt3a, cyclin-D1, and c-myc expression. Moreover, glioblastoma-derived Wnt3a increases
microglial ARG-1 and STII expression, followed by an upregulation of /L-/0 mRNA levels, and a decrease in /LI/3 gene
expression. The presence of Wnt3a in microglia-glioblastoma co-cultures increases the formation of membrane nanotubes
accompanied by changes in migration capability. In vivo, tumors formed from Wnt3a-stimulated glioblastoma cells presented
greater microglial infiltration and more aggressive characteristics such as growth rate than untreated tumors. Thus, we propose
that Wnt3a belongs to the arsenal of factors capable of stimulating the induction of M2-like phenotype on microglial cells, which
contributes to the poor prognostic of glioblastoma, reinforcing that Wnt/[3-catenin pathway can be a potential therapeutic target to
attenuate glioblastoma progression.
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Introduction

Glioblastomas (GBMs) are the most aggressive human brain
tumors with low survival rates due to the resistance of these
tumors to standard treatments [1, 2]. They exhibit extense
heterogeneity that is believed to contribute to their resistance
and recurrence [3—6]. Specifically, glioma stem-like cells
(GSC) ensure the production of several distinct cell pheno-
types conferring an intrinsic heterogeneity to GBMs.
Currently, the role of tumor microenvironment during GBM
development has been highlighted. The extrinsic heterogene-
ity, generated by a group of cells that interact with the tumor,
has distinct origins (i.e., microglia, macrophages, and endo-
thelial cells) and also plays a major role on GBM development
and aggressiveness [7]. The analysis of glioma biopsies and
mice xenotransplants showed that tumor mass is composed of
30-50% of infiltrated microglia/macrophages [8—10].

It has been shown that the tumor cells create an immunosup-
pressive microenvironment to evade the immune system [9,
11-13], and in part, it relies on the release of cytokines such
as IL-6, IL-10, TGF-f3, and other growth factors [11, 14-16].
These molecules induce the acquisition of an M2-like pheno-
type by the microglial cells which, in turn, do not recognize
tumor cells due to their low levels of MHC expression. [17]. On
the other hand, microglial cells participate actively during tu-
morigenesis promoting survival and tumor growth through the
production of interleukins, cytokines, growth factors, and me-
talloproteinases, i.e., IL-10, TGF-8, MMP-2, and MMP-9 [18].
Several studies showed that microglia exhibit considerable
plasticity concerning the acquisition of distinct phenotypes,
and just like macrophages, they can switch between M1/M2
profiles depending on the stimuli received or the pathological
context [17, 19]. It is already known that microglia surrounding
tumors are CD11b" and CD45", and they express Arginase-1
(ARG-1), which is correlated with tumor proliferation [20].
Similarly, stress-inducible protein 1 (STI1) is released by mi-
croglia and induces tumor proliferation and migration through
MMP-9 production [21]. Moreover, an in vivo study showed
that tumor progression was accompanied by increased expres-
sion of STI1 in GFP-CX3C chemokine receptor 1
(CX3CR1°?) microglial cells [9]. However, the microglia-
GBM crosstalk is still far from being completely understood.

The Wnt/3-catenin signaling pathway is activated in glio-
mas and may play a pivotal role in carcinogenesis and pro-
gression of these tumors. It has been demonstrated that GBMs
present an aberrant activation of Wnt signaling pathway,
which is related to increased levels of Wnt3a expression when
compared to normal brain tissue and astrocytomas of lower
grades, mainly grades I and III. Moreover, (3-catenin and the
transcription factor 4 (TCF4) levels are exclusively expressed
by higher-grade tumors, such as anaplastic astrocytomas and
GBMs, suggesting a role for Wnt/3-catenin in tumor aggres-
siveness and malignancy [22].
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Furthermore, new evidences suggest that Wnt signaling
pathway is involved in the modulation of microglia activity
[23, 24]. Microglia expresses high levels of Wnt receptors such
as FDZ4, FDZ5, FDZ7, FDZ8, and their co-receptor LRP5/6
when stimulated with Wnt3a [23]. In silico analysis of The
Cancer Genome Atlas (TCGA), transcript profiling of human
GBM samples showed that the high expression of Wnt5 is
correlated with increased levels of CX3CR1 (CX3 chemokine
receptor R1), CD163, and Iba-1 receptors, which are frequently
expressed by microglial cells. This data suggests that the acti-
vation of non-canonical Wnt signaling in tumors is associated
with the presence and infiltration of microglial cells and also
with the inflammatory response, due to the activation of signal-
ing pathways such as Toll-like receptor (TLR) [25]. However,
the role of canonical Wnt signaling has in microglia-GBM in-
teractions is not clarified, more specifically the Wnt3a. We then
hypothesized that the Wnt3a expressed by GBM cells could
trigger the recruitment of microglial cells with an M2-like phe-
notype. Here, we present the first evidence that Wnt3a plays a
major role in microglia-GBM crosstalk contributing to the for-
mation of tumor extrinsic heterogeneity.

Material and Methods
Reagents

All culture reagents as well as the secondary antibodies, con-
jugated to Alexa Fluor 488, 546, 633, 647, and streptavidin-
Cy3, were obtained from Life Technologies (Carlsbad, CA,
USA). The Alexa Fluor 488 phalloidin was acquired from
Cell Signaling Technology, Inc. (Danvers, MA, USA).

Protease and phosphatase inhibitors and the
Bromodeoxyuridine kit (BrdU) were purchased from Roche
(Indianapolis, IN, USA). [3-catenin antibody, anti-o-tubulin
and the 4-6-diamino-2-phenylindole (DAPI) were purchased
from Sigma-Aldrich Corp. (St. Louis, MO, USA). Glial fibril-
lary acidic protein and vimentin antibodies were purchased
from DAKO (Glostrup, Denmark). Arginase-1, cyclin-D1,
and c-myc antibodies were all purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA). GAPDH
and STI1 antibodies were purchased from Abcam
(Cambridge, MA, USA). Wnt3a recombinant protein and
Wnt3a human/mouse antibodies were purchased from R&D
(Merck, Darmstadt, Germany). Biotinylated Griffonia
simplicifolia lectin 1 (GSL) Isolectin B4 (IB4) was obtained
from Vector (Burlingame, CA, USA).

Ethics Statement and Mice
This study was approved by the Ethics Committee at the Center

for Health Sciences in the Federal University of Rio de Janeiro
(Protocol No. 001/16) and by the Brazilian Ministry of Health
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Ethics Committee (CONEP Protocol No. 2340). The protocol
on “Guide for the Care and Use of Laboratory Animals” (pub-
lished by the National Academy of Science, National Academy
Press, Washington, DC) was strictly followed in all experi-
ments. Efforts were made to minimize the number of animals
used and their suffering. Swiss mice were obtained from the
Institute of Biomedical Sciences and the Bio Rio Foundation,
Federal University of Rio de Janeiro.

Glioblastoma and N9 Cultures

The GBMO02 and GBM95 glioblastoma cell lines were
established and characterized in our laboratory, as previously
described [5, 26, 27]. The GBM cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM/F12) supple-
mented with 10% fetal bovine serum (FBS), at 37 °C and in a
controlled atmosphere containing 5% COs,.

The N9 microglial cell line was kindly provided by Dr.
Behnam Badie and was maintained in DMEM/F12 supple-
mented with 5% FBS, at 37 °C and in a controlled atmosphere
containing 5% COs,.

All cell lines were submitted to mycoplasma test using
MycoAlert™ Mycoplasma Detection Kit (Lonza Group Ltd.
Basel Switzerland). The GBM cell lines were used until 20
passages and microglial lineage was used until 10 passages
after unfrozen vial.

Microglial Cultures

Microglial cultures were obtained from the brain cortex of
newborn Swiss mice as previously described [28]. The cere-
bral tissues were dissociated in DMEM/F12 medium supple-
mented with 3.5 mg/ml glucose, 0.1 mg/ml penicillin, and
0.14 mg/ml streptomycin after removal of the meninges.

The cells were cultured in DMEM/F12 supplemented with
3.5 mg/ml glucose, 0.1 mg/ml penicillin, 0.14 mg/ml strepto-
mycin, and 10% fetal bovine serum (FBS). First, the 75-cm?
culture flasks (Corning Glass) were pretreated with poly-
lysine (Sigma Aldrich, St. Louis, MO, USA), and then, the
cells were cultured at 37 °C and in a controlled atmosphere of
5% CO, for 12 days. After 12 days in culture, microglial cells
were isolated from astrocytes by shaking for 45-60 min and
re-plating in DMEM/F12 medium supplemented with 5%
FBS on glass coverslips at a density of 1 x 10° cells/well for
immunostainings or on 6-well plates at a density of 50 x 10°
cells/well for Western blottings. For lipopolysaccharide (LPS)
treatments, microglial cells were treated with 1 pg/ml of LPS
(Sigma Aldrich, St Louis, MO, USA) for 24 h.

MTT Assays

Cell viability was assessed using the 3-(4, 5-dimethylthiazol-
2-y1)-2,5-diphenyl tetrazolium bromide (MTT) reduction

colorimetric assay. Briefly, cells were plated onto 96-well
plates at 0.2 x 10* cells/well and incubated for 24 h with either
the conditioned medium originated from control GBM (called
GBM-CM Wnt3a") or the conditioned medium originated
from GBM pretreated with Wnt3a (called GBM-CM
Wnt3a*). The final concentration of 5% FBS was used in all
conditions. Then, MTT (5 mg/ml) was added to each well at a
final concentration of 10% and left for 2 h. The blue formazan
crystals produced were dissolved by adding 100 pl of DMSO.
The absorbance of the cell culture medium was measured by a
microplate reader at 570 nm. The viability was analyzed using
GraphPad Prism (GraphPad Software, Inc., San Diego, CA,
USA).

BrdU Incorporation Assay

Microglial cells were treated for 24 h with GBM-CM. Their
proliferation capacities were determined by quantification of
the BrdU incorporation into the DNA of replicating cells using
the Cell Proliferation ELISA, following the manufacturer’s
instructions (Cell Proliferation ELISA for BrdU, Roche).

For the BrdU incorporation experiments, cells previously
treated for 24 h with both GBM-CMs were incubated with
BrdU labeling solution (0.1 pul/ml) for 120 min at 37 °C in a
humidified atmosphere (5% CO,). The cells were then incu-
bated with FixDenat solution and with anti-BrdU POD (anti-
BrdU-FLUOS) according to the manufacturer’s instructions
(Roche, USA). Colorimetric analyses were performed using
a VICTOR X3 multi-label plate reader, and the absorbances
were determined at 450 nm (Perkin-Elmer, Waltham, MA,
USA).

Immunocytochemistry

GBM and microglial cells were cultured on coverslips in a 24-
well plate. After 24 and 48 h of incubation in the absence or
presence of treatment, the cells were fixed with 4% PFA/PBS
for 20 min, permeabilized with 0.1% Triton X-100/PBS, and
blocked with 5% BSA/PBS for 1 h. For the analysis of the
expression of Wnt/3-catenin components (Wnt3a and 3-ca-
tenin), M2 phenotype markers (Argl and STI1), and cytoskel-
eton proteins (F-actin and 1B4) by immunofluorescence, the
cells were incubated overnight at 4 °C with anti-wnt3a
(1:200), anti-3-catenin (1:1000), anti-arginase 1(1:200), anti-
STI1 (1:200), and IB4 (1:500), and 2 h with Alexa Fluor 555
phalloidin staining solution (1:400). Thereafter, the cells were
washed with PBS and incubated with secondary antibodies
conjugated with Alexa Fluor 488, 546, or 633 (1:400) and
streptavidin-Cy3 (1:200) for 2 h at room temperature. Cells
were then washed with PBS, stained with DAPI, and mounted
in Fluoromount-G®. Negative controls were prepared with
non-immune rabbit or mouse IgG. Cells were imaged at 40x
and 63% using a DMi8 advanced fluorescence microscope
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(Leica Microsystems, Germany) and analyzed with Leica LA
SAF Lite. Images were processed using the software Image]
1.49v (Wayne Rasband, National Institutes of Health, USA).

Immunoblotting

GBM and microglial cells were cultured in 6-well plates and
incubated for 24 h in the presence of specific treatments. The
cells were then washed with PBS and detached using a cell
scraper, after which lysis buffer was added (10 mM Tris base,
0.25 M saccharose, and 1 mM EDTA, in the presence of
protease inhibitors). The lysates were sonicated and then cen-
trifuged at 4 °C, 10.000g for 10 min. The supernatants were
analyzed for protein content using a bicinchoninic acid assay
(BCA) kit (Bradford from BioRad.). Western blotting was per-
formed, as described by Towbin et al. and with minor modi-
fications [29]. For the immunodetection of proteins, 30 pg of
total cell proteins were separated by electrophoresis on 10%
SDS polyacrylamide gels and transferred to polyvinylidene
difluoride (PVDF) membranes. The PVDF membranes were
then blocked with 5% non-fat milk in Tris-buffered saline
with 0.1% Tween-20 (TBS-T) for 1 h, incubated with spe-
cific primary antibodies overnight at 4 °C, washed with
TBS-T, and incubated with peroxidase-conjugated antibod-
ies. The signals of Wnt3a (1:1000, R&D), [3-catenin
(1:2000, Sigma), Arg-I (1:1000, Thermoscientific), STII
(1:1000, Abcam), cyclin-D1 (1:1000, Cell Signaling), c-
myc (1:1000, Cell Signaling Technology), «-tubulin
(1:2000, Sigma) and GAPDH (1:5000, Abcam) were de-
tected using chemiluminescence (ECL) in ChemiDoc MP
imaging system (BioRad, Benicia, CA, USA). The densi-
tometry analyses were performed using Imagel software,
and the values obtained represent the ratio between the
immunodetected protein and the loading control
(GAPDH or «-tubulin).

qPCR

Total RNA was extracted from GBM, primary microglial, and
NO cells using Purelink RNA Mini kit (Thermo Fisher
Scientific) following the manufacturer’s instructions. One mi-
crogram of the total RNA, oligodT (12—18) primer (Thermo
Fisher Scientific), and High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) were used to perform
the cDNA synthesis. For quantitative PCR (qPCR) using the
Power Sybr Green Master Mix (Thermo Fisher Scientific), we
utilized 20 ng of cDNA per well of the microglial and N9
samples. The primers used were designed as follows: the
mouse /L-10 primers (forward: 5'-ACCTGGTAGAAGTG
ATGCCC-3'; reverse: 5'-GAAATCGATGACAGCGCCTC
-3"), the IL-1(3 primers (forward: 5'-TACA
AGGAGAACCAAGCAACGA-3'; reverse: 5'-TGCC
GTCTTTCATTACACAGGA-3'), the TNF-« primers
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(forward: 5'-AAGTTCCCAAATGGCCTCCC-3'; reverse:
5'- TGGTGGTTTGCTACGACGTG-3'), and B-actin
primers (forward:5'-TGGATCGGTGGCTCCATCCTGG-
3’; reverse:5'-GCAGCTCAGTAACAGTCCGCCTAGA-
3") and were used as the endogenous genes. Thermal cy-
cling was carried out using CFX96 Touch Real-Time PCR
detector (BioRad) according to the manufacturer’s recom-
mendations. The relative fold variation in mRNA expres-
sion was calculated using the Pfaff method (Pfaff, 2011).
The data was obtained from three independent experiments
and analyzed using ANOVA.

Time-Lapse Video Microscopy

Video microscopies of GBM and microglia co-cultures were
performed using culture-insert 2 well in p-dish 35 mm (IBIDI,
Germany) which were treated with Wnt3a at 10 ng/ml. Each
ofthe samples was placed in a culture chamber with controlled
temperature and CO, environment (37 °C and 5%, respective-
ly), attached to Nikon Eclipse TE300. During 24 h, phase
contrast images were captured every minute using a
Hamamatsu C2400 CCD camera (Hamamatsu, Japan). The
wound healing was quantified after 12 and 24 h using MRI
wound healing tool from Image J.

Scanning Electron Microscopy

GBM and microglia co-cultures were fixed with 2.5% glutar-
aldehyde in 0.1 M cacodylate buffer (pH 7.2) for 1 h, washed
in the same buffer and then dehydrated in an ethanol series
ranging from 30 to 100%. Finally, the samples were critical
point dried, coated with a thin gold layer in a Balzers gold
sputtering system, and observed in a FEI-Quanta scanning
electron microscope.

GBM Xenografts

Xenografts were performed as previously described [8].
Female Swiss mice of 10—14 weeks of age weighing 30—
35 g were used. Mice were anesthetized with diazepam
(5 mg/kg i.m.), ketamine (100 mg/kg i.m.), and xylazine
(25 mg/kg i.m.), and then a brain midline incision was made
on the scalp. A small hole was drilled in the skull at stereotaxic
coordinates in the striatum of immunocompetent mice: 1 mm
posterior to the bregma and +2 mm mediolateral from the
midline. 5 x 10> GBM cells were delivered in 3 1l DMEM-
F12 at a depth of 3 mm with a Hamilton (Hamilton, Reno,
Nevada, USA) syringe over 30 min. Animals were followed,
and analysis was done 2 weeks after tumor cell injection.
Three animals per group, (i) control—GBM cells non-
treated with wnt3 (wnt3a ); (ii) treated group—GBM cells
pre-treated with Wn3a (Wnt3a"), were used for each experi-
ment described below.
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Mouse Tissue Processing

The mice brains were dissected 2 weeks after xenotransplanta-
tion followed by overnight fixation in 4% PFA at 4 °C of which
storage was done in PBS before processing. The brains were
dehydrated in graded ethanol series (30, 40, 50, and 60% for
30 min each; then emerged in 70, 80, and 90% for 1 h; then
100% twice for 1 h each), being left overnight in xylene at room
temperature. Next, the tissues were embedded in paraffin for 3 h
at 67 °C. The brain sections were cut (5 um thick) on a micro-
tome. The sections were stained with hematoxylin and eosin
and photographed using DMil by Leica Microsystems.

Human Tissue Processing

A total of four different human brain samples of astrocytoma
grade IV (GBM) were acquired from patients admitted in the
Neuropathology Service of the Instituto Estadual do Cérebro
Paulo Niemeyer (Rio de Janeiro, Brazil). The study was ap-
proved by Instituto Estadual do Cérebro Paulo Niemeyer
Ethics Committee according to Helsinki Declaration protocol,
whereby all patients signed an informed consent for the use of
their biological samples for research investigation. The GBMs
were fixed in 4% paraformaldehyde for 12 to 24 h, embedded
in paraffin, and cut into 5-pm sections. The hematoxylin-
eosin images obtained by DMil from Leica are representa-
tives of the three independent experiments.

Immunohistochemistry

The brain sections after deparaffinization were washed with
PBS and incubated with 10% NGS diluted in PBS with 0.3%
Triton X-100 for 90 min. They were then incubated with
GFAP (1:400), vimentin (1:400), Wnt3a (1:500) antibodies,
and with biotinylated IB4 (1:100) overnight at 4 °C then
washed again with PBS and incubated with secondary anti-
bodies conjugated with Alexa Fluor 488, 546, or 633 (1:400)
and streptavidin-Cy3 (1:200) for 2 h. The sections were coun-
terstained with DAPI and coverslipped with fluoromount.
Negative controls were performed with non-immune rabbit
IgG. Slices were imaged using DMi8 advanced fluorescence
microscope (Leica Microsystems, Germany). The plug-in
Fibril Tool for Image] (NIH, USA) was used to image
processing.

Statistical Analysis

All values were expressed as mean = SD. The groups were
compared by means of one-way ANOVA test, Dunnet’s test,
and Bonferroni probabilities (except for gPCR, as mentioned
above), with a significance threshold of p <0.05. All statistical
analyses were performed using GraphPad Prism 6 (GraphPad
Software Inc., San Diego, CA, USA).

Results

GBM and Microglial Cells Activate Wnt/B-Catenin
Pathway upon Wnt3a Stimulation

Our previous work showed that GBM cells present consti-
tutive activation of Wnt/B-catenin signaling [30].
Moreover, high levels of Wnt3a have already been de-
scribed as activators of microglial cells in other contexts,
such as neurodegenerative diseases [23, 24]. Wnt3a is
known to stabilize -catenin, the downstream protein in-
volved in canonical Wnt signaling, and increases its trans-
location to the nucleus [31]. Here, we addressed whether
the stimulation with recombinant Wnt3a protein could in-
duce the activation of Wnt/B-catenin signaling in GBM and
microglial cells through the enhancement of the expression
and rearrangement of the (3-catenin subcellular localization
and also upregulation of Wnt3a levels produced by GBM
and microglial cells. Both cells were stimulated by Wnt3a at
10 ng/ml during 24 h, and immunofluorescence data
showed that the 3-catenin was translocated to the nucleus
following Wnt3a administration (Fig. la—c). We also ob-
served increased [3-catenin and Wnt3a levels after stimula-
tion with Wnt3a as verified by Western blot analysis when
compared to controls (Fig. 1d—f). Moreover, we assessed
the expression of Wnt target genes which have been asso-
ciated with activation of Wnt/f3-catenin pathway, such as c-
myc and cyclin-D1 [32]. The expression of c-myc and
cyclin-D1 was evaluated by Western blot analysis
(Fig. 1g). The c-myc and cyclin-D1 expression was in-
creased in N9 cells after Wnt3a stimulation. Our data sug-
gests that Wnt3a is capable of inducing the activation of
Wnt/(3-catenin pathway in GBM and microglial cells, as
compared to control, despite their constitutive activation.

Wnt3a GBM-Derived Induces Proliferation
and Activation of Wnt/B-Catenin Signaling
in Microglial Cells

We next verified whether GBM cells could release Wnt3a to
the medium. GBM cells present a basal secretion of Wnt3a
(Fig. 2a). Moreover, we verified that GBM cells pretreated
with Wnt3a protein at 10 ng for 24 h (Wnt3a™) enhance this
release into the medium (Fig. 2a). This result led us to
prompt whether the conditioned medium produced by con-
trol GBM cells (GBM-CM Wnt3") or GBM cells pretreated
with Wnt3a (GBM-CM Wnt3™") could increase the viability
(Fig. 2b) and proliferation (Fig. 2¢) of microglial cells. We
observed that both microglial cell types (N9 cell line and
primary microglia cultures) increased the viability in the
presence of GBM-CM Wnt3a®™ when compared to GBM-
CM Wnt3 . This result is in agreement with the increase in
BrdU incorporation of microglial cells treated with GBM-
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Fig. 1 Wnt3a induces activation of Wnt/{3-catenin pathway in GBM and
microglial cells. The components of Wnt/ 3-catenin pathways in GBM
cell line, microglia cell line (N9), and primary microglial cells were
assessed by immunofluorescence and Western blot analysis. The expres-
sion of (3-catenin increases after Wnt3a stimulation in GBM cells. The (3-
catenin translocation into the nucleus was observed by colocalizing signal
of B-catenin (red) with DAPI (blue) in GBM cells (a), in N9 cells (b), and
in primary microglia culture (microglia) (¢) when compared with the
control as verified by immunofluorescence. (3-catenin and Wnt3a

CM Wnt3a" as compared with the GBM-CM Wnt3a~
(Fig. 2c¢), suggesting that GBM-CM Wnt3a®' increases
microglial cell proliferation.

We further evaluated if both GBM-CM Wnt3a and
GBM-CM Wnt3a" could change the microglia 3-catenin
and Wnt3a levels by immunofluorescence (Fig. 2d, e) and
Western blot analysis (Fig. 2f, g) in microglia cells. We
found that GBM-CM Wnt3*-stimulated microglial cells ex-
press higher levels of (3-catenin and Wnt3a when compared
to the microglia treated with GBM-CM Wnt3 . The expres-
sion of Wnt target proteins, such as c-myc and cyclin-D1,
was evaluated by Western blot analysis (Fig. 2h). The c-
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expression were detected by Western blot analysis in GBM cells (d), in
NO cells (e), and in microglia (f). The levels of Wnt target proteins c-myc
and cyclin-D1 were detected in Wnt3a recombinant protein-treated N9
cells by Western blot (g). The [3-catenin and Wnt3a were revealed using
specific antibodies, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or a-tubulin was used as the loading control. The 30 pg of
protein was loaded in each lane. Each value represents the mean + SD of
three independent experiments. *p < 0.05. Scale bar = 50 pm

myc and cyclin-D1 expression was increased in N9 cells
after GBM-CM Wnt3a* stimulation.

These results show that the Wnt3a-treated GBM cells in-
crease Wnt signaling by releasing high levels of Wnt3a into
the medium. In turn, the GBM-CM Wnt3a* strongly stimulates
the Wnt signaling on microglial cells, compared to control.

Induction of M2-Like Phenotype in Microglia Treated
with Wnt3a GBM-Derived

In some neurodegenerative diseases, such as Alzheimer’s
disease, microglia present constitutively activated Wnt/[3-
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Fig. 2 Wnt3a produced by GBM cells induces proliferation and
activation of Wnt/3-catenin in microglial cells. GBM cells pretreated
with 10 ng of recombinant Wnt3a during 24 h increased the expression
and release of Wnt3a in the medium (GBM-CM Wnt3") as compared
with the normal conditioned medium (GBM-CM Wnt3") (a). N9 cells
and primary microglial cultures (microglia) were treated with both GBM-
CM for 24 h, and the cell viability was determined by MTT assay (b)
whereas the proliferation was assessed by BrdU incorporation (c). 3-

catenin pathway and produce high levels of Wnt3a [23, 24].
It has been demonstrated that LiCl, an inhibitor of GSK3,
induces Wnt/[3-catenin activation [33]. Moreover, LiCl at-
tenuates the M1 phenotype and induces the M2-like pheno-
type by increasing IL10 expression [34]. Since increased
levels of Arg-1 have been associated with M2-like pheno-
type [20, 35] and STI1 is produced by microglial cells to
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catenin and Wnt3a expression was observed under treatment with
GBM-CM Wnt3~ and GBM-CM Wnt3" through immunofluorescence
in N9 (d) and microglia (e) and also by Western blot (f, g). The expression
of Wnt target proteins, cyclin-D1 and c-myc, was observed by Western
blot analysis (h). Each value represents the mean + SD of three indepen-
dent experiments. *p < 0.05, **p <0.01, and ***p <0.001, compared to
the control groups. Scale bar = 50 pm

promote tumor proliferation, as previously described by our
group [9, 21], we next determined whether GBM-derived
Wnt3a could affect the expression of Arg-1 and STII in
microglial cells. The N9 and primary microglial cells were
treated with GBM-CM Wnt3* or GBM-CM Wnt3™ for 24 h,
and the Arg-I and STII levels were assessed by immuno-
fluorescence and Western blot analysis. Our data showed

@ Springer



1524 Mol Neurobiol (2019) 56:1517-1530

GBM-CM
a Control Wnt3a- Wnt3a+
o
<
a
—
S
—
)]
o
<
a
~—
b
GBM-CM GBM-CM
Control Whnt3a- Wnt3a+ Control Wht3a-  Wnt3a+
— e

Arg-1 T -

CAPDH| e i —

2.5+
*kk 4-

2.0
c
2 < 3
o 9 O ~
o 2 159 2%
S ® o <
36 %ﬁ 2
T2 10 Q5
0L b7
x =~ e
< [%2] 1

0.5+

0.0 T 0

Control Wnt3a- Wnt3a+ Control Wnt3a- Wnt3a+
GBM-CM GBM-CM
c d e
15 1.5 TNFa ] IL-10

L1

i 1.0 2+ *
Ll
; - = £ 05+ 2
0.0 0.0
T T 0 T T

LPS Control Wnt3a- Wnt3a+ LPS Control Wnt3a- Whnt3a+ LPS Control Wnt3a- Wnt3a+
GBM-CM GBM-CM GBM-CM

o

7
Relative mRNA level

Relative mRNA levels
Relative mRNA levels

@ Springer



Mol Neurobiol (2019) 56:1517-1530

1525

<« Fig. 3 Induction of M2-like phenotype in microglia treated with GBM-
derived Wnt3a. After 24 h, immunofluorescence (a) and Western blot (b)
were performed using specific antibodies against STI1 and Arg-1 to eval-
uate the effect of CM-GBM in microglia cells. GAPDH was used as the
loading control. The mRNA levels of interleukins involved in M1 and
M2-like phenotype were detected by qPCR in N9 cells after CM-GBMs
stimulation and LPS (c—e). Each value represents the mean + SD of three
independent experiments. *p < 0.05, compared to the untreated cells.
Scale bar = 50 um

that GBM-CM Wnt3*-treated microglial cells increased
Arg-1 and STII levels as compared to control and GBM-
CM Wnt3a (Fig. 3a, b). Furthermore, the expression of
inflammatory cytokines involved in M1, such as IL-1(3
and TNF-«, and M2-like phenotype, such as /L-10, was
measured by RT-qPCR in GBM-CM-treated groups and
compared with LPS-treated N9 cells. The RT-qPCR results
suggested that GBM-CM Wnt3a" decreases the IL-1p ex-
pression (Fig. 3c). However, the levels of TNF-« remained
unchanged of TNF-o remained unchanged after both treat-
ments (Fig. 3d). On the other hand, the GBM-CM Wnt3a*
was effective in inducing the M2-like phenotype by increas-
ing the mRNA levels of IL-10 (Fig. 3e). All these data
suggest that Wnt3a expressed and secreted by GBM cells
can modulate the phenotype of microglial cells, turning
them into a M2-like phenotype.

Wnt3a Increases Microglial and GBM Interaction

The Wnt/f3-catenin pathway regulates the metastasis-
associated phenotypes in cancer cells [36]. Besides, the aber-
rant migration is necessary for the invasiveness and metastasis
of the tumor cells [37]. Moreover, to acquire migration abili-
ties, tumor cells need cytoskeleton reorganization [37]. It has
been demonstrated that Wnt3a induces the rearrangement of
the actin filaments (F-actin), which play a pivotal role in cell
motility [38, 39]. According to other studies, the Wnt3a is
essential not only for the motility of tumor cells [40] but also
for microglia motility [23], and its knockdown in GBM cells
reduces tumor migration ability [40]. Thus, we next evaluated
the changes in the cytoskeleton by observing F-actin and I1B4
in co-cultures of GBM and microglial cells treated with
Whnt3a. Our results showed an increased density of F-actin
in Wnt3a-treated cells as compared to control cells (Fig. 4a—
d). We also observed F-actin-based nanotubular projections,
known as tunneling nanotubes (TNTSs) or intercellular nano-
tubes, between GBM and microglial cells. Wnt3a increased
the formation of TNTs between GBM and microglial cells
(Fig. 4e—h). These structures have been described as a mech-
anism of cell-cell communication that promotes the exchange
of vesicles and cytoplasmic materials, signals like
microRNAs, chemokines, and oncogenes between cells
[41-43]. The observation that Wnt3a promotes the reorgani-
zation of cytoskeleton led us to prompt whether Wnt3a could

also modulate GBM and microglia migration capacities.
Through 24 h of time-lapse microscopy, we observed that
the migration of co-cultured cells was increased by the pres-
ence of Wnt3a (Fig. 4i-j). These findings support our hypoth-
esis that Wnt3a plays a key role in microglia and GBM mi-
gration and interaction.

Wnt3a Colocalizes with I1B4-Positive Cells both in GBM
Human Samples and Xenografts

Our in vitro data described above suggest that Wnt3a induces
activation and migration of microglial cells and play an im-
portant role during microglia-GBM crosstalk. Taking into ac-
count that the aberrant activation of Wnt/3-catenin pathway
has been associated with malignancy of gliomas [22], we de-
cided to investigate the expression of Wnt3a and correlate it
with the presence of microglial cells in human GBM samples.
In paraffin-embedded human GBM samples, we observed that
microglial cells infiltrate the tumor mass (Fig. 5a) and express
Wnt3a as well as the GBM cells (Fig. 5b). To confirm this
observation, we xenografted Wnt3a-untreated GBM cells
(Wnt3a ) and Wnt3a-treated GBM cells (Wnt3") into the im-
munocompetent Swiss mice brain, as previously described by
our group [8]. Histological analysis was performed 2 weeks
after the graft (Fig. 5c) and revealed that Wnt3a® GBM cells
induced not only the formation of a much larger tumor mass
(Fig. 51, d, respectively) but also presented more aggressive
features, such as increased hemorrhagic and necrotic areas
with pseudopalisade figures (Fig. 5j) when compared to
Wnt3a~ GBM cells. Moreover, both tumor masses presented
tumor-infiltrated microglia; however, this infiltration was
more prominent in Wnt3* (Fig. 5k) as compared to the
Wnt3™ (Fig. 5f). The human GBM cells were identified with
a specific human vimentin antibody, and microglial/
macrophage cells were stained with IB4 (Fig. 5g, 1). We ob-
served that IB4-positive cells express Wnt3a in the
peritumoral zone on tumor control (Fig. Sh), whereas the
Wnt3" tumor has increased levels of Wnt3a across the whole
tumor mass. Furthermore, we observed an enrichment in IB4+
cells colocalizing with Wnt3a in the tumor mass generated
through the xenograft of Wnt3a* GBM cells when compared
to the Wnt3a tumors (Fig. 5h). In addition, we also observed
that the tumor-infiltrated microglia express Wnt3a in both the
peritumoral zone and tumor core (Fig. 5Sm). These in vivo
findings support our in vitro results and suggest that Wnt3a
is not only essential for microglia-GBM interactions but also
contributes to GBM progression.

Discussion

Glioblastoma-infiltrated microglia plays an important role in
tumor progression through the release of factors that induce
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| Wnt3a* |

B4/ Phalloidin

Fig. 4 Wnt3a enhances microglial and GBM interaction. Co-cultures of
microglial and GBM cells were performed to observe the interaction
between both cells after 24 h of Wnt3a treatment. F-actin (red) and 1B4
(green) were labeled and observed by immunofluorescence (a—d). The
interaction between GBM and microglia under Wnt3a treatment was

invasion, migration, and suppression of immunity [8, 9, 12,
13, 17-19]. There have been several attempts to find new
factors that are involved in GBM and microglia interactions,
and one of the signaling pathways involved in aggressiveness
of GBM is the canonical Wnt/3-catenin pathway. It is known
that this pathway is aberrantly activated in GBM, specifically
when it comes to the levels of Wnt3a itself [22]. On the other
hand, microglial cells express high levels of proteins involved
in Wnt/3-catenin machinery pathway, including the receptors
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FDZ and their co-receptor LRP5/6 [23], which contribute to
microglia activity stimulation when exposed to Wnt3a [23].
Since the GBMs express high levels of Wnt3a and microglia
present receptors and components of its pathway, we hypoth-
esized that Wnt3a produced by GBM cells could induce the
recruitment of microglial cells and stimulate the switch to M2-
like phenotype, promoting migration and proliferation.

First, we showed that Wnt/(3-catenin pathway is activated
in GBM and microglial cells, reflected by the high levels of 3-



Mol Neurobiol (2019) 56:1517-1530

1527

a GFAP/IB4/DAPI b

NB4/vimK,

GBMh

- Wnt3a- a

Wnt3a+

Fig. 5 Wnt3a induces tumor progression and contributes to GBM/
microglia interaction in vivo. The immunohistochemistry analysis of hu-
man GBM paraffin-embedded samples revealed the GFAP expression
(gray) and presence of IB4+ cells (red) (a). The Wnt3a expression
(green) and human vimentin (hvim) staining (gray) and tumor-
infiltrated microglia stained with IB4 (red) in human GBM samples (b).
Schematic depiction of GBM untreated (Wnt3 ) and Wnt3a-treated GBM
cells (Wnt3a*) xenograft in striatum of Swiss brain mice (c).
Histopathological features of the tumor after 2 weeks of Wnt3™ GBM
cells xenotransplantation by hematoxylin-eosin staining (d).
Microscopic analysis showed anaplastic cells and small necrosis area
(white asterisk) (e). Immunohistochemistry of Wnt3a tumor mass

catenin nuclear translocation in these cells in vitro. This result
is in agreement with other works that have already noticed and
characterized the activation of Wnt/3-catenin pathway in mi-
croglia and glioma cells [23, 30, 40]. Taking into account that
Wnt3a induces the 3-catenin stabilization and translocation
into the nucleus [31], we induced an overactivation of Wnt/
[3-catenin pathway in GBM and microglial cells through stim-
ulation with recombinant Wnt3a treatment. Our results con-
firmed that Wnt3a was able to induce {3-catenin translocation
to the nucleus, despite their basal constitutive activation. In
response to this pathway overactivation, we observed that
microglia, as well as GBM cells, increased the expression of
Wnt3a, probably because [3-catenin translocation induces the
expression of WNT and other target genes, such as c-myc and
cyclin-D1 [32]. In this sense, we also observed that c-myc and
cyclin-D1 expression was increased in both cells after Wnt3a
stimulation.

The conditioned medium of cells stimulated with recombi-
nant Wnt3a (GBM-CM Wnt3a") induces more production of
Whnt3a that is further secreted into the medium [44]. This fact
prompted us to investigate whether GBM cells could produce
and secrete higher amounts of soluble Wnt3a upon recombinant
Wnt3a stimulation. Our in vitro results showed that the Wnt3a-

Group Wnt3a'(Control): m
5x10
cells . colls
/g o ’

+
Group Wnt3a (treated):
punaslissted g,

T ot (N T

Swiss mice brains Swiss mice brain:
2months

(human vimentin, red) showed the presence of IB4-positive cells
(green) mostly in peritumoral zone (f, g). Increased levels of Wnt3a
(green) in peritumoral zone colocalized with IB4-positive cells (red)
(h). Hematoxylin-eosin staining in Wnt3a* tumor xenotransplanted in
Swiss mouse brain after 2 weeks (i). The Wnt3a* tumor exhibited larger
tumor mass with anaplastic cells and pseudopalisade surrounding exten-
sive necrosis foci (white asterisk) (j). Immunohistochemistry analysis
showed a higher number and diffuse IB4-positive cells (green) in
Wnt3a* tumor (K, 1) and also increased levels of Wnt3a (green) and
colocalization with IB4 (red) (m). In all immunofluorescence images,
the blue indicates nuclear staining (DAPI). Scale bar = 50 um

treated cells released higher levels of Wnt3a as compared to
untreated cells. Since GBM-CM induces microglial cell activa-
tion and is enriched with Wnt3a that, in turn, is involved with
tumor cells proliferation [40], we verified that the microglial
viability and proliferation were increased in the presence of
GBM-CM Wnt3a* when compared to the GBM-CM Wnt3™.
Moreover, c-myc and cyclin-D1 levels were also increased in
microglial cells after GBM-CM Wnt3a*. These results are in
accordance with our observations that microglial cells stimulat-
ed with GBM-CM Wnt3™" express higher levels of (3-catenin
and Wnt3a when compared with cells treated with GBM-CM
Wnt3". In fact, GBM progression and aggressiveness have
been associated to the extrinsic heterogeneity of the GBM,
which involves the interactions of tumor cells with other entities
from the brain parenchyma, such as endothelial and microglial
cells [7]. This aggressiveness is also associated with the aber-
rant Wnt activity which culminates on the exacerbation of WNT
target genes expression, such as c-myc, cyclin-D1, and WNT
itself [32], exacerbating this pathway through a loop of activa-
tion. Since Wnt3a induces microglia activation [23, 24] and the
amount of tumor-infiltrated microglia/macrophages is strictly
related to tumor growth [9, 10, 41], we addressed the question
whether Wnt3a produced by GBM cells increased
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Fig. 6 Wnt3a is essential to GBM and microglia crosstalk. Wnt3a
released by GBM cells enhances the expression and rearranges the f3-
catenin subcellular localization and also increase the M2-like phenotype
in microglia cells. Consequently, there is a greater recruitment and infil-
tration of the microglial cells into tumor mass in tumors stimulated with

inflammatory response through induction of M2-like pheno-
type in microglial cells. Others works already demonstrated that
GBM release factors, such as chemokines and interleukins,
induce M2-like phenotype in microglial cells [17]. Thus, we
hypothesized that Wnt3a could be one of these factors. To eval-
uate the induction of M2-like phenotype in microglial cells, we
investigated the expression of Arg-I, STII, and IL-10 due to
their effect of promoting tumor cells proliferation [17-19, 21,
35, 41]. Our results showed that Wnt3a provided from GBM
cells induced the expression of the Arg-1 and STII levels in
microglial cells. Moreover, CM-GBM Wnt3a" increased the
mRNA levels of IL-10 and consequently reduced IL-1f3 levels.
These findings support our hypothesis that Wnt3a released by
GBM cells modulates microglial phenotype through the induc-
tion of a M2-like phenotype.

To the best of our knowledge, we are the first to show that
microglia-GBM co-cultures exhibit intercellular or tunneling
nanotubes between cells and that Wnt3a stimulation increases
the appearance of these structures. It has been previously dem-
onstrated that the communication between cells can be made
through tunneling nanotubes, which allows the transmission
or exchange of vesicles, cytoplasmic materials, signals like
miRNAs, chemokines, and oncogenes [41, 42, 45].
Furthermore, the invasive behavior of the tumor cells has been
associated with the formation of these nanotubes [45].
Therefore, the formation of these nanotubes may be one of
the causes responsible for the aggressiveness of tumor cells. In
addition, the induction of immunosuppressive microenviron-
ment can be through the transport of proteins/molecules via
tunneling nanotubes, such as Wnt proteins.

Further, the Wnt3a is essential for the motility of GBM
cells [40] but also for microglial activation [23]. Moreover,
the knockdown of Wnt3a in GBM cells reduces the migration
ability of glioma cells [40]. In addition, we assessed the mi-
gration ability of microglial and GBM cells co-cultured under
stimulation of Wnt3a during 24 h. Our data showed that mi-
gration capacities of both GBM and microglia were increased
by the presence of Wnt3a, as expected.

@ Springer

wnt3a (Wnt3a"). Macroscopically, the Wnt3a* tumors have a larger tu-
mor mass compared to control tumors (Wnt3a ). Histological analysis
demonstrated that Wnt3* tumors are highly aggressive compared to the
tumor mass Wnt3a

The oncogenic potential of Wnt3a was already described
[40], and in accordance with this fact, our xenograft experi-
ments showed that GBM cells pre-treated with Wnt3a gener-
ate a tumor mass much larger than the untreated. Even more,
we observed a greater amount of infiltrated microglia
colocalized with Wnt3a in the Wnt3* tumor mass. This find-
ing is in agreement with what we observed in the biopsies of
patients with GBM, highlighting the same pattern and distri-
bution of microglial subpopulations.

Altogether, our in vitro and in vivo results corroborate
our hypothesis by showing that Wnt3a produced by GBM
cells stimulate the activation of Wnt/3-catenin pathway in
microglial cells, which in turn induces the M2-like pheno-
type on these cells and increases the microglia and tumor
crosstalk (Fig. 6). Thus, our work highlights that the Wnt/
[3-catenin pathway plays a role in the heterogeneity of the
GBMs, specifically concerning the extrinsic heterogeneity,
and we verified for the first time that Wnt3a is essential to
GBM and microglia interactions. These findings are im-
portant to better understand how GBM Wnt pathways can
modulate the tumor parenchyma cells in M2-like profile,
which in turn contribute to a more aggressive behavior and
a worse prognostic.
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