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Extracellular vesicles originating from
glioblastoma cells increase
metalloproteinase release by astrocytes: the
role of CD147 (EMMPRIN) and ionizing
radiation
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Abstract

Background: Glioblastoma multiforme is an aggressive primary brain tumor that is characterized by local invasive
growth and resistance to therapy. The role of the microenvironment in glioblastoma invasiveness remains unclear.
While carcinomas release CD147, a protein that signals for increased matrix metalloproteinase (MMP) release by
fibroblasts, glioblastoma does not have a significant fibroblast component. We hypothesized that astrocytes release
MMPs in response to CD147 contained in glioblastoma-derived extracellular vesicles (EVs) and that ionizing
radiation, part of the standard treatment for glioblastoma, enhances this release.

Methods: Astrocytes were incubated with EVs released by irradiated or non-irradiated human glioblastoma cells
wild-type, knockdown, or knockout for CD147. Levels of CD147 in glioblastoma EVs and MMPs secreted by
astrocytes were quantified. Levels of proteins in the mitogen activated protein kinase (MAPK) pathway, which can
be regulated by CD147, were measured in astrocytes incubated with EVs from glioblastoma cells wild-type or
knockdown for CD147. Immunofluorescence was performed on the glioblastoma cells to identify changes in CD147
localization in response to irradiation, and to confirm uptake of the EVs by astrocytes.

Results: Immunoblotting and mass spectrometry analyses showed that CD147 levels in EVs were transiently
increased when the EVs were from glioblastoma cells that were irradiated with y rays. Specifically, the highly-
glycosylated 45 kDa form of CD147 was preferentially present in the EVs relative to the cells themselves.
Immunofluorescence demonstrated that astrocytes incorporate glioblastoma EVs and subsequently increase their
secretion of active MMP9. The increase was greater if the EVs were from irradiated glioblastoma cells. Testing MAPK
pathway activation, which also regulates MMP expression, showed that JNK signaling, but not ERK1/2 or p38, was
increased in astrocytes incubated with EVs from irradiated compared to non-irradiated glioblastoma cells. Knockout
of CD147 in glioblastoma cells blocked the increased JNK signaling and the rise in secreted active MMP9 levels.

Conclusions: The results support a tumor microenvironment-mediated role of CD147 in glioblastoma invasiveness,
and reveal a prominent role for ionizing radiation in enhancing the effect. They provide an improved
understanding of glioblastoma intercellular signaling in the context of radiotherapy, and identify pathways that can
be targeted to reduce tumor invasiveness.
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Background

Glioblastoma is a primary cancer of the central nervous
system. It is the most aggressive subtype and most com-
mon type of glioma. The tumor commonly arises in the
subcortical white matter, but often infiltrates to occupy
more than one lobe of the brain. Its highly invasive na-
ture means that even after treatment it frequently recurs,
contributing to low long-term survival rates [1]. Add-
itionally, radiation therapy, which has contributed the
most to improving survival in glioblastoma [2], has also
been implicated in increasing the invasiveness of tumors
[3—6]. Thus, understanding the underlying mechanisms
of invasion is a critical step in the development of novel
therapeutic strategies that improve long-term outcomes.

The tumor microenvironment is being increasingly
recognized as an important contributor to tumor cell in-
vasion. In carcinomas such as breast cancer, the cancer-
associated fibroblasts assist tumor cell invasion by se-
creting matrix metalloproteinases (MMPs) that break
down the extracellular matrix [7, 8]. Induction of these
MMPs is due in part to CD147, a signaling protein prop-
agated from tumor cells to fibroblasts [9]. High CD147
levels have been associated with poor outcomes in nu-
merous studies [10-12], and the therapeutic value of
CD147 is beginning to be realized [13]. However, the
significance of the microenvironment in the invasion of
glioblastoma is less clear than it is for carcinomas. Even
though CD147 is frequently overexpressed in glioblast-
oma [14], outside of the vasculature there are no fibro-
blasts in the brain to receive it. However, there are
astrocytes surrounding the tumor, which may release
MMPs in response to CD147 just like fibroblasts in
carcinomas.

While early cell culture experiments demonstrated in-
creased MMP release in response to CD147 using co-
culture and medium transfer experiments [15], more re-
fined experiments have shown that CD147 contained in
the extracellular vesicles (EVs) of tumor cells can medi-
ate the MMP-inducing effect [9, 16—18]. EVs are small
particles released by cells; they consist of a lipid mem-
brane with a hollow interior that contains various mo-
lecular constituents, including proteins and nucleic acids
[19]. Their surface contains receptors and ligands that
can be used to signal to cells, and their contents can be
incorporated by cells to further modulate signaling [19].
As a method of intercellular communication, EVs have
been implicated in various tumor-stroma interactions. In
glioblastoma, EVs have pro-angiogenic abilities and can
promote oncogenic potential [20]. In other cancers, EVs
prepare lymph nodes for metastasis [21], transport anti-
apoptotic proteins [22], and even drive mesenchymal
stem cells to develop into myofibroblasts that support
tumor growth [23]. Moreover, the content of EVs from
tumor cells is altered in a variety of conditions, including
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hypoxia [24], oxidative stress [25], senescence [26], cyto-
toxic drugs [27], and ionizing radiation [28].

Here, we hypothesized that glioblastoma cells secrete
CD147 in EVs in a manner capable of enhancing the re-
lease of MMPs by astrocytes. We further hypothesized
that in response to ionizing radiation, glioblastoma cells
increase CD147 protein levels in their EVs, which in
turn increases MMP release by astrocytes. We tested this
hypothesis in vitro by examining the EVs of non-
irradiated and y-irradiated glioblastoma cells, character-
izing them and analyzing their levels of CD147 through
immunoblot and mass spectrometry. We further exam-
ined the effect of these EVs on astrocytes, specifically on
MMP release and MAPK signaling, and whether CD147
knockdown and knockout could block these effects.

Methods

Cell culture

The human T98G, U-87 MG, and U-118 MG glioblast-
oma cell lines and human SVG p12 astrocytes were from
ATCC (Cat. # CRL-1690, HTB-14™, and HTB-15", re-
spectively). They were authenticated by STR profiling
and maintained in Minimum Essential Medium (MEM)
(15-010-CV, Corning, Manassas, VA, USA) with 10%
(v/v) fetal bovine serum (FBS) (F2442, Sigma, St. Louis,
MO, USA), 2 mM L-alanyl-glutamine (25-015-Cl, Corn-
ing), 100 U/mL penicillin and 100 pg/mL streptomycin
(20-002-Cl, Corning). They were fed every two days and
used for experiments when 80-90% confluent. The three
human glioblastoma cell lines used are derived from
male patients without isocitrate dehydrogenase (IDH)
mutation; they harbor various genetic abnormalities that
reflect the heterogeneity of the disease (e.g., whereas
T98G and U-118 M@ cells are T7P53 and PTEN mutated,
U-87 MG cells are TP53wt and PTENmut. The SVG
cells are of fetal origin. The cells were not used past two
months of culture.

Because FBS contains EVs, it cannot be used in
medium when the EVs are harvested. Further, ultracen-
trifugation of FBS or medium containing FBS is insuffi-
cient to remove all EVs [29]. Thus, prior to harvesting
EVs, glioblastoma cells were rinsed twice with PBS, and
fed with EV-free medium consisting of MEM with bo-
vine serum albumin (BSA) (2.5 mg/mL) (A8412, Sigma),
insulin (1 pg/mL) (12585-014, Invitrogen, Waltham,
MA, USA), transferrin (50 pg/mL) (616,424, EMD/Milli-
pore, Billerica, MA, USA), and selenium (30 nM) (S5261,
Sigma).

Irradiation

The tumor cells were seeded at 2.8 x 10° cells/175 cm?
flask. Upon reaching 80-90% confluence, the medium
was removed, the cells were rinsed twice with PBS,
placed in EV-free medium, and immediately irradiated.
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The cells were exposed to y-rays at 5.5 Gy/min using a
137Cs source (J.L. Shepherd Mark I, San Fernando, CA,
USA). The culture flasks were placed on a rotating plat-
form to ensure uniform exposure, and control cultures
were handled in parallel but were sham treated. The
medium was collected for EV isolation at 24 h after ir-
radiation. To generate the medium for the 48 h time
point, new medium was added to the cells and left for
another 24 h, at which time the medium was collected
again. This was repeated to obtain the EVs for the 72 h
samples. This allowed an assessment of how the EV con-
tent changed over the 72 h time course.

Clonogenic survival

Wild-type and CD147 knockout T98G, U-87 MG, and
U-118 MG cell cultures were trypsinized, rinsed twice in
medium, re-suspended in medium, counted, and placed
in 15mL centrifuge tubes on ice. The cells were y-
irradiated with 0, 2, 4, 6, 8, or 10 Gy, and then seeded at
various concentrations into 100 mm dishes containing
50% medium conditioned for 48 h, 40% fresh medium,
and 10% extra FBS. Seven days later, the formed colonies
(consisting of >50 cells) were fixed in ethanol, stained,
and counted. The plating efficiency for all of the cell
lines was greater than 60%.

CD147 shRNA knockdown and CRISPR-Cas knockout

To knockdown CD147 expression, four CD147 shRNA
plasmids and one scramble plasmid (336,314, Qiagen,
Germantown, MD, USA) were used. For knockout, the
gRNA targeting CD147 (GCGAGGAATAGGAA
TCATGGCGG) was ligated into a blank CRISPR-Cas
plasmid. Attractene (301,005, Qiagen) was used to trans-
fect T98G, U-118 M@, and U-87 MG glioblastoma cells,
and the transfected cells were plated to form colonies.
Clones with the lowest cellular CD147 levels were se-
lected. Among these, the clones with the lowest CD147
levels in their EVs after receiving 8 Gy were chosen.

Immunoblotting and reagents for in situ
immunofluorescence

The cells were lysed in chilled radio-immuno-precipitation
assay (RIPA) buffer supplemented with inhibitor cocktails
(P8340, P2850 and P5726, Sigma Aldrich) and equal amount
of protein were analyzed by polyacrylamide gel electrophor-
esis (PAGE) followed by immunoblotting as per standard
procedures. Antibodies recognizing CD63 (ab8219), CD147
(ab666), TSG101 (ab83), ALIX (ab88743), and GM130
(ab52649) were from AbCam (Cambridge, UK). Antibodies
to ERK1/2 (9102), P-(Thr202/Tyr204)-ERK1/2 (9101), P-
(Thr180/Tyr182)-p38 (9211), p38 (9212), P-(Thrl83/
Tyr185)-JNK (9251), and JNK (9252) were from Cell Signal-
ing Technology (Danvers, MA, USA). The antibody for a-
tubulin (CP06) was from EMD Millipore.
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The Alexa Fluor 555-conjugated phalloidin (A34055),
Alexa Fluor 647-conjugated phalloidin (A22287), Alexa
Fluor 568-anti-mouse (A21124), Alexa Fluor 488-anti-
rabbit (A11070), and DAPI solution containing SlowFa-
deGold® anti-fade mountant (S36938) were from Life
Technologies (Carlsbad, CA, USA).

Secondary antibodies conjugated with horseradish
peroxidase and the enhanced chemiluminescence sys-
tem from GE Healthcare was used for protein detec-
tion. Luminescence was determined by exposure to
X-ray film, and intensities of specific bands represent-
ing protein expression levels were determined by
densitometry analysis performed with an EPSON
scanner and National Institutes of Health Image ]
software (NIH Research Services Branch, Bethesda,
MD, USA). Staining of the nitrocellulose membranes
with Ponceau S Red (Sigma) was used to verify equal
loading of samples (loading control) [30]. The latter
method circumvents the use of cytoskeletal proteins
(e.g. actin or tubulin) as loading controls as their
levels may be regulated by changes in the redox en-
vironment induced by radiation [31]. The relative in-
tensity (R.L) is intensity (I) of a band (z) normalized
against its control (c) and the Ponceau S Red inten-
sity pertaining to the specific lane of the band (P).
R.I. = [I(z)/P(z)]/[1(c)/P(c)]. Also, it should be noted
that when performing the Ponceau S Red stain on the
EVs, proteins were only identified in a specific mo-
lecular weight band around 60 kDa. Thus, membranes
displayed in the figures that have been stained with
Ponceau S Red show this region.

For the in situ immunofluorescence analyses, tumor
cells were seeded onto glass microscope slides, fixed with
4% paraformaldehyde, and permeabilized with a 0.2% Tri-
ton-x 100 solution. Samples were blocked for 1 h with 0.4
g/mL BSA in a 0.1% Triton-x 100 solution, and then pri-
mary antibodies were added (anti-CD147 at 1:200 dilution
and anti-CD63 at 1:100 dilution) and placed at 4°C on a
rocker overnight. Samples were then rinsed three times
with a 0.1% Triton x-100 solution, and then incubated
with secondary antibodies for 1h at room temperature
(Alexa Fluor 568-anti-mouse, Alexa Fluor 488-anti-
rabbit). Actin was stained with AlexaFluor® 647-
conjugated phalloidin (A22287, Life Technologies). Nuclei
were stained with a DAPI solution containing SlowFade-
Gold® anti-fade mountant (S36938, Life Technologies).
Fluorescent and confocal microscopy was performed
using a Nikon A1R with a Nikon Eclipse Ti inverted base.

Zymography

The levels of secreted metalloproteinases were measured
following the standard zymography protocol [32] (n =6
for experiments, unless otherwise noted).
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Extracellular vesicle isolation

EV isolation was performed using serial centrifugation at
4.°C according to the standard protocol for exosome en-
richment [33]. Briefly, cells and cell debris were removed
with a 2000xg spin for 10 min, and the supernatant was
further purified with a 10,000xg spin for 30 min on an
Alegra 21R centrifuge (Beckman Coulter, Pasadena, CA,
USA) with a F0630 fixed angle rotor. The supernatant
from this was collected and spun in a Sorvall Discovery
100SE ultracentrifuge (Thermo Fisher Scientific) with a
SureSpin360 swinging bucket rotor at 100,000xg for 1h
30min. The pellet was collected and resuspended in
0.2 pm-filtered PBS for a rinse cycle at 110,000xg for 1 h
30 min in an AH650 swinging bucket rotor to remove any
remaining BSA or other ingredients added to the medium
prior to EV isolation. (Centrifugation parameter listed as
average relative centrifugal force.) All the centrifugations
were performed at 4°C. Unless otherwise indicated, the
EVs were collected at 24 h after tumor cells were irradi-
ated, as that is when changes in CD147 levels were
detected and sufficient concentrations of EVs could be
collected for downstream experiments. The EVs were
either lysed in radioimmunoprecipitation assay (RIPA)
buffer, fluorescently stained for uptake experiments, or
suspended in EV-free medium for placement onto astro-
cytes. The tumor cells were counted after the EVs were
collected to correlate EV amount with the number of cells.
Lysis of the EVs for subsequent analysis or placement on
cultured cells occurred immediately after isolation.

Nanoparticle tracking analysis

Particle size and concentration measurements were per-
formed with a LM10 instrument using NTA 2.0 analyt-
ical software (NanoSight, Salisbury, United Kingdom).
The EVs were used in experiments immediately after
isolation.

Electron microscopy

Samples were prepared on a Gatan CP3 plunge freezing de-
vice (Gatan, Warrendale, PA, USA). Briefly, 3 uL of sample
were applied to glow-discharged Quantifoil grids in an at-
mosphere of >80% humidity (Quantifoil, Grofilobichau,
Germany). Grids were blotted for 1-2 s then plunged into
liquid ethane at — 174-°C. Grids were stored in liquid nitro-
gen for transport to a Tecnai F20 microscope (Thermo
Fisher Scientific, Waltham, MA, USA), and imaged imme-
diately. Images were collected on a Tietz F415 camera
(TVIPS, Gauting, Germany) under low dose conditions at
19000X (8.8 A/pixel) using SerialEM software (University
of Colorado, Boulder, CO, USA).

Extracellular vesicle uptake
Isolated EVs were labeled with 15 uM PKH67 (MINI67,
Sigma), a fluorescent green, lipophilic dye. The dye was
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neutralized with a 5 mg/mL BSA solution, followed by
ultracentrifugation at 110,000xg with a 1.05g/mL su-
crose cushion to remove dye aggregates while allowing
EVs to pellet. This EV pellet was rinsed in PBS and
ultracentrifuged for 1.5h at 110,000xg to remove
residual sucrose. To remove large dye aggregates, the
EVs were run through a 0.22 pm filter, with 5 mg/mL
BSA run through the filter first to reduce non-specific
retention of EVs. A “blank” control, containing no EVs,
was also dyed to ensure the staining was specific to EVs,
and not the result of dye aggregates. The resulting dyed
EVs and blank control were suspended in medium,
which was then placed on astrocytes growing on
laminin-coated cover slips. These astrocytes were
washed in PBS and then fixed in 4% paraformaldehyde
at 1h, 12 h, and 24 h after receiving EVs to monitor up-
take. Cells were permeabilized with a 0.2% Triton-x 100
solution, and actin was stained with AlexaFluor® 555-
conjugated phalloidin (A34055, Life Technologies). Nuclei
were stained with a DAPI solution containing SlowFade-
Gold® anti-fade mountant (S36938, Life Technologies).
Fluorescent and confocal microscopy was performed
using a Nikon A1R with a Nikon Eclipse Ti inverted base.

Mass spectrometry

EVs were collected at 24 h from medium of T98G cells
exposed to 0 or 8 Gy of **’Cs y-rays. Protein identifica-
tion used reversed phase liquid chromatography-mass
spectrometry, with an Dionex Ultimate 3000 LC system
(Thermo Fisher Scientific) coupled with a Q Exactive
mass spectrometer (Thermo Fisher Scientific) via a nano
electrospray ionization source. Proteins were identified
with less than a 1% false discovery rate at both protein
and peptide level. Relative protein quantitation was per-
formed in Scaffold (Proteome Software Inc., Portland,
OR, USA) using the fact that protein abundance is dir-
ectly proportional to the number of spectra that map to
identified proteins in respective samples.

Ingenuity pathway analysis

Ingenuity Pathway Analysis (IPA) (Content Version:
42012434, Build: ing_pandora, Date: 01-05-2018) (Qia-
gen), was used to analyze the protein data. Using mass
spectrometry data from EVs of control and irradiated
T98G cells, the fold change in protein level was ana-
lyzed. Canonical networks and pathways were evaluated
based on their relevance to glioblastoma and EVs.

Statistics

Experiments were repeated at least three times. A one-
way analysis of variance with the Tukey test for multiple
comparisons was used to determine statistical signifi-
cance when a blank control was involved. When analyz-
ing the effects of CD147 and ionizing radiation, two-way
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analysis of variance was performed. For the comparison
of CD147 knockdown clones, a paired ¢-test for mean
data compared the CD147 levels between EVs from
sham-treated and irradiated T98G cells. p < 0.05 was set
for determining the overall significance for a family of
comparisons.

Results

Characterization of glioblastoma cells and their EVs
Isolated EVs showed strong expression for the exosome-
associated markers CD63, Tsgl01, and ALIX, and an ab-
sence of GM130, a Golgi protein that would indicate con-
tamination with cellular debris (Fig. 1a). The EVs were
visualized by cryo-electron microscopy, and determined to
have a size of 96nm+ 32 (Fig. 1b). Nanosight analysis
revealed that T98G cells produce ~ 225,000 EVs per cell
per day in both irradiated and non-irradiated conditions
(Fig. 1c). Clonogenic survival of T98G, U-87 MG, and U-
118 MG human glioblastoma cells receiving 0, 2, 4, 6, 8,
and 10Gy of '¥Cs y-rays demonstrated that 8Gy
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represented a ~ 10% survival level (Additional file 1: Figure
S1). We have shown previously that cells from glioblast-
oma biopsies have a 10% clonogenic survival following ex-
posure to the doses used in fractionated radiotherapy for
glioblastoma [34]. Survival was not affected by knockout
of CD147.

CD147 is increased in EVs of irradiated glioblastoma cells

There were several observations made regarding CD147
contained in glioblastoma EVs. First, relative to the EVs of
non-irradiated controls, the EVs from irradiated T98G
cells had a 2.8-fold increase in CD147 levels at 24 h post-
irradiation (p = 0.007), as well as a 21-fold increase at 48 h
(p =0.005) (Fig. 2)a. U-87 MG cells also had a significant
response to radiation at the 24h and 48h time points
(p =0.01). By 72h after irradiation, both cell lines were
back at baseline, with no significant change in CD147
levels relative to controls. Collecting medium in 24 h in-
tervals post-irradiation allowed analysis of how the EVs
changed content over time. However, it did mean that the
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Fig. 1 Characterization of EVs released by T98G glioblastoma cells. a Immunoblot analyses on EVs of T98G cells for proteins commonly associated
with extracellular vesicles. EVs were collected at 24, 48, and 72 h. The ‘C’ label represents the 0 Gy control samples, and the ‘IR’ label is for samples
receiving the 8 Gy of ionizing radiation. b Cryo-electron microscopy of EVs harvested from T98G cells at 24 h. ¢ Representative histogram of EV
concentration vs. size for 0 and 8 Gy y-irradiated T98G cells. Differences in size distribution are not significant
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Fig. 2 Irradiation of glioblastoma cells increases the levels of CD147 protein in their EVs. a Immunoblots for CD147 on the EVs of T98G and U-87
MG cells are shown for the 0 or 8 Gy dose at 24, 48, and 72 h for three experiments. The ‘C’ label represents the 0 Gy control samples, and the ‘IR’
label is for samples receiving 8 Gy of ionizing radiation. Immunoblot for CD147 in lysates of T98G cells, harvested after the 72 h collection of EVs,
was also performed. CD147 levels were normalized relative to the Ponceau S stain. Graphical representations of these results are also displayed. b
Immunoblot for CD147 on EVs collected at 24 h from T98G cells receiving increasing doses of y-rays. The level of CD147 in the cells at 24 h was
also measured. ¢ Immunoblot for CD147 in EVs from T98G cells with CD147 knockdown, showing that CD147 still increases in response to y-
irradiation, even in partial knockdowns. Plasmid 1 clone 1 was the knockdown used in experiments. The scramble control (Scr) has saturated
signal due to the high levels of CD147 in its EVs relative to the knockdowns. Clones 2 and 3 of plasmid 1 and clones 1, 3, and 4 of plasmid 2
demonstrate that even following knockdown, CD147 is increased in EVs when cells are irradiated. Immunoblots for CD147 on the cell lysates of
the selected clones is also shown relative to a control ¢ to provide a relative knockdown efficiency for cellular CD147. d Immunoblots on EVs of 0
or 8 Gy y-irradiated U-118 MG cells, with the EVs from y-irradiated U-87 MG cells used as a positive control. Despite EVs from U-118 MG cells not
having CD147, they contained MCT1 and MCT4, which are found in EVs and co-localize with CD147. Ponceau S Red Stain was used as loading
control. e Sucrose gradients determined that CD147 and CD63 sediment together at the correct density for EVs

cells generating these EVs could only be collected at the
end of the 72h period. Thus, although we found that
intracellular CD147 levels did not increase, this may be
due to collection of the cells at 72h, whereas the

differences observed in EVs were an accumulation from
time 0—24 h and 24-48 h. Second, the highly-glycosylated
45kDa form of CD147 was preferentially present in the
EVs relative to the cells themselves, which had a smear of
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glycosylation and the base 27 kDa form (Fig. 2a). Finally,
exposing T98G cells to increasing doses of y-rays in-
creased CD147 levels in their EVs at 4 Gy and above (p =
0.03 comparing 0—4 Gy to 6-10 Gy samples) (Fig. 2b).

CD147 knockdown in T98G cells (Efficiency: 10-60%
of control, Fig. 2¢) resulted in a large decrease in CD147
levels in EVs relative to scramble control. The clone
used in experiments (Fig. 2c, clone 1 of plasmid 1) did
not have a detectable increase in CD147 levels in EVs
after irradiation. However, the clones with detectable
CD147 levels still had, on average, a 2-fold increase after
irradiation (p = 0.003) (Fig. 2¢, clones 2 and 3 of plasmid
1 and 1, 3, and 4 of plasmid 2).

Immunoblots demonstrated that U-118 MG cells
produce CD147, but do not integrate it in their EVs
(Fig. 2d). However, the EVs harbor MCT1 and
MCT4, proteins noted to co-localize with CD147. Be-
cause of this finding, the U-118 MG line served as a
negative control for subsequent experiments.

Immunoblot analysis of the sucrose gradient fractions
of T98G cell EVs showed co-sedimentation of CD147
with CD63, an EV-associated protein, which occurred at
a density in the range of 1.08—1.12 g/mL, which is to be
expected for EVs (Fig. 2e). This process removes individ-
ual proteins, protein aggregates, and cellular debris by
selecting only biological material that sediments in the
appropriate density range for EVs. This demonstrated
that pure EVs resulting from multiple rinsing steps and
the sucrose gradient have a Ponceau S Red stain in the
60 kDa range, ensuring that the 60 kDa band is a repre-
sentative marker for EVs. Thus, these findings support
the conclusion that CD147 is in the EVs, and not in pro-
tein aggregates.

CD147 localization in glioblastoma cells

To assess whether CD147 changed its intracellular
localization in response to radiation, T98G cells were y-
irradiated with 8 Gy and fixed 15 min, 30 min, 1h, 6h,
and 24 h later. Immunofluorescence was used to track
CD147 in the cells (Fig. 3a). No changes in localization
could be observed. Further, there were no differences in
CD147 localization when comparing T98G and U-87
MG cells, which had detectable CD147 levels in their
EVs, to the U-118 MG cells, which did not (Fig. 3b).
However, for all three cell lines, CD147 was present in
the cells and overlapped with CD63, a late-endosome
marker.

Astrocytes uptake glioblastoma EVs

EVs from T98G cells were stained using PKH67, a
green-fluorescent lipophilic dye. The EVs were taken
up by astrocytes within 1h of incubation (Fig. 4a),
with increased uptake seen at 12h and 24 h. This up-
take was often observed to be perinuclear. A side
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projection of an astrocyte obtained by confocal mi-
croscopy demonstrated that the EVs were internalized
(Fig. 4b). Using these confocal images, a 3D rendering
of the uptake was produced for better localization
(Additional file 3 Video S1).

EVs from glioblastoma cells containing CD147 increase
MMP release from recipient astrocytes

Upon incubation with EVs from T98G cells, astrocytes
increased their secreted MMP2 levels by approximately
3-fold (p <0.05). However, neither irradiation nor
CD147 knockdown significantly changed these levels
(Fig. 5a, b). Incubation of astrocytes with EVs from any
of the tumor conditions increased active MMP9 levels
by approximately 7- to 14-fold (p<0.05). There were
also significant differences between the experimental
conditions. While adding EVs from T98G cells to astro-
cytes resulted in a ~ 10-fold increase in secreted active
MMP9 levels, this could be further increased to ~ 14-
fold if the EVs were from irradiated T98G cells. To
examine the role of CD147 in this observed increase,
EVs from T98G cells where CD147 was knocked out
were added to astrocytes. Adding EVs from the CD147
knockout T98G cells resulted in a ~ 8 fold increase in
active MMP9 secretion, but this was not significantly
different from adding EVs from the wildtype T98G cells.
Further, adding EVs from irradiated T98G cells with a
CD147 knockout caused only a ~7-fold increase over
the control condition, which was significantly less than
the ~ 14-fold increase observed when adding EVs from
the irradiated wildtype T98G cells.

U-118 MG cells, which have no detectable CD147
in their EVs, were also tested to examine what effect
their EVs would exert on MMP release by astrocytes.
Regardless of whether U-118 MG cells were irradiated
or had CD147 knocked out, their EVs did not pro-
duce a significant change in secreted MMP2 or
MMP9 levels (p >0.05, n =3) (Fig. 5 a,b). Further, it
took longer incubation periods to get any active
MMP9 zymography signal from the U-118 MG cells
relative to the T98G cells (8 days vs. 2 days), suggest-
ing that the active MMP9 levels were much lower.
This supports the concept that CD147 in the EVs is
important for the increase in active MMP9 release
from recipient astrocytes. Taken together, these re-
sults demonstrate that T98G cell EVs do not require
CD147 to induce increased MMP2 release in astro-
cytes. However, the active MMP9 levels do appear to
be dependent on CD147 levels.

Previous studies have suggested that CD147 signals
MMP release through the MAPK pathways. Immuno-
blot analyses on astrocytes recipient of EVs from
T98G cells showed no increase in active (phosphory-
lated) p38 or ERK1/2 at 24 h after receiving the EVs
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Fig. 3 In situ detection of CD147 in glioblastoma cells. CD147 localization in glioblastoma cells was followed via immunofluorescence. a T98G
cells were y-irradiated (8 Gy) and then fixed at 15 min, 30 min, 1 h, 6 h, and 24 h after irradiation. The CD147 was stained green (Alexa Fluor 488),
with the nuclei visualized as blue (DAPI). b T98G, U-87 MG, and U-118 MG cells were fixed, stained, and imaged by confocal microscopy.
Antibodies were used to stain CD147 green (Alexa Fluor 488) and CD63 red (Alexa Fluor 568). The cytoskeleton was stained using phalloidin

Control
a.
CD147
b.
T98G
U-87 MG
uU-118 MG
(Alexa Fluor 647), which was visualized using greyscale. The nuclei were stained blue using DAPI

(Fig. 5c). However, JNK signaling in the astrocytes
was 2.5-fold higher if the EVs were from irradiated
tumor cells (p =0.004), but not if the irradiated
tumor cells had CD147 knockdown (Fig. 5d). Taken
together, the results of depleting CD147 in tumor
cells on blocking JNK phosphorylation and active
MMP9 secretion by astrocytes recipient of their EVs
demonstrates that these radiation-induced effects are
not due to medium contaminants but rather are an
aspect of CD147-related intercellular signaling.

Proteomics analysis shows upregulated invasion signaling
in EVs originating from irradiated T98G cells

The protein content of EVs from T98G cells harvested
at 24 h after exposure of the cells to 0 or 8 Gy was ana-
lyzed via mass spectrometry (Additional file 2: Table S1).
This time point was chosen to determine the early
changes in EV protein content in response to radiation.
A total of 1267 proteins were identified, and the distri-
bution of the fold changes was plotted with a log,-trans-
formation, giving a roughly Gaussian distribution
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Astrocytes Receiving:

Sham Control (No EVs)

0 Gy Irradiated T98G Cell EVs

8 Gy Irradiated T98G Cell EVs

3D Reconstruction of Uptake

Time after Incubation with EVs:
24 h

1h 12h

Fig. 4 Uptake of EVs from T98G cells by astrocytes. EVs from T98G cells were stained green with PKH67 and placed onto astrocytes. a The
astrocytes were fixed at 1h, 12h, and 24 h, and their cytoskeleton stained red using an Alexa Fluor 555-tagged phalloidin; their nuclei were
visualized as blue with DAPI. All conditions showed uptake of EVs by astrocytes by 24 h. b A 2-D projection of a 3-D model of an astrocyte
receiving EVs was obtained using z-stacks from confocal imaging. Showing the astrocyte from the side, the image demonstrates that EVs are

internalized into the cells

centered on no change (average fold change = 1.1, SD =
3.5) (Additional file 1: Figure S1).

Several proteins associated with invasion were in-
creased in the EVs of irradiated versus non-irradiated
cells (Fig. 6a). Notably, CD147 was in the top 1% of
enriched proteins in the EVs from irradiated cells, but
was undetected in the non-irradiated set. CD44 [35] and
CD99 [36] have been implicated in increasing the inva-
sion potential of glioma cells, and were also increased in
the EVs of irradiated T98G cells. Proteins related to Rho
GTPase signaling, which are involved in glioma cell
movement [37], were also prominent. For instance,
RhoA and RhoG were increased in EVs from irradiated
cells, while cdc42 and RAC1 were not.

Irradiated tumor cells have increased levels of integ-
rins, which function as heterodimers with o and 3 sub-
units. Integrins a3pl and a6PBl have been associated

with increased invasion in hepatoma cells through their
interaction with CD147 [38], and integrin a6B1lwas
shown to mediate increased invasion and tumor progres-
sion in glioblastoma [39]. The a3 and a6 subunits were
increased by ~ 2-fold in the EVs of our irradiated T98G
tumor cells, while the p1 subunit stayed at roughly the
same level in the two groups. In addition, B-catenin was
1.8 times higher in the EVs of irradiated cells. f-catenin
in EVs can mediate Wnt signaling in recipient cells [40],
which promotes glioblastoma cell motility and invasive-
ness [41].

There were also other classes of proteins identified in the
dataset that were common to EVs, including proteins
related to the ESCRT (endosomal sorting complexes re-
quired for transport) pathway (Fig. 6b). Moreover, proteins
associated with modulation of the redox environment
(superoxide dismutase, glutathione s-transferase) and
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(See figure on previous page.)

Fig. 5 Secreted MMP Levels by astrocytes 24 h after receiving EVs from glioblastoma cells. MMP2 and MMP9 levels in the medium of astrocytes
recipient of EVs from T98G cells (n=6) or U-118 MG cells (n = 3) was determined by zymography. MMP2 zymograms were developed for 20 h.
The MMP9 has a higher molecular weight pro-form, and a lower molecular weight active form. Our comparisons for MMP9 used the active form
which is the lower band. MMP9 zymograms were developed for 2 days to obtain active MMP9 signal for the T98G cell EV conditions, but were
developed for 8 days with the U-118 MG cell EV conditions to obtain any detectable signal. This indicates that the active MMP9 levels were much
lower in the medium of astrocytes receiving U-118 MG cell EVs. b MMP2 and Active MMP9 levels shown in a were quantified and displayed
graphically. Significant differences between two comparisons are noted with letters. A green letter (e.g. “a”) indicates the condition being
compared to the other conditions. ¢ Immunoblot analysis of MAPK pathway signaling in astrocytes incubated with EVs from T98G cells for 24 h
are presented. The T98G cells were either wild-type or knockout for CD147, and either non-irradiated (C) or irradiated (IR). The three pathways,
ERK1/2, p38, and JNK; are activated by phosphorylation. Quantification of relative activation is presented as the ratio of the phosphorylated
protein levels to total protein levels. The numbers in blue indicate the sample to which the other samples were normalized. As measured by
changes in phosphorylation levels, ERK1/2 and p38 signaling were not significantly altered in the different conditions. However, JNK signaling was
significantly increased in response to EVs from irradiated T98G cells, but this effect was blocked by CD147 knockout. d Graphical representation of
active JNK signaling shown in c. The “*" indicates the irradiated scramble condition had significantly increased p-JNK/total JNK levels relative to
the control and the irradiated CD147 knockdown. The ‘C’ label represents the 0 Gy control samples, and the ‘IR’ label is for samples receiving 8 Gy
of ionizing radiation

dysregulated growth (Ras-related proteins) were increased  Discussion

in the EVs from irradiated versus non-irradiated cells. In the context of cancer, CD147 has been primarily
Data analysis using IPA software showed that several studied in terms of carcinomas signaling to nearby fibro-

pathways were significantly altered by y-irradiation of blasts to secrete MMPs [42, 43]. These MMPs assist in

T98G cells. Notably, the glioma invasiveness pathway the breakdown of the extracellular matrix as a mechan-

was activated (z = 2.236, p = 6.11 x 10 %), ism to help promote invasion [8]. Here, we examined a

a|  selectproteinsinEvs | | adiated
CD147 0.0 15.8
CD44 6.6 14.3
CD99 0.0 8.6
RhoA, RhoG, cdc42 0.0,0.0,11.6 7.9,2.9,10.8
Integrins (06, a3, 1) 3.3,5.0,28.1 7.2,9.3,33.7
[-catenin 5.0 9.3

b.|select Classes of Enriched Proteins in T98G Glioblastoma Extracellular Vesicles
. . EV-related
Class: Example: Proteins
Heat Shock Proteins HSP70 (1/4), HSP9O0 (a/B) Yes
Tubulins a, B, and y chains Yes
Actin-related Proteins Actin, Actinin Yes
Ras-Related Proteins Rabs, Raps, R-Ras Yes
Annexins (A1,2,4,5,6,7,11) A1, A2, A4, A5, A6, A6, A11 Yes
Guanine Nucleotide Binding Proteins Gi, Gg, Gs subunits Yes
Cluster of Differentiation Proteins CD44, CD63, CD81, CD99 Yes

Fig. 6 Analysis by mass spectrometry of protein levels in the EVs of non-irradiated (0 Gy) or irradiated (8 Gy) T98G cells collected at 24 h after y-
irradiation. @ Normalized counts of selected proteins that were enriched in the irradiated condition relative to the non-irradiated condition. b
Selection of proteins considered markers of EVs found in the mass spectrometry dataset
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possible reason why clinical glioblastoma samples fre-
quently show CD147 overexpression, despite there being
no fibroblasts to receive the signal. We hypothesized
that astrocytes may be substituting for fibroblasts in the
brain. We found that CD147 in glioblastoma EVs played
a role in increasing active MMP9 release by astrocytes,
which could be blocked by CD147 knockout. However,
we also noted that adding EVs from tumor cells, inde-
pendent of the presence of CD147, increased the levels
of released MMP2 and active MMP9 above that of astro-
cytes receiving no vesicles, suggesting that other ele-
ments in EVs may contribute to this process. Lastly, we
found that T98G and U-87 MG cells had increased
CD147 in their EVs in response to radiation, while U-
118 MG cells produced CD147, but it could not be de-
tected in their EVs. This last observation suggests that
this signaling pathway is only active in some glioblast-
oma, and motivates future works determining the under-
lying mechanism of CD147 enrichment in EVs after
radiation exposure.

The process by which radiation increases CD147 in
the EVs of T98G and U-87 MG cells, but not U-118 MG
cells, is still unclear. Ionizing radiation stimulates protein
kinase C activation [31], and lung cancer cells can increase
or decrease the CD147 levels in their EVs in response to
protein kinase C stimulation or inhibition [16], respect-
ively, suggesting a possible pathway. However, finding in-
creased protein levels in EVs after tumor cell irradiation is
not unique to our study. Arscott et al. found that ionizing
radiation increases the level of the protein IGFBP2 in EVs
of U-87 MG cells [28]. They also found that EVs from ir-
radiated U-87 M@ cells increase the migratory phenotype
of recipient U-87 MG cells. It is unclear how general these
increases in specific proteins in EVs in response to radi-
ation might be, or whether these are unique protein signa-
tures for a given tumor cell population. These changes in
EV protein composition may also affect the uptake of EVs
by recipient cells, which may further modulate EV-based
intercellular signaling. Future works will examine how
CD147-containing EVs are processed by cells, and
whether radiation or CD147 affects the degree of EV up-
take by recipient cells.

Lastly, this study and Arscott’s et al [28] .did not in-
vestigate whether the increase in detected EV proteins is
unique to ionizing radiation, or whether other stimuli
can induce this response. This is important to under-
stand as surgery [44] and chemotherapy [45] have also
been noted to increase tumor invasiveness. As CD147
has its normal role in wound response, it would not be
surprising if the damage induced by therapeutic inter-
ventions more generally resulted in tumor cells increas-
ing CD147 levels.

There is some evidence to suggest that increased
CD147 in EVs in response to irradiation might have
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clinical consequences. Ju et al. demonstrated that al-
though the level of CD147 in cervical cancer specimens
before or after radiotherapy did not correlate with
tumor-specific survival, an increase in CD147 levels after
radiotherapy was associated with a worse outcome [10].
These patients with increased CD147 levels post-
radiotherapy may have tumors that respond to radiation
like the T98G and U-87 MG cells did in this study,
whereas those who did not have increased CD147 post-
radiotherapy may have tumors like the U-118 MG cells.
While it is attractive to speculate that increased CD147
levels lead to increased invasion and increased loco-
regional failure, more studies are needed to demonstrate
that connection. Our current work seeks to clarify how
CD147 is operating in vivo.

There has been in vivo work evaluating the effectiveness
of blocking CD147 in cancers other than glioblastoma.
Using an in vivo model of hepatocellular carcinoma, Wu
et al. found that radiation treatment decreased tumor vol-
ume but increased the number of local metastases [13].
Moreover, they could reduce the number of local metasta-
ses and improve survival with the addition of CD147 anti-
bodies to the radiation treatment. Similarly, Kim et al
determined that combining anti-CD147 antibody adminis-
tration with radiation treatment had a synergistic effect in
reducing tumor volume in a head and neck tumor mouse
model [46]. Using a small molecule inhibitor, Fu et al.
showed in vivo that CD147 inhibition decreased progres-
sion in a model of metastatic hepatocellular carcinoma
[47]. These results suggest that blocking CD147, particu-
larly in the context of radiation therapy, may have thera-
peutic benefits. Future works should look into whether
CD147 inhibition is effective in the context of glioblast-
oma. However, a unique challenge in glioblastoma is that
any therapeutic agent must pass through or circumvent
the blood-brain barrier.

The mechanism of CD147 on recipient cells remains
unclear. Our results and past studies point toward the
MAPK pathway. In several studies, this pathway was
consistently activated in cells recipient of CD147-
containing EVs at early time points [9, 16, 48]. Two
studies demonstrated that the p38 pathway was activated
at 1-6h after adding EVs from lung cancer cells back
onto lung cancer cells, but this activation was lost by 24
h [9, 16]. In our study, the p38 pathway was also not ac-
tivated at 24'h in recipient astrocytes, but we observed
activation of the JNK pathway. Different MAPK path-
ways may be activated at different times in response to
EVs. Taken together, these results suggest that MAPK
signaling is important in the cellular response to CD147
signaling.

Interestingly, we found that the CD147 in the EVs is
specifically the highly glycosylated form, despite the cells
producing the protein with a wide range of glycosylation.
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This highly glycosylated version is the active form of
CD147 that causes MMP activation and increased cell
invasion [15]. Deglycosylation of CD147 in the EVs of
breast cancer cells reduced their effect on invasion [9].
These findings suggest that glycosylases may be useful
therapeutic inhibitors of intercellular signaling involving
CD147.

Whereas this study focused on the role that EVs from
glioblastoma cells have on astrocytes, this is unlikely to
be the full extent of the intercellular communication.
Microglia are also important contributors to the glio-
blastoma microenvironment, and engage in crosstalk
with glioblastoma cells [49]. Further, direct cell-cell
communication between astrocytes and glioblastoma
cells via gap junctions can enhance glioblastoma inva-
siveness via the transfer of microRNAs [50]. Beyond EVs
and gap junctions, secreted molecules may also contrib-
ute to glioblastoma invasiveness. To develop meaningful
therapeutics targeting the microenvironment, it will be
important to determine the relative significance of these
different modes of communication.

Conclusion

In conclusion, we have found that glioblastoma cells can in-
crease MMP release in astrocytes through their EVs, an ef-
fect that is enhanced by the presence of CD147 in the
vesicles. We also demonstrated that CD147 was increased
in the EVs of irradiated glioblastoma cells, contributing to
increased active MMP9 release in astrocytes recipient of
the vesicles. This increased active MMP9 secretion
was reduced by CD147 knockdown in the tumor cells,
or by using the EVs of U-118 MG cells, which had
no detectable CD147 levels. Collectively, the results
provide a process through which glioblastoma can
mediate invasion through its microenvironment, and a
possible pathway for radiation-induced increases in
tumor invasiveness.
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