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Results: The number of PDGFR-B- and aSMA-positive pericytes did not change with
increased malignancy nor showed an association with the survival of GBM patients.
However, SLUG-expressing pericytes displayed considerable morphological changes in
GBM-associated vessels, and TGF-p induced SLUG upregulation led to enhanced prolif-
eration, motility and altered growth patterns in HBVP. Downregulation of SLUG or addi-
tion of a TGF-p antagonising antibody abolished these effects.

Conclusions: We provide evidence that in GA-Peris, elevated SLUG expression is medi-
ated by TGF-p, a cytokine secreted by most glioma cells, indicating that the latter actively
modulate neovascularisation not only by modulating endothelial cells, but also by influ-

encing pericytes. This process might be responsible for the formation of an unstructured
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INTRODUCTION

High-grade primary central nervous system tumours, especially
glioblastoma (GBM), are the most common brain tumours in adults.
The prognosis of GBM is very poor, and even best standard care
and therapy raise the median survival by only a few months. Today,
no therapy is available to cure these tumours.[1] Common fea-
tures of GBM are, besides their proliferation and drug resistance,
tumour-mediated immunosuppression, the potential to actively
invade the healthy brain, and their highly angiogenic properties.
GBM-associated angiogenesis is mainly mediated by hypoxia and/or
glioma-secreted TGF-p.[2-4]

During development, the epithelial-to-mesenchymal transition
(EMT) plays a crucial role in body patterning and the differentiation
of multiple tissues. In contrast, reactivation of EMT genes in adult
tissues is associated with tumour initiation and progression, tumour
cell invasion and metastasis.[5-10] Previous analysis of different
mRNA signatures of GBM led to the proposition of a new stratifi-
cation of GBM subgroups, in which the mesenchymal mRNA signa-
ture profile has been associated with more frequent recurrences and
higher malignancy.[11] More recent studies showed that the rather
more benign pilocytic astrocytoma (World Health Organization,
WHO grade 1) also displayed a mesenchymal signature,[12] which
at least partly contradicts the hypothesis that, in glioma, the mesen-
chymal signature is associated with increased malignancy.[13] A pos-
sible reason for the correlation of the mesenchymal signature with
a poor prognosis might be that the EMT factor expression in glioma
was analysed at the mRNA level [14] instead of determining protein
levels and identifying the cell type that expresses specific EMT pro-
teins. Additionally, knowing that the EMT programme is induced by
TGF-p in cancer [15,16] and knowing that high-grade gliomas (HGG)
secrete high levels of TGF-,[17] this might explain why the mesen-
chymal signature in glioma is connected to its poor prognosis.

Recently, we have identified EMT transcriptional regulator pro-
teins like SLUG, encoded by the SNAI2 gene, or TWIST, to be almost

pericytes, EMT, SLUG, TGF-p

tumour vasculature as well as for the breakdown of the blood-brain barrier in GBM.

exclusively expressed in pericytes of glioma vascular proliferations,
but neither in ‘normal’ pericytes covering vessels in the adjacent
healthy brain, nor in endothelial or glioma cells.[12] Pericytes are im-
portant regulators of the vessel structure in the brain and indispens-
able to maintain blood-brain barrier (BBB) integrity (for review see
[18]). Numerous markers have been proposed to characterise peri-
cytes in vivo and in vitro, such as platelet derived growth factor re-
ceptor (PDGFR)-p, neuron-glial antigen 2 (NG2), CD146, or smooth
muscle actin (aSMA). While NG2 and CD146 seemed to be ubiqui-
tous pericytic markers, PDGFR-p was found especially on capillary-
associated pericytes.[12] In GBM, it has been shown that glioma cells
are able to change pericytes from a tumour-suppressive towards
an immature and immune-suppressive cell type, thereby triggering
tumour progression.[19,20] However, little is known about the un-
derlying mechanisms of how GBM pericytes become activated and
start to divide within the vascular proliferations. Additionally, little
is known about the signalling pathways that glioma cells use to (a)
modulate the function of pericytes during tumour vascularisation
and (b) modify capillary structures and BBB integrity. In the present
study, we investigate the effects of an EMT program activation in
human brain microvascular pericytes (HBVP) with a focus on TGF-p
and the EMT transcription factor SLUG.

MATERIAL AND METHODS
Cells, viruses and reagents

LN-229 and LN-308 human glioma cells were kindly provided by
M. Hegi (Lausanne, Switzerland). The cells have been described
in detail in.[21] Glioma cells were maintained in Dulbecco's modi-
fied Eagle's medium (DMEM; Sigma-Aldrich) containing 10% fetal
calf serum (FCS; GIBCO Life Technologies), penicillin (100 U/ml)
and streptomycin (100 pg/ml). Primary HBVPs were purchased
by ScienCell. HBVPs were maintained in pericyte basal medium
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supplemented with 2% inactivated FCS, 1% of pericyte growth
supplement (PGS), penicillin (100 U/ml), streptomycin (100 pg/ml,
all ScienCell) in flasks coated with poly-t-lysine (Sigma-Aldrich).
The cell lines were routinely tested to be free of Mycoplasma
using the MycoAlert™ Mycoplasma Detection Kit (Lonza GmbH).
To generate conditioned medium, GBM cells were cultivated in
pericyte basal medium for 24 h. Supernatants (SN) were collected
and clarified of cellular debris by centrifugation. After addition
of 1% PGS, SN were used to culture HBVP. To treat HBVP with
recombinant human TGF-p1 and/or -p2 (PeproTech GmbH), cells
were cultured in FCS depleted pericyte medium. To block TGF-$
activity, a pan-TGF-B-neutralising antibody (clone 1D11, # MAS5-
23795; ThermoFisher Scientific) was added to the TGF-f contain-
ing medium in a 100-fold excess. Ad-SLUG and Ad-EGFP were
prepared as previously described.[22] Ad-SLUG additionally codes
for EGFP in a second expression cassette. Infection with recombi-
nant adenoviruses was accomplished by exposing HBVP to 30 MOI
of the appropriate adenovirus in serum-deprived pericyte medium
for 15 min, followed by the addition of supplemented medium as

described above.

si-RNA transfection

To transiently knockdown SLUG in HBVPs, a pool of 30 human
SLUG-specific siRNAs (siTOOL) was used. As a negative control, a
pool of 30 unspecific, non-target siRNAs (SF) was used. siRNAs were
transfected using Lipofectamine 2000 (ThermoFisher Scientific) ac-
cording to the provider’s protocol. Analyses were performed 72 h
after transfection.

RT-PCR

For reverse transcription polymerase chain reaction (RT-PCR), RNA of
treated and untreated cells was isolated using the RNApure isolation
kit (Machery and Nagel) and transcribed into cDNA using M-MulLV re-
verse transcriptase (New England Biolabs). Quantitative PCR was per-
formed using the ORA gPCR Mix (HighQu) on a Roche Light Cycler 96
(Roche). Cycling conditions were as following: 95°C for 3 min, 45 cycles
at 95°C for 10 s and 60°C for 30 s. The following primers were designed
based of the gene’s cDNA sequence: aSMA (NM001613): forward
5'-GGCACCCCTGAACCCCAAGG-3'; reverse 5'-GCACGATGCCAG
TTGTGCGT-3'. SLUG (NM003068): forward 5'-GCGAACTGGACAC
ACATACAGTGAT-3'; reverse 5'-GGAGCAGCGGTAGTCCACACA-3'.
B-Actin (NM_001101): forward 5'-GCACTCTTCCAGCCTTCCTT-3';
reverse 5'-GTTGGCGTACAGGTCTTTGC-3"". For standard RT-PCR,
the following primers and Tag-polymerase from Sigma-Aldrich were
used: GAPDH forward 5'-TGCACCACCAACTGCTTAGC-3'; GAPDH
5'-GGCATGGAC TGTGGTCATGAG-3'; oSMA forward
5'-CAGCTTCCCTGAACACCACC-3'; aSMA reverse 5'-ACGCTCAGCAGT
AGTAACGA-3'; SLUG forward 5'-ACGCCCAGCTA CCCAATGGC-3';
SLUG reverse 5'-AGGCTTCTCCCCCGTGTGAGTT-3".

reverse

Immunoblot analysis

The general immunoblot procedure has been described else-
where.[23] Protein contents were analysed according to Bradford.
Following antibodies were used: tubulin (sc-12462-R; Santa Cruz
Biotechnology), «aSMA (CBL171; Merck/Millipore), SLUG (clone
C19G7, # 9585; Cell Signaling), pSMAD2%%%%4¢7 (clone 138D4,
#3108S; Cell Signaling), SMAD2/3 (#3102; Cell Signaling), TGF-p-R2
(clone H-567, sc-1700; Santa Cruz Biotechnology). Blots were ana-
lysed and quantified using the WesternBright Chemiluminescence
detection kit (Biozym) on a Lumi-Imager and the appropriate quanti-
fication software ImagelLab (both Biorad Laboratories GmbH).

Patient tissue and tissue microarrays (TMA)

In total, 351 tissue samples from patients with brain tumours were in-
vestigated comprising 47 pilocytic astrocytomas (WHO 1), 16 astro-
cytomas (WHO Il), 35 astrocytomas (WHO Ill) and 253 GBM (WHO
V). Fifty-four normal brain tissue samples from autopsy cases, his-
tologically normal-appearing brain tissue surrounding GBM samples
and human tonsil tissue were used as controls. The samples were
obtained from the tissue bank of the Edinger Institute (Neurological
Institute), Frankfurt, Germany. Tissue samples were fixed in 4% buff-
ered formalin (Roth) and embedded in paraffin. Tissue microarrays
(TMAs) were constructed by punching 896 representative tissue
cores from paraffin blocks of the before mentioned cohort (e.g. infil-
tration zone, tumour centre, normal-appearing brain tissue), reinte-
grating them into preformed holes of recipient paraffin blocks. The
histopathological diagnoses were performed according to the WHO
criteria by experienced neuropathologists (MM, PNH). The use of
patient material was approved by the local ethics committee (GS-
04/09 and GS-249/11).

Scoring

PDGFR and aSMA expression were separately assessed in vessel-
associated and tumour cells taking into account the staining inten-
sity (0: no, 1: weak, 2: moderate, 3: strong) and frequency (0: 0%-1%,
1:1%-10%, 2: 10%-25%, 3: 25%-50% and 4: >50%) of all cells show-
ing positive staining. Both scores were multiplied to determine the

final score (see Figure S1).

Microscopy and determination of vessel area using
automated image analysis

To determine morphological alteration in HBVP, photographs were
taken on a Zeiss Imager Z1 microscope using the Zeiss Axiovision
software (Carl Zeiss). TMA slides stained for CD31 (clone JC70A;
Dako/Agilent) were scanned with a resolution of 0.253 pum/pixel
(40x) using an Aperio AT2 Scanner (Leica Microsystems). The
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slides were automatically analysed using a program written in
MATLAB (Natick). TMA spots on the scanned slide images were
detected automatically in low resolution with following manual
correction for some slides. Consecutively, each spot image was
analysed in high resolution to detect vessel areas. To determine
the area of vessels, colour deconvolution [24] was applied to each
spot image to obtain a 3,3'-diaminobenzidin (DAB) image. The
DAB image was analysed with an estimated threshold using a
minimum cross-entropy method.[25] Detected DAB regions were
smoothed using morphological operations (opening and closing)
to delete small regions and connect close regions. The number and
total area of vessel regions as well as the ratio of vessel count and
vessel area (count/area) were determined from the DAB regions
for each spot. In order to obtain a meaningful number for the ratio,
the vessel area was normalised by the average area of one vessel
region, which was determined by computing the average area from
all analysed spots. In this way, a ratio value >1 means that areas of
single vessel objects are relatively small compared to the average,
and a ratio value <1 means that areas of single vessel objects are

relatively big.

Growth pattern analyses of HBVP

To determine the growth pattern of HBVP, the cells were seeded on
PLL-coated plates, were treated and photographs were taken using
an Olympus reflex camera. Star-like clusters were quantified by pre-
senting the percentage of cell in clusters after manually counting
total cells and cells that are part of a cluster.

Proliferation and viability assays

The cell proliferation rate was assessed over 5 days. In total, 1000
cells/well were seeded at four technical replicates per condition
into 96-well plates. Cell density was determined by crystal violet
staining every second day.[26] Additionally, mitochondrial activ-
ity was determined 72 h after treatment using the MTT or WST1
assay. For these assays, HBVPs were seeded in 96-well plates at
a density of 1 x 10° cells/ml and allowed to attach. Cells were
cultured in serum-derived medium as a control, in the presence
of TGF-p1 and/or -2 (10 ng/ml), or in SN prepared from LN-229
glioma cells. After treatment, the medium was removed and mito-
chondrial activity was determined by the addition of MTT [27] or
WST1 assay according to the providers protocols. The optical den-
sity (ODg,) was determined on an infinite M200 pro plate reader.
Analyses were performed in quadruplicates.

Cell migration

The Boyden chamber migration assay has been previously described
in detail.[28] Migration was analysed 24 h after treatment, or 72 h

Appl

after siRNA transfection for a period of 24 h. Analyses consisted
of the counting of migrated cells in seven regions of interest (ROls)
per membrane at the Olympus BX1 microscope (Olympus) using a
40x magnification objective. At least two membranes per biological
replicate (n = 3) were taken for statistical analyses.

Statistical analyses

The semi-quantitative PDGFR-p and aSMA scores were treated
as ordinal variables. Response variables and statistical differ-
ences among WHO grades in TMA data were assessed using the
non-parametric Wilcoxon test followed by the Bonferroni post
hoc test. The ratio vessel count/area (for automated CD31 stain-
ing analysis) was analysed using the Tukey's honestly significant
difference (HSD) test. Ordinal data were analysed using a con-
tingency table followed by Pearson's chi-squared test. Growth
patterns of HVBP cultures were statistically analysed using the
Welch's unequal variances two tailed t-test. The association of
patient survival with the response variable (PDGFR-f or aSMA
expression as well as vessel count/area for CD31 immunohisto-
chemistry) was assessed by Kaplan-Meier analysis tested by the
log-rank and Wilcoxon test. Proliferation, migration and metabolic
activity changes were analysed using ANOVA followed by Tukey's
test. Statistical analyses were performed using JMP 8.0 software
(SAS). A significance level of alpha = 0.05 was selected for all
tests. Graphs were prepared using Excel (Microsoft) or GraphPad
Prism (GraphPad Software Inc.). The gene expression correlation
analyses were performed using the ‘R2: Genomics Analysis and
Visualization Platform (http://r2.amc.nl). On this platform, 540
samples from the TCGA glioblastoma cohort (R2 internal identi-
fier: ps_avgpres_broadgbm540_u133a) were analysed.

RESULTS

SLUG expression strongly correlates with the
expression of aSMA and PDGFR-g in glioblastoma

To determine the amount of capillary-associated mural cells/peri-
cytes, human glioma samples were stained for CD31 as a marker
for endothelial cells and for «SMA and PDGFR-p as pericytic marker
proteins. Both, aSMA and PDGFR-p showed a similarly heterogene-
ous distribution across glioma of all WHO grades rather correlating
with the amount of capillaries or larger blood vessels in a distinct
area (Figure 1A-J). However, there were no significant differences in
the relative distribution of aSMA and PDGFR-p between low-grade
glioma (LGG) and HGG (Figure 1K,L). To further investigate the pos-
sible impact of the observed heterogeneous vessel distribution re-
lated to malignant glioma progression, we analysed CD31 expression
and examined vessel areas as well as the ratio of vessel count/vessel
area. Even though the vessel density was not significantly altered
between LGG and GBM (Figure 2A), and no significant correlation
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FIGURE 1 «SMA and PDGFR-j expression in glioma of different WHO grades. Immunohistochemistry of PDGFR-B (A-E) and aSMA (F-J) in normal
brain tissue adjacent to glioma tissue (NAGM) and gliomas of WHO grades I-1V. Corresponding staining intensity scores (K, L) in gliomas of different
WHO grades did not show significant statistical differences. Pilocytic astrocytomas (WHO grade I): n = 47; diffuse astrocytomas (WHO grade l):

n = 16, anaplastic astrocytomas (WHO llI): n = 35 and glioblastoma (WHO IV): n = 253

between high vessel density, «SMA or PDGFR- expression and the
survival of glioma patients (Figure 2B,C,E) was observed, the EMT
transcription factor protein SLUG showed a significant correla-
tion with the expression of both PDGFR-p and «aSMA (Figure 2D,F;
Figure S2). These findings indicate that tumour areas with a high
amount of PDGFR-f- or aSMA-positive pericytes, also display sig-
nificantly higher SLUG expression levels.

TGF-p induces SLUG and aSMA expression
in pericytes

We then performed a gene expression analysis investigating the
TCGA data set using the R2 platform to decipher potential fac-
tors being involved in the regulation of SLUG expression by ac-
tivation of the SNAI2 gene. Transcriptional activation of SNAI2

strongly correlated with different collagen genes, aSMA (R = 0.349;
p = 3.1 x 107%%), PDGFR-p (R = 0.385; p = 1.3 x 107%%) and very
strongly with TGF-p1 (R = 0.514; p = 9 x 107°°, Table 1; for com-
plete correlation analysis see Table S1). Since TGF- is (a) a promi-
nent pro-tumorigenic cytokine secreted by glioma cells, (b) involved
in tumour-associated processes such as invasion, immunosuppres-
sion, inflammation and angiogenesis ([29], and for review see [30]),
and (c) an important driver of EMT in epithelial tumours [15,16], we
experimentally determined whether TGF- modulates the expres-
sion of SLUG or aSMA in HBVP. We first examined whether the
TGF-p pathway is functional in HBVP. For this, we incubated HBVP
in the absence or presence of either TGF-f1 or -p2 and determined
small worm phenotype Mothers Against Decapentaplegic (SMAD)-2
phosphorylation, a TGF-f signalling pathway downstream trans-
ducer protein. As shown in Figure 3A-C, treatment of HBVP with
either TGF-p1 or -f2 induced SMAD-2 phosphorylation, an effect
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that could be completely reverted by the addition of the TGF-f-
neutralising antibody 1D11. In addition, we demonstrate that HBVP
express the TGF-B receptor Il (TGF-B-RII). Interestingly the expres-
sion of TGF-B-RII slightly increased by addition of TGF-p1, but not
TGF-p2 (Figure 3D,E). These results illustrate that in HBVP the
TGF-p signalling cascade is functionally intact.

We then determined whether TGF-p modulates the expression
of SLUG or aSMA in HBVP. For this we cultured HBVP in the ab-
sence or presence of either TGF-B1 and/or TGF-p2 and determined
SLUG and aSMA expression both on the mRNA and protein level.
While basal expression of SLUG and aSMA was very low in un-
treated HBVP, both SLUG and «aSMA mRNA was immediately up-
regulated as early as 1 h after treatment (Figure 3F, Figure S3). At
protein level both proteins were upregulated 24 h after TGF-p1 and
TGF-B2 treatment (Figure 3G-I). Of note, Slug levels increased con-
siderably in HBVP upon stimulation at low TGF-$1 or -p2 concen-
trations of 0.1 and 1.0 ng/ml with no further relevant increase at
higher concentrations (Figure 3G,H). This is most probably related to
a saturation effect that is known to be dependent on cell type and
cellular activation state.

TGF-g-mediated SLUG expression enhances pericytic
cell clustering, proliferation and migration

We then tested whether an elevated SLUG expression also function-
ally modulates HBVP. For this, we first treated HBVP with TGF-p1 or
TGF-p2, with conditioned medium from GBM cells (SN for superna-
tant), or upregulated SLUG by adenoviral infection using Ad-SLUG
and determined the growth pattern of HBVP in these conditions.
As shown in Figure 4, treatment with TGF-B, SN or enhanced ex-
pression of SLUG significantly altered the growth characteristics of
HBVP cultures. Treated cultures showed a clustered growth, with
cells possessing longer extensions, finally leading to a star-like net-
work pattern. Induction of theses clustered growth morphology was
detectable as early as 4 h after treatment (Figure S4). To determine
whether the observed morphological changes were dependent
on TGF-B, we also added the TGF-p antagonising antibody 1D11.
Indeed, the addition of 1D11 reverted the morphological alterations
of HBVP we observed by addition of either TGF-p or SN (Figure 4C,
Figure S5). We then analysed whether TGF-$ influences the capa-
bility of HBVP to proliferate and to migrate. Indeed, treatment of
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(Continued)

TABLE 1

Reference

Function

p-value

Gene

Massague, Nat Rev Mol Cell Biol 2012; 13(10): 616
Pickup et al., Nat Rev Cancer 2013; 13(11): 788

e potent multifunctional cytokine in glioma, involved

9.0E-35

0.514

Transforming growth factor 1

TGFB1

in cell migration and invasion, immuno-suppression,

angiogenesis and inflammation

Roy et al., Mol Cancer Res. 2017; 15(11): 1608
Bougnaud et al., Oncotarget. 2016; 7(22): 31955

o ADAM12 expression in breast tumor cells

8.9E-33

0.501

Disintegrin and metallo-proteinase

ADAM12

correlated with upregulation of proangiogenic and

downregulation of antiangiogenic factors
e Protease of matrix and adhesion proteins, upregulated

domain-containing protein 12/

Meltrin

in GBM
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HBVP with either TGF-p1, -p2, both, or with conditioned medium
from LN-229 glioma cells significantly induced proliferation and
migration (Figure 5A/B). Since migration is often coupled to an el-
evated metabolic activity (for review see [31]), we also measured
the mitochondrial activity of TGF-p-treated HBVP and found that
the elevated migration capability is paralleled by a higher metabolic
activity (Figure 5C). To determine whether these observed effects
are associated with the elevated SLUG expression, we observed
in HBVP upon cultivation in the presence of TGF-p, we knocked
down SLUG by siRNA transfection prior to treatment (Figure Sé).
Knockdown of SLUG completely inhibited the capability of TGF-p or
SN to induce proliferation, migration and metabolic activity in HBVP
(Figure 5). In addition, we neutralised TGF-f by the addition of TGF-
antagonising antibody 1D11. While 1D11 significantly mitigated the
TGF-B-mediated induction of proliferation of HBVP, there was only
a trend in the reduction of the metabolic activity and cell migration
(Figure 6).

DISCUSSION

In GBM, the presence of vascular proliferation is a diagnostic hall-
mark separating them from lower grade diffuse gliomas, the lat-
ter exhibiting a significantly better prognosis.[32] This suggests
that probably not the amount of tumour-associated vessels, but
especially an altered vascular morphology is associated with brain
tumour malignancy.[33] In a previous study, we have shown that
the key EMT transcription factor SLUG is exclusively expressed in
pericytes of vascular proliferates in the group of highly angiogenic
GBM (WHO V), while being absent in less angiogenic diffuse glio-
mas (astrocytoma WHO Il and Ill), in pericytes covering tumour re-
mote vessels in GBM as well as in glioma cells of all WHO grades.[12]
Pericytes play an essential role in maintaining vessels and therefore
also BBB integrity. Degenerative blood vessels are observed in dis-
eases like hereditary cerebral haemorrhage [34] while vascular pro-
liferation and abnormalities are common in GBM.[33] The finding
that glioma vessel-associated pericytes (GA-Peris) strongly express
EMT transcription factors in vascular proliferation [12] along with
a pronounced morphological alteration of GBM-associated vessels
suggests that these non-neoplastic cells undergo an EMT-related ac-
tivation process during glioma-associated neoangiogenic processes.

In a cohort of glioma patients (WHO I-1V), we determined ves-
sel density by CD31 staining as well as pericyte density by staining
for aSMA and PDGFR-p. Interestingly and partly unexpected, both
vessel density as well as the amount of aSMA and PDGFR-p posi-
tive pericytes in the tumour area, were not significantly different
in LGG as compared to GBM and did also not correlate with patient
survival (Figures 1 and 2). However, the expression of SLUG strongly
correlated with that of the pericytic lineage markers aSMA and
PDGFR-B, indicating that, in GBM, pericytes are mainly SLUG posi-
tive (Figure 2D,F). Nevertheless, these data do not clarify how SLUG
expression is induced in GA-Peris. It has been debated whether
these SLUG-positive pericytes originate from human mesenchymal
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stem cells (hnMSC) or from pericytic progenitors that are recruited
from outside the tumour or even from outside the brain during neo-
vascularisation. However, this seems to be unlikely since the large
number of hMSC or pericytic progenitors would have to pass the en-
dothelial cell layer of glioma vessels, although experimental data in-
dicated that after intravenous injection, MSCs are able to graft into
the tumour vasculature.[35] Since it has been previously shown that
glioma cells are able to modulate the function of pericytes by shifting
them towards an immunosuppressive cell type,[19] it might be more
reasonable that SLUG expression in GA-Peris might be induced by
cytokines released form adjacent tumour cells. TGF-B, a multifunc-
tional cytokine highly secreted by HGG,[17] is an important driver
of EMT.[36] Based on these data and our TCGA-correlation analysis,
we examined the effects of TGF-p on pericytes. Indeed, paralleled

by the upregulation of SLUG, treatment of HBVP with TGF-p or
conditioned medium from glioma cells led to an activation of HBVP,
indicated by cellular clustering, enhanced proliferation as well as
by the induction of cell migration (Figures 3-5, Figures S4 and S5).
Importantly, the TGF-B responsive downstream gene SNAI2, coding
for the EMT transcriptional regulator SLUG, seems to be at least par-
tially responsible for these effects. On the one hand, knockdown of
SLUG in HBVP abolished both TGF-f- and SN-mediated enhanced
proliferation and cell migration (Figure 5), and on the other hand,
exogenous SLUG overexpression in HBVPs induced the same mor-
phological changes as TGF-f or G-SN. Under the latter conditions,
HBVPs grow in a clustered, star-like pattern (Figure 4). This clustered
growth is comparable to that demonstrated by Nakagomi et al. for
ischaemic mouse brain vascular pericytes (iPC).[37] Interestingly,
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medium from LN-229 glioma cells (SN-
229). (A) Cell density was assessed by
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(n = 3, SD). (B) Cell mobility was analysed
by transwell Boyden chamber assays as
described in the material and methods
part (n = 3, SD). (C) Mitochondrial activity
was determined 72 h after transfection
using the MTT assay (n = 3, SD).
Proliferation, migration and metabolic
activity changes were statistically
analysed using ANOVA followed by
Tukey's test (n.s.: not significant; *p < 0.05,
**p < 0.01; ***p < 0.001)
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like GA-Peris, iPCs also express PDGFR-p and SLUG. In this regard,
the observed changes in the cells growth characteristics seemed to
be induced by TGF-p since addition of the TGF-B-neutralising anti-
body 1D11 abolished this effect (Figure 4C, Figure S5).

It has been recently shown in a mouse model of ischaemic ret-
inopathy that during pathological neovascularisation abnormal,
aSMA-expressing pericytes cover the angiogenic sprouts and
pathological neovascular tufts. Disturbance of the homeostasis
of pericyte migration in this model results in vascular abnormality,
vessel leakiness and pathology.[38] In HBVP treated with TGF-p or
SN, their capacity to proliferate was significantly enhanced, an ef-
fect that was reverted by knocking down SLUG or by neutralising
TGF-B activity (Figures 5, 6). Additionally, both cell migration and
metabolic mitochondrial activity, the latter coupled to cell motil-
ity in many cancer cells (for review see [31]), was also induced by
TGF-p or by the cultivation of HBVP in SN. This effect was com-
pletely abolished if the induction of SLUG in HBVP was prohibited
by transfection with SLUG siRNA prior to treatment (Figure 5), in-
dicating that also in HBVP EMT proteins like SLUG are important
inducers of cell motility. However, while the knockdown of SLUG
completely prevented the TGF-p-mediated induction of mitochon-
drial activity and migration in HBVP, this was not the case if TGF-p
activity was neutralised by addition of 1D11. This suggests that a
generally and nearly complete reduction of SLUG that was achieved
by siRNA was functionally more potent than an upstream inhibition
of TGF-p that leaves a basal amount of SLUG protein in the cells
(Figures 5, 6, Figure S6).

The elevated migration of SLUG-expressing HBVP as well as
their elevated proliferative properties might explain why newly
formed vessels often show a chaotic structure in GBM and why in
these newly built, tumour-associated vessels the BBB is often dis-
rupted. The increased proliferation capacity of GA-Peris induced by
a hypoxic tumour microenvironment might also explain the presence
of vascular proliferation in GBM. In these proliferations, many cells
are PDGFR-B, aSMA and SLUG positive[12] indicating that not en-
dothelial cells, but pericytes are major participants in these struc-
tures. However, whether the TGF-f and SLUG-mediated effects
we observed in vitro in HBVP can be easily transferred to the in
vivo situation needs further investigations and the generation of a
mouse glioma model that allows for SLUG knockdown selectively in
tumour-adjacent pericytes.

CONCLUSIONS

In GA-Peris, the observed elevated SLUG expression, paralleled by the
induction of cell proliferation, mitochondrial activity and cell migra-
tion, is induced by TGF-p, a cytokine highly expressed by glioma cells.
SLUG expression in pericytes is important for both proliferation as well
as migration of pericytes at least in cell culture, since neutralisation of
TGF-p or knocking down SLUG mitigated or even abolished prolifera-
tion, cell motility, metabolic activity and morphological alterations in
HBVP (see Figure 7 as a summary model). Our data indicate that GBM

Appl

cells actively modulate neovascularisation not only by modulating en-
dothelial cells, but also by influencing the function and characteristics
of adjacent vessel-associated pericytes. This process might be respon-
sible for the formation of an unstructured tumour vasculature as well
as for the breakdown of the BBB in the tumour area.
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