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Abstract

Background. Inflammation is an important driver of malignant glioma disease. Inflammatory mediators are not
only produced by immune cells in the tumor microenvironment, but also by glioblastoma (GBM) cells themselves
creating a mutually reinforcing loop. We here aimed at identifying an “anti-inflammatory switch” that allows to
dampen inflammation in GBM.

Methods. We used human GBM specimens, primary cultures, and cell lines. The response of GBM cells toward
inflammatory stimuli was tested by incubation with supernatant of stimulated human immune cells. Expression
levels were measured by whole transcriptome microarrays and gRT-PCR, and protein was quantified by LUMINEX
and SDS-PAGE. MicroRNA binding to 3’"UTRs was analyzed by luciferase assays. Proliferation rates were deter-
mined by flow cytometry, and invasion and angiogenesis were studied using migration and endothelial tube for-
mation assays.

Results. We demonstrated GBM cells to secrete high amounts of proinflammatory mediators in an inflamma-
tory microenvironment. We found miR-93 as a potential “anti-inflammatory tumor suppressor” dramatically
downregulated in GBM. Concordantly, cytokine secretion dropped after miR-93 re-expression. Transfection of miR-
93 in GBM cells led to down-regulation of hubs of the inflammatory networks, namely, HIF-1a. and MAP3K2 as well
as IL-6, G-CSF, IL-8, LIF, IL-1p3, COX2, and CXCL5. We showed only COX2 and CXCL5 to be indirectly regulated by
miR-93 while all other genes are true targets. Phenotypically, re-expression of miR-93 in GBM cells substantially
suppressed proliferation, migration, and angiogenesis.

Conclusions. Alleviating GBM-derived inflammation by re-expression of miR-93 may be a powerful tool to miti-
gate these tumors’ aggressiveness and holds promise for new clinical approaches.

Key Points

e Inflammation is an important driver of malignant glioma disease and inflammatory
mediators are also produced by glioblastoma (GBM) cells themselves.

e MiR-93 strongly dampens the production of inflammatory mediators by GBM impeding
the shaping of a proinflammatory microenvironment.
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Importance of the Study

Inflammation is an important driver of malig-
nant glioma disease. Inflammatory mediators
are not only produced by immune cells in the
tumor microenvironment, but also by glio-
blastoma (GBM) cells themselves creating a
mutually reinforcing loop. In this study, we un-
cover a new regulator of GBM-derived inflam-
mation: MiR-93 is capable to strongly dampen
the production of inflammatory mediators by
GBM cells, thus impeding the shaping of a
proinflammatory microenvironment by the

Glioblastomas (GBMs) are devastating tumors with poor
prognosis. Current multimodal treatment concepts mainly
aim at reducing or destroying the tumor cells by application
of surgical and radiation therapies, chemotherapy, and tar-
geted agents such as epidermal growth factor receptor’ or
cytokine inhibitors,2* however, with limited success.®Thus,
new approaches to improve this dissatisfying status quo are
urgently needed.

Currently, inflammation—as a central driver of
cancer®—has increasingly gained attention. GBM cells
are surrounded by an inflammatory microenvironment
mostly driven by the innate immunity, consisting of
stimulated immune cells and inflammatory mediators,
eg, cytokines, chemokines, and growth factors.* The re-
sulting immune “cocktail” activates signaling pathways
enhancing angiogenesis, migration, and invasion of
GBM cells thus consolidating their highly aggressive
phenotype.” Simultaneously, signs of paralysis of the
adaptive immunity occur, such as enhanced recruitment
of Tregs and attenuation of CD8 cytotoxicity.>'° Due to
this multilayered nature of the tumor microenvironment,
therapeutic access based on immuno-modulation is
challenging.

It is important to note, however, that the complex net-
work of inflammation is not sufficiently covered by this
model, as mainly the “external” side of the coin, ie, the
tumor microenvironment, has been addressed. In fact, the
tumor compartment itself mounts strong inflammatory ac-
tivity and has to be regarded as an important constituent
of the inflammatory process: Activated by the highly stim-
ulating microenvironment, GBM cells produce consider-
able amounts of immuno-modulating mediators thereby
strongly amplifying the inflammatory cascade."'2Thus, by
interrupting this feed-forward mechanism, identification of
“anti-inflammatory tumor suppressors” that regulate in-
flammatory signaling hubs within tumor cells could open
up new therapeutic perspectives.

In this scenario, miRNAs (miRs) might gain attention.
In the human immune system, potent miRs have been
discovered that play pivotal roles in the regulation of in-
flammatory gene expression.’® These “immuno-miRs”
usually regulate whole signaling networks with only one

tumor itself. We show that miR-93 exerts its ef-
fects by simultaneous targeting of inflamma-
tory mediators and of central regulatory hubs
within the networks of inflammation. In human
GBM, miR-93 expression is strongly repressed.
Its re-expression inhibited GBM cell prolifera-
tion, migration, and angiogenesis and induces
a more benign phenotype. Dampening of GBM-
derived inflammation by re-expression of miR-
93 may mitigate tumors’ aggressiveness and
holds promise for new clinical approaches.

miR being able to target numerous genes located within
functionally related cellular pathways, thereby amplifying
their regulatory capacity. The role of these immune-miRs
as regulators of inflammatory targets in tumor cells, how-
ever, remains grossly unclear so far.

In this study, we provide evidence of immuno-miR-93
acting as a tumor suppressor that is able to put a brake
on tumor-derived inflammation. We report sharp
downregulation of miR-93 in GBM tissue and in primary
GBM cell lines. Re-expression of miR-93 strongly ameli-
orated GBM cell proliferation, migration, and angiogen-
esis and induced a more benign phenotype by direct
targeting of central regulatory hubs within the networks of
inflammation.

Our study helps to better understand the tumor-
immunity axis in GBM and might provide new impulses for
future therapeutic approaches.

Materials and Methods
Human Tissue Samples

Human GBM samples (n=51) were obtained and processed
as described previously.™ All GBM tumor specimens were
obtained by stereotactic biopsy technique only from vital
tumor areas. For quality check, samples of the direct vicinity
(1 mm steps) were analyzed within the operating room by
an experienced neuropathologist. Thereafter, a more de-
tailed histopathology was performed using (1) light micros-
copy, (2) immunohistochemical staining for GFAP, MAP,
and Ki-67, and (3) analysis of Isocitrate Dehydrogenas and
O-methylguanine-DNA methyltransferase (MGMT) status.
Please see Supplementary Table S2 for clinical and histo-
logical data. Normal brain (n = 9) was obtained from epi-
lepsy surgery. One additional normal brain sample mRNA
was purchased from Ambion. The study protocol was re-
viewed and approved by the institutional review board of
the Ludwig Maximilians University, Munich, Germany (ap-
proval number: 216/14). Written informed consent was col-
lected from all patients.
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Purification of Peripheral Blood
Mononuclear Cells

Peripheral blood mononuclear cells (PBMCs) were isolated
from heparinized blood of 10 healthy volunteers by density
centrifugation (Ficoll-Histopaque 1077; Sigma-Aldrich). Cell
number and viability were assessed on aVi-Cell (Beckman-
Coulter). PBMCs were stimulated with Dynabeads Human
T-Activator CD3/CD28 (Life Technologies).

Primary GBM Cell Isolation

Tissue samples were collected from open GBM resec-
tions and processed with the Brain Tumor Dissociation Kit,
P (Miltenyi) according to the manufacturer’s instructions.
Sampling was approved by the institutional review board
of the Ludwig Maximilians University, Munich, Germany
(approval number: 216/14). In order to determine the
neural origin, immunohistochemical staining for GFAP and
MAP was carried out. Cells were used up to a cell culture
passage number of 10.

Human Umbilical Vein Endothelial Cells Isolation

Primary human umbilical vein endothelial cells (HUVECs)
were isolated from umbilical cords of healthy neonates di-
rectly after cesarean delivery at the Department of Gynecology
and Obstetrics, University Hospital, LMU Munich, Germany.
Written informed consent from the mother was obtained
before donating umbilical cords in accordance with the
Declaration of Helsinki. Cells of one single cord at passage 24
were used for each of the independent experiments.

Cell Culture

The human GBM cell lines U87 and T98G,'® as well as
HEK293 cells (all from ATCC), were maintained according
to the vendor’s specifications. Primary GBM cells were cul-
tured in MACS Neuro Medium (Miltenyi), supplied with
2% MACS Neuro Brew-21 w/o Vit. A (Miltenyi), 10% FCS,
2% Penicillin-Streptomycin, and 2% L-Glutamine. HUVECs
were cultured in 200PRF (Thermo Fisher) with 2% LSGS
(Thermo Fisher). All cell lines were cultured at 37°C, 5%
CO, in a tissue culture incubator (Heraeus). For experi-
ments under hypoxic conditions, cells were incubated in
5% 02 and 40 mmHg CO: in an air-tight hypoxia chamber
(Billups-Rothenberg) at 37°C. For stimulation experiments,
cells were incubated with supernatant of stimulated
PBMCs or IL-13 (10 ng/mL, Miltenyi) for 24 h. Unstimulated
controls were present in all stimulation experiments
(Supplementary Figure S2).

Vector Construction

3" UTRs were PCR amplified using genomic DNA and
specific primers (Supplementary Table S1, Metabion).
PCR products were ligated into the pSCB-amp/kan vector
(Stratagene) according to the manufacturer’s protocol and
subcloned into the psiCHECK-2 plasmid using restriction

endonucleases Notl, Xhol, and Pmel. All constructs were
sequence verified by MWG Biotech (Ebersberg, Germany).

Transfections

Transfections were performed by electroporation (Neon
Transfection System, Life Technologies) using 50 nM syn-
thetic hsa-miR-93 miRNA Precursor (premiR-93) or 50 nM
of premiR Precursor Negative Control #1 (both from Life
Technologies). For RNA interference experiments, 100 nM
of SMARTpool siRNA (Dharmacon) or non-targeting siRNA
control was transfected. Subsequently, cells were incu-
bated for 48 h before being harvested. Co-transfection of
luciferase reporter constructs and pre-miRs was performed
using 100 000 HEK-293 or U87 cells, 1 ng of PsiCHECK-2
plasmid and 50 nM pre-miRs. All transfection experiments
were performed in triplicates.

Reporter Gene Assays

Co-transfected cells were harvested and luminescence
was measured using the FilterMaxF3 (Molecular Devices)
and the Dual-Glo-Luciferase Assay system (Promega) ac-
cording to the manufacturer’s protocol. Renilla luciferase
activity was normalized to firefly luciferase activity. All ex-
periments were performed in triplicates.

Migration Assay

About 70 000 U87 cells per well were seeded in 2-well cul-
ture inserts (lbidi) and cultured at 37°C, 5% CO, in a cell
culture incubator (Heraeus). After incubation overnight,
inserts were removed, and cells were washed twice. Cells
were then incubated with supernatant of transfected U87
cells stimulated with IL-18 and incubated in 5% O: over-
night. Cells were photographed using an inverted micro-
scope (Carl Zeiss).

Tube Formation Assay

About 10 pL of Geltrex Basement Membrane Matrix
(Thermo Fisher) was transferred to a p-slide (lbidi) and
incubated for 45 min at 37°C, 5% CO,. HUVECs were har-
vested and 50 pL of a cell suspension (1 x 10° cells/mL) was
applied to each well. After 2 h, cell culture medium was dis-
carded and supernatant of pre-miR-transfected U87 cells,
stimulated with I-1f and incubated in 5% O, was applied
to HUVECs. Phase contrast microscopy was performed
after 4 h of incubation. The resulting pictures of 7 inde-
pendent experiments were analyzed using the 2 publicly
available programs ImageJ (version 1.51k) Angiogenesis
Analyzer'® and Angiotool version 0.6a (National Cancer
Institute)."”

RNA Isolation and cDNA Synthesis
RNA was extracted using the RNAqueous Total RNA-

Isolation Kit or, for quantification of miR expression,
the mirVana™ miRNA Isolation Kit (Ambion) according
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to the manufacturer’s protocols. After treatment with
Turbo DNAse (Ambion), RNA purity was assessed on a
NanoDrop2000 spectrometer (Thermo Scientific). cDNA
was generated by reverse transcription of equal amounts
of RNA using the SuperScript Ill Reverse Transcriptase Kit,
RNase OUT (Invitrogen), Oligo-dT Primers, and Random
Hexamers (Qiagen).

Quantitative Real-Time PCR

Relative quantification of mRNA levels was performed
using a LightCycler 480 (Roche Diagnostics) as previ-
ously described.’™ Primers (Metabion) and UPL Probes
(Roche Diagnostics) are provided in Supplementary
Table S1. All assays were designed intron spanning. Tata-
box-binding protein (TBP) and succinate dehydrogenase
complex, subunit A (SDHA) served as reference genes.
Quantification cycle (Cq) values were calculated employing
the “second derivative maximum” method computed by
the LightCycler software.

Quantification of MiR Expression

MiR-93 levels were measured using TagMan MicroRNA
Assays (Applied Biosystems) according to the
manufacturer’s protocol. U47 served as an endogenous
control. MiR-93 and reference gene expression were meas-
ured in duplicate. All samples were calibrated using a
sample of normal brain tissue. The following cycling con-
ditions were applied: 95°C, 10 min; 50 cycles: 95°C, 15 s,
60°C, 60 s; 40°C, 30 s.

Preparation of Protein Extracts and SDS-PAGE

Cells were lysed in cell lysis buffer containing pro-
tease and phosphatase inhibitors (Cell Signaling
Technologies). Protein concentrations were assessed by
BCA assays (Thermo Fisher Scientific) according to the
manufacturer’s instructions. About 40 pg of protein was
separated on 10% SDS-PAGE gels and electroblotted
on PVDF membranes. Nonspecific binding was blocked
using 5% bovine serum albumin (BSA) (Sigma) in TBS-
Tween-20 (TBST) (Sigma). MAP3K2 (MEKK2), HIF-1a, and
COX2 protein were detected using MEKK2 (#19607, Cell
Signaling Technology), Purified Mouse Anti-Human HIF-
1a Clone 54/HIF-1a (RUO) (BD Biosciences), and Cox-2
(clone H-3, #sc-376861, Santa Cruz Biotech) antibodies.
p-Actin (8H10D10) Mouse mAb (#3700, Cell Signaling
Technology) served as loading control. Antibodies were
diluted in TBST with 1% BSA. Immunoreactivity was as-
sessed using horseradish peroxidase-labeled antibodies
(Cell SignalingTechnology).

ELISA and Multiplex Analyses

Cell culture supernatant was immediately stored at
—-80°C. Cytokine levels were assessed using LEGEND
MAX Human IL-6, CXCL5, IL-8 ELISA Kits (BioLegend) and
a custom-made LUMINEX Multiplex Assay (ProcartaPlex

Mix&Match Human Kit, Thermo Fisher) according to the
manufacturer’s protocol. Cytokine concentrations were
determined using the FilterMax F3 MultiMode Microplate
Reader (ELISA) and Luminex 200 and xPONENT quantifica-
tion software (LUMINEX assays).

Microarray

An Affymetrix GeneChip PrimeView Human Gene
Expression Microarray was performed by IMGM
Laboratories (Martinsried). Bioinformatics was per

formed by the Anesthesia & Critical Care Informatics &
Data Analysis Group (Department of Anesthesiology).
Microarray Data is accessible at ArrayExpress (https:/www.
ebi.ac.uk/arrayexpress/, accession number E-MTAB-8395).

Immunofluorescence

Pre-miR or siRNA-transfected U87 cells (1 x 108 cells/mL)
were seeded in p-Slides (Ibidi), incubated for 24 h at 37°C
and 5% CO, in antibiotics-free medium, and stimulated
with IL-1B (10 ng/mL) in 5% O, for 24 h. Cells were fixed
with chilled Methanol (-20°C) for 10 min, washed with
PBS, and blocked with 5% BSA for 1 h. Primary antibody
incubation (Mouse anti-Human Cox-2, clone H-3, #sc-
376861, Santa Cruz Biotech, final dilution: 1:200) was per-
formed overnight at 4°C. Slides were washed and stained
with secondary Goat anti-Mouse IgG-Alexa Fluor® 488
(final dilution: 1:400, Invitrogen). Pictures of 10 randomly
chosen microscopic fields at x200 magnification were
obtained (microscope: IX51 [Olympus], camera: Diagnostic
Instruments Model #3.2.0 color ccd).

Flow Cytometry and Intracellular Staining

Cellular proliferation was assessed by intracellular
staining of Ki67 protein. U87 and T98G cells (0.5 x 106)
were transfected as previously described and stimu-
lated with IL-18 (10 ng/mL). After 48 h, cells were per-
meabilized, fixed, and stained (PE anti-human Ki-67
Antibody, BioLegend, Cat. #350504) according to the
manufacturer’s instructions. Analysis was performed
on a FACSCanto Il flow cytometer applying single-cell
gating. Unstained samples and PE Mouse IgG1k isotypes
were used to determine autofluorescence and nonspe-
cific binding.

Statistics and Bioinformatics

Statistical significance was defined as P< .05 (*P < .05; **P
< .01). Data were tested for normal distribution using the
Shapiro-Wilk test. Differences between groups were ana-
lyzed using paired or unpaired Student’s t-test (two-tailed)
unless stated otherwise. All data are presented as mean
+ SEM, unless stated otherwise. GraphPad Prism 6 soft-
ware (GraphPad Software, Inc.) was used for all statistical
analyses.

Potential MiR-93 target genes were identified using
the prediction programs TargetScanHuman 6.2 (http:/
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www.targetscan.org/) and PITA (http://genie.weizmann.
ac.il/pubs/mir07/mir07_prediction.html). Involvement of
target genes in tumor-associated pathways was evalu-
ated using the KEGG database (www.genome.jp/kegg/
pathway.html).

GBM datasets from The Cancer Genome Atlas (TCGA)
with determined MGMT promoter methylation status and
miR-93 expression were downloaded’ and assessed for
use as a validation dataset.

Results

A Proinflammatory Microenvironment Induces
an Inflammatory Gene Expression Profile in GBM
Cell Lines

We first aimed at characterizing the response of GBM cells
toward inflammatory stimuli. To this end, we incubated
U87 orT98G cells with the proinflammatory “master” cyto-
kine IL-13202" or with cell culture supernatant of stimulated
PBMCs and assessed the expression levels of inflamma-
tory mediators known to promote GBM tumor progres-
sion.?>-3" Both approaches resulted in a marked induction
of leukemia inhibitory factor (LIF), IL-13, COX2, IL-8, IL-6,
CXCL5, and G-CSF mRNA levels (Figure 1A). Accordingly,
IL6, IL-8, and CXCL5 protein levels were significantly
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increased in GBM cell culture supernatants after stimula-
tion with IL-1B (Figure 1B). These results provide evidence
that GBM cells are highly susceptible to inflammatory stim-
ulation and respond by secreting a considerable amount of
immunomodulatory mediators.

MiR-93 Is Repressed in Human Gliomas and its
Re-expression Impairs GBM-Derived Cytokine
Secretion

To identify an immuno-miR that may ameliorate GBM-
derived inflammation, we used bioinformatics ana-
lyses and literature research and selected miR-93 out
of the group of immuno-miRs as its expression is
strongly linked to an anti-inflammatory phenotype in
a variety of tissue types other than immune cells, eg,
cardiomyocytes, hepatocytes, and neural cells.3?-%*To ob-
tain a first clue of whether miR-93 may also play a role in
GBM, we analyzed tumor tissues (n = 42), primary GBM
cell lines (n =8), U87 and T98G cell lines (n = 6 each) for
miR-93 levels as compared to normal brain tissue (n = 9)
and found a sharp downregulation (Figure 1C). This led
us to hypothesize that miR-93 indeed may be an “anti-in-
flammatory tumor suppressor” and thus is repressed in
GBM tissue.

We next transiently re-expressed miR-93 in U87 GBM
cells, incubated with IL-18, and conducted microarray
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Figure 1. An inflammatory microenvironment induces proinflammatory gene expression in GBM cells. Immuno-miR-93 is repressed in GBM. (A)
mRNA expression of inflammatory genes in U87 (left panel, n = 3) and T98G (middle panel, n=5) cells after stimulation with either IL-1(3 or super-
natant of stimulated PBMCs (right panel, n = 3). (B) Protein expression of inflammatory genes after stimulation with IL-13 in U87 (left panel, n = 3)
and T98G (right panel, n = 3) cells. All experiments were performed in triplicates; *P < .05, **P < .01. (C) Normalized expression levels of miR-93 in
GBM biopsies (n="51), primary GBM cell lines (n=8), U87, T98G cells (n =6), and normal brain tissue (n=9). Endogenous reference: U47; * P < .05.
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Figure 2.

MiR-93 re-expression produces an anti-inflammatory cell phenotype and impairs GBM-derived cytokine secretion. (A) Microarray anal-

ysis showing differentially expressed genes in U87 cells transfected with either miR-93 or scrambled control (NC) (n = 3). Green: induction, red: re-
pression of MRNA levels. (B) Cytokine mRNA levels in U87 cells transfected with either miR-93 or scrambled control (NC) and stimulated with IL-15
(upper left panel, n=5), IL-1B, and 5% O, (lower left panel, n = 4) or supernatant of stimulated PBMCs (upper right panel, n = 3). Lower right panel:
mRNA expression of cytokines in primary GBM cell lines (n = 6) transfected with either miR-93 or scrambled control (NC), stimulated with IL-1f.
All values represent expression relative to scrambled control. Experiments were performed in triplicates; *P < .05; **P < .01. (C) Upper left panel:
Protein expression of cytokines in U87 cell culture supernatant after transfection with either miR-93 or scrambled control (NC) and stimulation with
IL-1B. Data were quantified using multiplex protein analyses. Values represent expression relative to scrambled control (n = 5); **P < .01. Upper
right panel: Immunodetection of HIF-1o. and Map3K2 in U87 cell extracts after transfection of miR-93 or scrambled control (NC), stimulation with
IL-1B, and incubation in 5% 0,. A representative example of 3 independent experiments is shown. Lower panel: Inmunofluorescence of COX2 in U87
cells transfected with miR-93 or scrambled control (NC), stimulated with IL-18, and incubation in 5% 0,. A representative example of 3 independent

experiments is shown.

analyses to identify genes regulated by miR-93. This
approach discovered a number of regulated genes
with a clear emphasis on those involved in the control
of inflammatory or/and hypoxic pathways (Figure 2A).
Particularly the signaling hubs HIF-10. and Map3K2 were
significantly downregulated, which was subsequently
validated by qRT-PCR (Figure 2B). Notably, mRNA levels
of IL-6, G-CSF, IL-8, COX2, IL-133, CXCL5, and LIF, the same
genes induced by inflammation, were found to be sig-
nificantly repressed after re-expression of miR-93 in
both IL-1p-stimulated (Figure 2B) and unstimulated
(Supplementary Figure S2) U87 GBM cells. Above all,
transfection of primary GBM cells with miR-93 resulted
in significantly reduced mRNA levels for all medi-
ators except COX2, stressing the substantial impact of
miR-93 on the expression of inflammatory genes even
more (Figure 2B, lower right panel). Impaired cytokine

secretion upon miR-93 transfection, as measured by
Multiplex protein assays (Figure 2C, upper left panel),
further emphasized these results.

Recent publications have discussed both oxygen defi-
ciency®®%® and inflammation as central enhancers of GBM
progression and extensively studied their close interrela-
tion.®’-%°To mimic the situation within the vital tumor mi-
croenvironment where the majority of viable immune cells
is located, we assessed the impact of miR-93 during pres-
ence of both moderate hypoxia and inflammation. In line
with our previous results, and even after being prone to a
high level of inflammatory stress, transfection of miR-93
once again resulted in a significant decrease of IL-6, IL-8,
IL-1B, LIF G-CSF COX2, and CXCL5 (Figure 2B, lower left
panel). Similarly, Map3K2 and HIF-1a. mRNA and protein
levels were significantly reduced (Figure 2B, lower left
panel; Figure 2C, right panel). COX2 protein expression
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was downregulated as shown by immunofluorescence
microscopy (Figure 2C, right panel). Taken together, these
data suggest that miR-93 attenuates the secretion of GBM-
derived tumorigenic cytokines in an inflammatory and
hypoxic microenvironment. Moreover, we were able to
show that key components of inflammatory and hypoxic
signaling, Map3K2 and HIF-1q, respectively, are repressed
by miR-93.

Target Validation Identifies LIF, IL-6, G-CSF,
Map3K2, and HIF-1a as Novel miR-93 Targets

To identify direct interactions between miR-93 and the
3" UTRs of the differentially regulated genes, we created
vector constructs containing the 3° UTRs of either LIF,
HIF-10, IL-6, G-CSF Map3K2, COX2, or CXCL5 and per-
formed luciferase reporter gene assays. Direct targeting
of IL-8 by miR-93 has previously been found in GBM and
leiomyomas.*'*? Co-transfection of miR-93 and reporter
vectors significantly quenched luciferase activity of IL-6, LIF,
G-CSF, HIF-1a, and Map3K2 reporter constructs (Figure 3A).
However, reporter gene activities of COX2 and CXCL5
were unaltered by miR-93 transfection. We thus assumed
that the observed downregulation of COX2 and CXCL5
may be conducted indirectly, presumably through miR-93-
mediated, direct inhibition of genes that induce COX2 and
CXCL5 gene expression.

>
(o8]

DKO U87 5% O, + IL-1B

These results provide evidence that IL-6, LIF G-CSF,
HIF-10, and MAP3K2 genes are direct targets of miR-93,
whereas COX2 and CXCL5 are regulated indirectly.

Repression of HIF-1a and MAP3K2 Reduces
COX2 and CXCL5 Levels

Expression levels of COX2 and CXCL5 are efficiently in-
duced by both inflammation and moderate hypoxia.*3-45
Since Map3K2 and HIF-1a are hubs in both inflammatory
and hypoxic signaling,*34647 we reasoned that miR-93-
mediated regulation of Map3K2 and HIF-1a may indirectly
affect COX2 and CXCL5 expression. To investigate this
assumption, we conducted gene-specific knockdown of
Map3K2 and HIF-1a in U87 cells stimulated with IL-18 and
incubated in 5% O,. Single knockdown of HIF and MAP3K2
resulted in only a weak, not significant decrease of COX2
and CXCL5 expression (data not shown). As miR-93 af-
fects both genes simultaneously, we performed double-
knockdown experiments. Here, COX2 and CXCL5 mRNA
levels were significantly decreased by -37.8% * 14.0%
and -25.7% + 12.4% compared to controls (Figure 3B, left
panel). These results were confirmed on protein level by
western blot, immunofluorescence, or ELISA (Figure 3C).
Taken together, our results show that knockdown of
Map3K2 and HIF-1a is able to evoke changes in COX2
and CXCL5 levels similar to those after overexpression of

DKO U87 5% O, + IL-1B
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Figure 3. MiR-93-induced changes in GBM-derived cytokine secretion are elicited via direct targeting of LIF, IL-6, G-CSF, Map3K2, and HIF-1a. (A)
Luciferase reporter activity of cells co-transfected with constructs containing the 3" UTR of COX2 (n = 3), CXCL5 (n=3), LIF (n=4), G-CSF (n=5), IL-6
(n=5), HIF-1a. (n=9), or Map3K2 (n=11) and either miR-93 or scrambled control. All Luciferase experiments were performed in triplicates; ns = not
significant, **P < .01. (B) Analysis of GBM cells incubated in 5% 0, and stimulated with IL-1 after siRNA-mediated double knockdown of HIF-To. and
Map3K2 (DKO). Left panel: qRT-PCR analysis of COX2 and CXCL5 (n = 8); **P< .01. Right panel: Knockdown efficiency of HIF-1a and Map3K2 siRNA
transfection (qQRT-PCR, n =3, **P < .01). (C) Left panel: CXCL5 protein expression after double knockdown of HIF-1a. and Map3K2 as measured by
ELISA; n=6, *P<.05. Middle and right panel: COX-2 protein expression after double knockdown of HIF-1ae and Map3K2, measured by immunofluo-

rescence and SDS-PAGE. A typical example of 3 experiments is shown.
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miR-93. Thus, targeting of Map3K2 and HIF-1a by miR-93
accounts for the reduction of COX2 and CXCL5 levels in
miR-93-transfected GBM cells.

MiR-93 Inhibits U87 Cell Proliferation and
Migration and Attenuates Angiogenesis

Having shown that overexpression of miR-93 strongly in-
hibits the expression and secretion of GBM-derived cyto-
kines known to augment tumor progression, we next
assessed the functional impact of these reduced cyto-
kine levels on proliferation, migration, and angiogenesis,
all hallmarks of GBM tumor progression. To this end, un-
treated GBM cells were incubated with cell culture super-
natant from miR-93-transfected GBM cells incubated with
5% O, and stimulated with IL-1B. As depicted in Figure 4
and Supplementary Figure S3, Ki-67 expression was sig-
nificantly reduced indicating decreased cell proliferation
(Figure 4A), and 2D migration assays showed a decrease
in cellular spreading (Figure 4B; -47% + 21.8%). In addition,
angiogenic potential of HUVECs was markedly impaired
upon incubation with supernatant of miR-93-transfected

MFI Ki-67 PE

GBM cells, as measured by HUVEC tube formation assays
(Figure 4C; average vessel length: —-49.5% + 11.8%, total
mesh area: —25.7% + 27.43%).

Taken together, these results provide evidence that the
suppression of tumor-promoting cytokine secretion by
miR-93 substantially suppresses proliferation, migration,
and angiogenesis of GBM.

MiR-93 Expression Correlates With Survival in
MGMT-Methylated GBM

In order to validate whether the effects of miR-93 observed
invitro also play arole in a clinical setting, we analyzedTCGA
datasets. We found a negative correlation of all target genes
with miR-93 expression, which was particularly pronounced
for LIF (Supplementary Table S4; n =566, r. -0.24, P=.004).
Moreover, survival was lower for tumors expressing higher
levels of miR-93.This difference was significant in case of a
methylated MGMT promoter (P=.05, n=170; Figure 4D and
Supplementary Figure S4). These data suggest that high ex-
pression of miR-93 is associated with prolonged survival in
the cohort of MGMT-methylated GBM patients.
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Figure 4. Functional impact of miR-93 on migration, angiogenesis, and proliferation. (A) Intracellular flow-cytometric staining of Ki-67 protein
in GBM cells transfected with miR-93 or scrambled control (NC). Left panel: Representative histogram of 3 independent experiments is shown.
Right panel: Mean Fluorescence Intensity (MFI). (B and C) GBM cells were transfected with miR-93 or scrambled control (NC), incubated in
5% 0,, and stimulated with IL-1. Resulting cell culture supernatant was applied to GBM cells or HUVECs (B). Left panel: 2D migration assay of
U87 cells after incubation with U87 cell culture supernatant (n =4, P < .05). Depicted are start state and after 24 h incubation. Lines mark the
cell-free area. A typical example of 3 similar experiments is shown. Right panel: Quantitation of cell migration based on open-area analysis. (C)
HUVEC tube formation assay after incubation with cell supernatants of miR-93-transfected GBM cells. Left panel: A typical example of 7 ex-
periments is shown. Right panel: total mesh area (top, P=.021, t-test) and average vessel length (bottom, P=.023, ratio paired t-test). (D) TCGA
data analysis of miR-93 expression and overall survival rate. Left panel: unmethylated MGMT promoter (n=217; P=.4). Right panel: methylated
MGMT promotor (n =170, P=.05).
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Discussion

Inflammation is a major driver of malignancy. It is increas-
ingly recognized that cytokines and other inflammatory
mediators are not only produced by immune cells, but
also by cancer cells themselves, thereby creating a mutu-
ally reinforcing loop.”*8This context is currently gaining at-
tention also in malignant glioma disease.?? In this study,
we uncover a new central regulator of GBM-derived in-
flammation: miR-93, previously recognized as a classical
“immuno-miR” that regulates immune cell functions,*%52
is capable to dampen down the production of inflamma-
tory mediators by GBM cells, thus impeding the shaping
of a proinflammatory microenvironment by the tumor it-
self. We show that miR-93 acts as an “anti-inflammatory
tumor suppressor” that is repressed in human GBM. Its
re-expression inhibits GBM cell proliferation, migration,
and angiogenesis and induces a more benign phenotype.
This is accomplished by simultaneous direct targeting of
inflammatory mediators and of central regulatory hubs
within the networks of inflammation.

Massive infiltration and unspecific activation of immune
cells within the microenvironment of GBM have been
shown to prompt GBM cells to secrete cytokines them-
selves.®® Yet, this inflammatory interplay has not been
analyzed in detail. We here treated GBM cells with super-
natants of stimulated immune cells to mimic the in vivo
tumor microenvironment and found a strong production
of the inflammatory mediators IL-1f, 16, I8, CXCLS5,
COX2, G-CSF, and LIFE. All of these mediators are known to
promote proliferation, migration, and invasion of cancer
cells.?>3" Hence, GBMs are capable to create a tumor-
promoting milieu themselves thereby strongly amplifying
the vicious influence of “external” inflammation.

We next aimed at identifying an “anti-inflammatory
switch” that allows to control inflammation in GBM cells
by interrupting the detrimental feed-forward loop. We fo-
cused on miRs with a previously established role in the
regulation of inflammatory mediators in immune cells.
These immuno-miRs usually simultaneously target sev-
eral genes within functionally related signaling pathways,
thereby amplifying their regulative impact.’® Based on bi-
oinformatics analyses and literature research, we selected
miR-93 out of the group of immuno-miRs. MiR-93 is located
with the 13th intron of its host gene MCM?7. Bioinformatical
data suggest that miR-93 does not possess a promoter by
itself and thus might be cotranscribed with the host gene,?*
but regulation of its expression currently remains elusive.
MiR-93 levels are strongly linked to an anti-inflammatory
phenotype in a variety of cell types.32-3455 We hypothesized
that it may also play an anti-inflammatory role in GBM.
Fitting our hypothesis, we found the expression of miR-93
to be strongly repressed in GBM cell lines, primary GBM
cell lines, and human GBM specimens.

Re-expression of miR-93 by in vitro transfection led
to a pronounced repression of inflammatory cyto-
kines and of genes involved in inflammatory or hypoxic
signaling, as determined by whole transcriptome ana-
lyses. In particular, the inflammation-induced mediators
IL-1B3, IL-6, 118, CXCL5, COX2, G-CSF, and LIF, as well as
the signaling hubs HIF-1a and Map3K2, were found to be

significantly downregulated. Furthermore, we showed
that HIF-10. and Map3K2 also mediate the repressive ef-
fect of miR-93 on COX2 and CXCL5, as both genes were
significantly downregulated after concurrent knockdown
of the 2 key molecules Map3K2 and HIF1a. Notably, this
strong anti-inflammatory effect of transfected miR-93
was even preserved in an inflammatory and hypoxic
microenvironment.

For IL:8, direct targeting by miR-93 has already been re-
ported.*!%0 Using reporter experiments, we were able to val-
idate 5 new bona fide targets: LIF G-CSF, IL-6 and, of utmost
importance, HIF-1a and Map3K2. HIF-1a is considered the key
transcription factor during cellular responses to oxygen dep-
rivation and a major link between hypoxic and inflammatory
signaling.5®%7 Its role in GBM as a major player supporting in-
vasion and progression is already well defined.¥5° Map3K2
is a crucial activator of NFKB transcriptional activity*® thus
strongly involved in the activation of inflammatory signaling.

It was then up to provide the proof that the control
of inflammatory mediator secretion of GBM cells by
re-expression of miR-93, indeed, mitigates their aggres-
siveness. Using functional assays, we showed that GBM
cell proliferation and migration were significantly inhibited
upon incubation with supernatants of miR-93-transfected
GBM cells. As expected, neovascularization as a hallmark
of GBM malignancy®6' was also affected. Supernatants of
miR-93-transfected GBM cells considerably decreased the
angiogenic potential of HUVECs, highlighting the impor-
tant role of miR-93 as a central “anti-inflammatory tumor
suppressor” in the context of GBM. Recent studies pro-
vided heterogeneous results, so far as tumor-promoting
effects of miR-93 have been reported in cervical and pros-
tate cancer.6263 However, in lymphoma of the central
nervous system, decreased expression has been found
and antitumor effects have been suggested.®*

Our in vitro results were further supported by TGCA
analyses, which indicate a negative correlation of inflam-
matory target genes with miR-93 expression. Moreover,
survival was longer for patients with methylated MGMT
promoter and high miR-93 expression.

Taken together, we have identified and validated an in-
flammatory network in GBM cells consisting of the target
genes IL-1p, IL-6, IL-8, CXCL5, COX-2, G-CSF, LIF HIF-1a,
and Map3K2, all regulated by miR-93 as a “central hub”
(Figure 5). Dampening of GBM-derived inflammation by
re-expression of miR-93 may be a powerful tool to alleviate
these tumors’ aggressiveness and holds promise for new
clinical approaches in the future.

Supplementary Data

Supplementary data are available at Neuro-Oncology
Advances online.

Funding

This study was funded by institutional grants of the LMU Munich.

@)
Q
2
=3
o
©
Q
[]
Q
=
o
3
=
=
e}
17}
=
[O)
Q
o
aQ
@
3
[
o
C
©
o
o
3
=
S
o
O
=
[
=
Q
[¢]
2
N)
N
=
=
<
o}
[
(V]
o
=
~
N
agi
o]
N
=
[4)]
©
=}
o
<
Cc
3.
<
[}
=
@,
=
[
o
w
o
=2
5
=
=
@
o
c
7
[¢]
=
o
=}
N
©
<
Q
<
N
o
)
N



Hiibner et al. MicroRNA-93 suppresses GBM-derived inflammation

MDSC formationT
AngiogenesisT

GBM growthT
ImmunosuppressionT

o @

Self-renewal T
StemnessT

AngiogenesisT
GBM growthT
GIC phenotypeT
Therapy resistanceT

ProliferationT
GBM growthT
Tumor invasionT
StemnessT

GBM migrationT
AngiogenesisT
ImmunosuppressionT

Neutrophil recruitmentT
Neutrophil activationT
AngiogenesisT
InflammationT

Figure 5. Role of miR-93 as an “anti-inflammatory tumor suppressor” in GBM. MiR-93 exerts its effects by simultaneous targeting of inflammatory
mediators and of central regulatory hubs within the networks of inflammation. In human GBM, miR-93 expression is strongly repressed, which en-
ables an unrestrained expression of its target genes, thereby promoting the aggressive phenotype of these tumors. CSF3, colony stimulating factor
3; LIF, leukemia inhibitory factor; IL-8, interleukin 8; IL-6, interleukin 6; HIF1a, hypoxia inhibitory factor 1a; MAP3K2, mitogen-activated protein kinase
kinase kinase 2; COX2, cyclooxygenase 2; CXCL5, C-X-C motif chemokine 5.
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