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ORIGINAL ARTICLE
HDACT inhibition resets STAT3 tumorigenic activity in

human glioblastoma independently of EGFR and PTEN:
new opportunities for selected targeted therapies

P Peixoto"?, A Blomme'?, B Costanza'®, R Ronca®, S Rezzola?, AP Palacios’, L Schoysman?, S Boutry®>, N Goffart®, O Peulen', P Maris’,
E Di Valentin’, V Hennequiére', E Bianchi®, A Henry', P Meunier®, B Rogister®, RN Muller*>, P Delvenne®, A Bellahcéne’,
V Castronovo' and A Turtoi'

To date, the mutational status of EGFR and PTEN has been shown as relevant for favoring pro- or anti-tumor functions of STAT3 in
human glioblastoma multiforme (GBM). We have screened genomic data from 154 patients and have identified a strong positive
correlation between STAT3 and HDAC7 expression. In the current work we show the existence of a subpopulation of patients
overexpressing HDAC7 and STAT3 that has particularly poor clinical outcome. Surprisingly, the somatic mutation rate of both STAT3
and HDAC7 was insignificant in GBM comparing with EGFR, PTEN or TP53. Depletion of HDAC7 in a range of GBM cells induced the
expression of tyrosine kinase JAK1 and the tumor suppressor AKAP12. Both proteins synergistically sustained the activity of STAT3
by inducing its phosphorylation (JAK1) and protein expression (AKAP12). In absence of HDAC7, activated STAT3 was responsible for
significant imbalance of secreted pro-/anti-angiogenic factors. This inhibited the migration and sprouting of endothelial cells in
paracrine fashion in vitro as well as angiogenesis in vivo. In a murine model of GBM, induced HDAC7-silencing decreased the tumor
burden by threefold. The current data show for the first time that silencing HDAC7 can reset the tumor suppressor activity of STAT3,
independently of the EGFR/PTEN/TP53 background of the GBM. This effect could be exploited to overcome tumor heterogeneity

and provide a new rationale behind the development of specific HDAC? inhibitors for clinical use.
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INTRODUCTION

Glioblastoma multiforme (GBM) is classified as the most aggres-
sive type of glial tumors. The clinical outcome of GBM patients is
daunting, especially because there are no effective therapies that
can slow down the progression (median survival of 15 months
post diagnosis). Molecular profiling studies have surfaced several
driver-genes (for example, EGFR, KDR and PDGFR), overexpressed
in GBM, that decisively impact the ability of the cancer cell to
survive, proliferate and invade.'™ Unfortunately, none of these
genes could be successfully used as targets in clinical practice.
This suggests that GBM is not a homogenous disease and that it
consists of various subtypes.®® One strategy in developing novel
and effective drugs against GBM is to understand and individually
target the possible tumor subtypes.’ Recent findings on GBM
heterogeneity demonstrate that such personalised therapy might
be very difficult because many mutations originally thought to be
mutually exclusive do occur in the same tumor.'®'" This calls for
broader and more robust therapies that target proteins involved
in more basic processes shared by most if not all cancer cells.
Promising categories of such targets are proteins implicated in
embryonic development that are frequently hijacked and
reactivated by cancer.'®' In this regard, a key step in the process
of activating embryonic programs is the re-expression of specific
transcription factors that control many embryonic genes. One

such factor is signal transducer and activator of transcription 3
(STAT3), which particularly in the developing brain directs the
differentiation of neural stem cells into astrocytes.'* In GBM,
STAT3 has been long considered as a tumor promoter especially in
conjunction with the v3 isoform of EGFR.'>'® The tumor
suppressive role has been shown dependent on the functional
PTEN.'” Unfortunately, PTEN is a developmentally important gene
frequently mutated and deactivated in cancer.'®' In glioblas-
toma, only 40% of GBM are considered as PTEN wild type, 50% as
overexpressed EGFR and 11% are positive for EGFRv3 isoform.?°
These circumstances, specific for GBM, leave little room for STAT3
to develop its tumor-supressing potential.

HDAC?7 is a class lla histone deacetylase that has essential role in
the development of normal vasculature during embryogenesis as
well as angiogenesis in adult tissues.?’ Silencing HDAC7 inhibits
angiogenesis in endothelial cells both in vivo and in vitro.?>™*
Although angiogenesis is one of the key hallmarks of GBM, to our
knowledge, there are no studies addressing the potential role
of HDAC7 in GBM biology. Most of them describe the effects of
broad HDAC inhibitors on GBM. In the clinics, broad HDAC inhibitors
have shown only modest results when used as single agents in GBM
patients.”® As HDAC function through protein-deacetylation and
affect many cellular processes along the way, their concomitant
targeting may not be the best solution for achieving a potent
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anti-tumor effect. HDAC form complexes with histone acetyltrans-
ferases to modulate the acetylation of many protein targets beyond
histones or nuclear proteins.?® STAT3 activity is directly dependent
on K685 acetylation that enables the dimerization of the protein into
a functional unit. HDAC3/p300 (HDAC/histone acetyltransferases)
complex has been shown responsible for modulating this acetyla-
tion on STAT3 establishing a direct link between HDAC and STAT3.?’
Xiao et al.?® have demonstrated that HDAC7 can specifically interact
with Tip60 to suppress the activity of STAT3.

We have previously shown that HDAC7-silencing induces
activation of STAT3 in endothelial cells, resulting in stalled
endothelial cell migration and differentiation.>* The results
suggested that HDAC7 and STAT3 might assume very basic and
broad functions in angiogenesis. High-grade gliomas are particu-
larly prone to angiogenesis and this feature is used in their
pathological classifications. Consequently, anti-angiogenic therapy
has been strongly advocated in the past for high-grade gliomas
treatment. However, the results of clinical trials with VEGF-
targeting biologics proved disappointing. The reason behind this
may be partly due to a rescue mechanism mediated by other
equally potent angiogenic molecules. On the basis of previous
findings, we hypothesized that HDAC7 targeting in cancer cells
may activate STAT3 and provoke a very broad anti-angiogenic
effect that would be difficult to overcome by cancer cells.

RESULTS

High STAT3 and HDAC7 expression delineates a subset of human
GBM with poor outcome

We have conducted a meta-analysis of publicly deposited gene-
expression data (cBioPortal and the cancer genome atlas (TCGA)
data set;?® N=154) to assess the relationship between STAT3 and
HDAC7 expression in GBM. Correlation analysis (Pearson correla-
tion coefficient) revealed that nine HDAC positively correlated with
STAT3 expression, while HDAC7 displayed the strongest degree of
correlation with STAT3 (Figure 1a). The data showed that
approximately one third of GBM had a modulation of STAT3 and
HDAC7 genes, half of which displayed downregulation and the
other half showed upregulation (Figure 1a). Patient alignment
according to the HDAC7/STAT3 expression in the GBM highlighted
five distinct groups: (1) high expression of HDAC7 and STAT3
(HDAC7"9"/STAT3M9"), (2) high expression of STAT3 (STAT3M9M),
(3) low expression of STAT3 and HDAC7 (STAT3"“/HDAC7°"),
(4) high expression of HDAC7 (HDAC7"9") and (5) low expression
of HDAC7. Having identified these clusters, we next asked the
question if the clinical evolution of the patients would be different
in those subgroups. We have therefore examined the overall
survival and the progression-free survival of the patients found in
each individual group (Figure 1a). Patients expressing low levels of
HDAC7 (group 5) were not further considered as their low
numbers were not sufficient for statistical analysis. As shown in
the Figure 1a, GBM patients who have upregulated either
HDAC7 or STAT3 or both have significantly lower survival rate
(overall survival and progression-free survival) than patients who
downregulate these two genes. Next, we looked for enrichment of

any typical gene mutations or/and amplifications/deletions in
each GBM cluster (Figure 1a). Surprisingly, the analysis highlighted
that HDAC7"9"/STAT3"9" patients were delineated by high
frequency of EGFR amplification (over 90% of cases) and by
absence of TP53 mutations or deletions. As far as PTEN is
concerned, no mutations were detectable (in contrast to other
subgroups) and deletions were present in 17% of cases. This
frequency was not different from other groups of GBM patients.
Given the large number of different mutations in GBM we sought
to investigate how frequently are STAT3 and HDAC7 mutated in
GBM. The analysis of the TCGA patient cohort (N=154) revealed
that both genes are mutated in < 1% of cases. This was in evident
contrast with the mutation frequency of EGFR, PTEN and TP53, the
three being mutated in >50, 30 and 20% of cases respectively
(Supplementary Figure S1, Supplementary Data).

Taking into account that gene expression does not always
translate to protein expression, we next examined the expression
of STAT3, HDAC7, EGFR and PTEN proteins in a cohort of 22 GBM
patients (Figure 1b). The clustering analysis revealed high
similarity to gene-expression data (Figure 1a). Namely, most
STAT3 overexpressing patients were also highly expressing HDAC7
and EGFR. No particular clustering was observable for PTEN. In
contrast to gene-expression data, the Eatients mainly segregated
into two groups: HDAC7M9"/STAT3"9" and HDAC7'°"/STAT3'".
The survival analysis in this patient cohort confirmed the trend
observed with TCGA data, underlying the bad clinical prognosis
for HDAC7M9M/STAT3MIM patients. Given the fact that GBM are
composed of both tumoral and stromal cells (for example,
microglia and endothelial cells), we next examined which cell
types expressed HDAC7 and STAT3 in GBM. For this purpose, we
performed immunohistochemistry (IHC) analysis on the GBM from
the first six patients analyzed in western blot (HDAC7"9"/
STAT3"9" subtype). We have also examined publicly deposited
IHC data from Human Protein Atlas project. The results showed
that both proteins are barely expressed or absent in normal brain
tissue and that, in fact, cancerous cells account for the majority of
HDAC7 and STAT3 protein expression in GBM (Figure 1c).

To further assess the biological relationship between STAT3 and
HDAC7, we have proceeded with silencing experiments in a set of
human GBM cell lines (both established and primary). The cell lines
were chosen to mimic several genetic backgrounds, previously
described relevant for STAT3 function in GBM. We have aimed to
cover several EGFR statuses (WT, amplified and expression of variant
V3) and we have selected only PTEN deficient/mutated GBM cell
lines. Dysfunctional PTEN was showed to be important for the pro-
tumorigenic activity of STAT3 (ref. 17; Figure 2a). In addition, and
based on our findings with the patient data (Figure 1), we have
also selected two primary GBM cell lines that had particularly
high-HDAC7/STAT3  expression  (Supplementary  Figure S2,
Supplementary Data). In general and similarly to the patient
findings, we observed a positive correlation trend between STAT3
and HDAC7 protein levels in the different GBM cell lines. Having
these different models, we next investigated the interplay between
HDAC7 and STAT3 as well as their biological relevance in GBM.

Figure 1.

>

Expression of HDAC7 and STAT3 in human GBM patients. (@) Gene expression analysis of the TCGA GBM data set (154 patients)

conducted with cBioPortal (www.cbioportal.org). From left to right: Pearson correlation analysis of STAT3 and HDAC expression; clusters of
patients are discernable with different expression levels of HDAC7 and STAT3 (*denotes a cohort of limited size insufficient for statistical
analysis; the colors indicate: upregulation (red), downregulation (blue), no change (grey)); overall (OS) and progression-free survival (PFS)
among the four major GBM subgroups; mutation, amplification and deletion of EGFR, PTEN and TP53 genes in different patient cohorts. (b)
Western blot (WB) analysis of STAT3, HDAC7, EGFR and PTEN expression in a selection of GBM human tissues (N =22). HSC70 was used as a
loading control. From left to right: WB analysis; Hierarchical clustering based on Pearson correlation and protein quantities from WB analysis
(color scheme: upregulation (red), downregulation (green), no change (black)); OS in two major patient clusters. (@ and b) Results are
expressed as a mean, error bars indicate s.e.m., *P < 0.05 (N=154 for a and N=22 for b). (c) Immunohistochemical analysis of HDAC7 and
STAT3 expression in normal human brain and human GBM samples (matched patients specimen used in WB analysis). Of six patients analyzed
two representative cases are shown. Immunohistochemistry (IHC) images of normal brain are obtained from publicly available data (source:

Protein Atlas; www.proteinatlas.org).
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Silencing HDAC7 activates STAT3 through JAK1 pathway

Silencing HDAC7 induced both STAT3 phosphorylation on the
tyrosine 705 and augmented STAT3 expression in all GBM cell
lines tested (Figures 2a and b). Moreover, depletion of HDAC7
triggered the acetylation of STAT3 on lysine 685, which is essential
for stability of the STAT3 homodimer complex (Figure 2c). As a
result of this activation, increased levels of phosphorylated STAT3

a
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were observable in the nucleus of GBM cells (Figure 2d). To further
clarify which kinase is responsible for STAT3 phosphorylation we
sought to test the modulation of several proteins that could
directly (JAK1, JAK2 and SRQ) or indirectly (PKCa) activate STAT3.
As indicated in the Figure 3a, HDAC7 depletion in U87-MG cells
did not affect the protein levels of most protein kinases, except
JAK1. HDAC7-silencing induced the upregulation of JAK1, whereas
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Figure 2. HDAC7-silencing activates STAT3 in PTEN-deficient GBM cells. (a) Overview of mutation status of different cell lines used. The
information on mutations was obtained from the public DNA-sequencing repository (COSMIC, http://cancer.sanger.ac.uk/cell_lines). HDAC7-
silencing increases STAT3 phosphorylation on Y705 and expression in PTEN-deficient GBM cells lines. (b) Same as in a with primary GBM
cultures. (c) HDAC7 depletion triggers acetylation on K685. (a-c) Irrelevant siRNA was used as a negative control. (d) Western blot (WB) analysis
of cytoplasmic/nuclear fractionation of U87-MG transfected with control or siRNA HDAC7. CYTO, cytoplasmic fraction; NUC, nuclear fraction.
MEK2 and SP1 were used as a cytoplasmic and nuclear fraction markers, respectively. All panels: WB images are representative of five
biological replicates and HSC70 was used as a loading control; values under WB images indicate fold changes based on densitometry
evaluations of the representative image (control is set to 1.0).
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Figure 3.

Overlay

JAK1 phosphorylates STAT3 following HDAC? silencing. (a) Western blot (WB) analysis of selected protein kinase expression after

HDAC7 silencing. (b) Modulation of STAT3 phosphorylation and total protein expression following targeted silencing of selected protein
kinases. (c) WB evaluation of JAK1 and JAK2 contribution to phosphorylation of STAT3 following the induction by HDAC7 silencing. (d) Reverse
transcription PCR quantification of STAT3 mRNA levels following HDAC7 and JAK1 silencing. Results are shown as means where error bars
indicate s.e.m. (N =3 biological replicates; **P < 0.01 & NS = non significant). (e) Immunofluorescence (IF) analysis of pSTAT3 and JAK1 protein
expression following HDAC7 depletion in GBM cells. Magnification used: x400. (a-c and e) Shown are representative pictures of three
biological replicates; WB: HSC70 was used as a loading control; All experiments were performed using U87-MG cells.

only the silencing of JAK1 was able to diminish the phosphoryla-
tion of STAT3 in U87-MG cells. Depletion of JAK2 and SRC
paradoxically increased the levels of total- and phospho-
STAT3 (Figure 3b). On the basis of the findings outlined in
Figures 3a and b we hypothesized that HDAC7-silencing induces
STAT3 phosphorylation through JAK1. To verify this we have
co-transfected HDAC7 and JAK1 or HDAC7 and JAK2 in U87-MG
cells (Figure 3c). Indeed, only the co-silencing of JAK1 with HDAC7

© 2016 Macmillan Publishers Limited, part of Springer Nature.

was able to reverse the induction of STAT3 phosphorylation.
However, the silencing of JAK1T did not affect the total levels of
STAT3 protein (Figure 3c) or its messenger RNA (mRNA) expression
(Figure 3d). Induction of JAK1 post HDAC7 silencing was also
observable using immunofluorescence (Figure 3e). Immuno-
staining of HDAC7-depleted U87-MG cells evidenced strong
perinuclear staining of JAK1 and nuclear staining of phospho-
STAT3.
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4486
HDAC? depletion inhibits angiogenesis in vitro regardless of target genes (Figure 4a). The PCR analysis confirmed that
the EGFR status in GBM cells HDAC7 silencing leads to induction of STAT3 expression
To test the functional significance of the activated STAT3, we have and to a modulation of expression of angiogenesis-relevant
next verified the expression of several known/potential STAT3 genes. We observed a significant increase in expression of the
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analysis of TGF alpha levels in conditioned media of U87-MG depleted for HDAC7. (c) HUVEC-sprouting assay prepared from endothelial cells
stimulated with conditioned media collected from control or HDAC7-depleted glioblastoma cells. Formation of radially growing cell sprouts
was monitored during 24 h and they were counted on individual pictures. Control cell sprouts were set to 100%. (d) Wound-healing assay
conducted on HUVEC monolayers treated with conditioned media from control or HDAC7-depleted glioblastoma cells. Pictures were taken
directly and 24 h after wounding. Quantitative analysis was performed using ImageJ software. All panels: results are expressed as a mean,
error bars indicate s.e.m. (N=3 biological replicates; ***P < 0.001, **P < 0.01 and *P < 0.05).
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Figure 5. STAT3 activation mediated through HDAC7-silencing inhibits angiogenesis in vivo. (a) CAM-based angiogenesis/tumor-growth
assay following HDAC7 silencing in U87-MG cells. (b) Chemical inhibition of STAT3 (S31-201/STAT3-i6) reverses HDAC7-induced STAT3
phosphorylation on Y705 in U87-MG cells. (c) HUVEC sprouting and wound-healing assay prepared from endothelial cells stimulated with
conditioned media collected from glioblastoma cells. (d) Representative pictures of macroscopic/microscopic tumor appearance (CAM) on
STAT3-i6 treatment of U87-MG cells. Dimethyl sulfoxide (DMSO) is used as a vehicle control. (c and d) Results are expressed as a mean, error
bars indicate s.e.m. (N =5 biological replicates; **P < 0.01 and *P < 0.05). Quantitative evaluation of tumor volume showed that inhibition of
STAT3 leads to partial tumor regrowth in absence of HDAC?7. (a and d) The deficiency in tumor-associated vasculature was visualized using
FITC-lectin staining and following tumor collection on day 7 of tumor development. For IF the magnification used was: X200 and X 400.
Results are expressed as mean of the tumor size. Error bars indicate s.e.m. (N=10; **P < 0.01).
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anti-angiogenic factor IGFBP3 and downregulation of pro-
angiogenic factors IL8, TGFa and FGFI. Looking for further
biological impact of HDAC7 silencing on cancer cells, we have
examined for possible alteration in proliferation (Supplementary
Figure S3, Supplementary Data) and migration capacity (not
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shown). None of the two assays showed any significant
modulation, raising the question of possible paracrine effects.

As the pro-angiogenic factors tested are secreted in nature, we
have next sought to verify if the modulation of mRNA expression
of TGFa translates in a drop of protein quantity secreted in the
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medium of cancer cells. TGFa was selected as it was univocally
downregulated in all the four cell lines tested. Enzyme-linked
immunosorbent assay analysis has confirmed the decrease
of TGFa protein levels (Figure 4b), justifying further investigation
of possible effects on endothelial cells. Along this line, we have
collected conditioned media from U87-MG and U251-MG cancer
cells silenced for HDAC7 and have added this media to human
umbilical vein endothelial cells (HUVEC), testing their ability to
form sprouts and to migrate (Figures 4c and d). The analysis
revealed a strong inhibition of both migration and sprouting
capacity of HUVEC when exposed to media from GBM cancer cells
previously silenced for HDAC7. These in vitro findings clearly
indicated that HDAC7? silencing in GBM cells results in a switch
toward an anti-angiogenic phenotype, posing the question if
such effects could be translated in an animal model.

STAT3 activation following HDAC7-silencing inhibits angiogenesis
in vivo

To examine the observations made in vitro as well as to gain
mechanistic insight we have decided to employ the chorioallan-
toic membrane assay (CAM) model that enables rapid analysis
of tumor-induced angiogenesis. Indeed, and as shown in the
Figure 5a, silencing HDAC7 in U87 GBM cells fully supressed tumor
development on CAM. Moreover, the HDAC7-silenced tumors
appeared as small white nodules compared with the control,
suggesting a deficient angiogenesis. To verify this we have excised
the tumors from the CAM and stained these with Sambucus nigra
agglutinin-lectin to highlight the tumor vasculature. As outlined in
the Figure 5a and in sharp contrast to the controls,
HDAC7-silenced tumors displayed no vasculature network (green
signal) despite the presence of tumoral cells in the examined
nodules (red signal). We next hypothesized that the anti-tumor
effect caused by HDAC7 silencing depends on the activation/
phosphorylation of STAT3. To test this hypothesis we have
employed a chemical inhibitor STAT3-i6 that blocks the phos-
phorylation of STAT3 on Y705 residue (Figure 5b). As demon-
strated in the Figure 5c, STAT3-i6 efficiently reversed the anti-
sprouting and anti-migratory effect induced by HDAC? silencing
on HUVEC. Consequently, we showed that anti-tumor effect
caused by HDAC7 silencing on CAM was partially rescued by
adding STAT3-i6 to tumor cells and thus blocking STAT3 activation
(Figure 5d).

HDAC? depletion induces the upregulation of tumor suppressor
AKAP12

Inspired by our previous data in endothelial cells, showing that
tumor suppressor protein AKAP12 is epigenetically regulated by
HDAC7 and that AKAP12 can regulate STAT3,>* we hypothesized
that in GBM a similar regulatory loop could take place. To test this
hypothesis we have verified if AKAP12 protein levels change
following HDAC7 silencing. The results shown in the Figure 6a
confirmed the strong upregulation of AKAP12 following HDAC7
silencing in GBM cells. The co-silencing of HDAC7 and AKAP12
markedly diminished STAT3 expression levels. Indeed, AKAP12
silencing alone was able to significantly decrease the STAT3
protein and mRNA levels. This demonstrated the strong regulatory
role of AKAP12 in controlling STAT3 expression and thus inevitably
STAT3 activity (Figure 6a). In line with this observation is the
CAM experiment, which critically showed that the co-silencing
of HDAC7 and AKAP12 rescued the tumor growth on CAM
(Figure 6b). This rescue was specifically related to the reestablish-
ment of angiogenesis in HDAC7 deficient tumors. Indeed,
histological data displayed in Figure 6c evidence vasculature
reappearance in CAM following the HDAC7/AKAP12 co-silencing
and in comparison with HDAC7-silencing condition alone.
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Induced HDAC?7 silencing in vivo significantly diminishes GBM
growth in mouse brain

Considering the in vitro and in vivo CAM data, we next sought to
determine the therapeutic value of targeting HDAC7 for inhibiting
the GBM growth. To this end we have decided to employ an
orthotopic model of GBM in nonobese diabetic-severe combined
immunodeficiency (NOD-SCID) mice, with U87-MG cells which
were transformed with the inducible short hairpin RNA (shRNA)
against HDAC?. Following the orthotopic grafting of GBM cells, the
tumors were allowed to develop without treatment for 2 weeks.
After this period, the mice were randomized in two groups, one
treated with placebo and the second with isopropyl B-p-1-
thiogalactopyranoside (IPTG; inducer of shRNA) for 2 weeks.
As demonstrated in the Figures 7a and b both by bioluminescence
and magnetic resonance imaging, induction of HDAC7 silencing in
growing GBM reduced the tumor volume by threefold. Expectedly,
the GBM with lowered HDAC7 levels showed a marked decrease in
vascular density (CD31 staining, Figure 7c), which was associated
with decreased proliferation of glioma cells (Ki67 staining,
Figure 7¢).

DISCUSSION

STAT3 is one of the most potent transcription factors modulating
well over 300 different genes involved in paramount biological
processes.? Intriguingly, STAT3 appears to exhibit both tumor
suppressor and promoter functions in several cancers including
glioma.'®'73%31 |t has been proposed that this dual activity might
be explained, at least in part, by the intervention of specific
proteins able to interact and activate JAK-STAT pathway and/or
induce post-translational modifications of STAT3.3? In glioma,
the expression of STAT3 along with EGFR isoform v3 is considered
pro-oncogenic. The two proteins associate in a complex that
translocates to the nucleus and promotes tumor growth in vivo."”
The nuclear translocation of STAT3-EGFRv3 complex is further
enhanced by additional phosphorylation of EGFRv3 by EGFR.'®
This pro-tumorigenic role of STAT3 observed in a majority of
gliomas has qualified this transcription factor as a potential
therapeutic target.>®> However, tumors are heterogeneous entities
composed of cells with different molecular background.>
For example, STAT3 has a tumor suppressive role in glioma cells
with wild-type PTEN.' Inhibiting STAT3 in such tumors might
trigger rapid resistance. In the current work, we unveiled a
mechanism able to reprogram STAT3 into a tumor suppressor
regardless of EGFR, TP53 or PTEN status. To our knowledge, this is
the first example of reprogramming a known tumor promoter to a
tumor suppressor in the genetic environment that actually favors
its tumor promoting function. Key to this step is HDAC7, whose
depletion in glioma triggers STAT3 upregulation, post-translational
modification (acetylation and phosphorylation) and nuclear
localization. Interestingly, in sharp contrast to EGFR, TP53 or PTEN,
both STAT3 and HDAC7 have very few to no somatic mutations in
glioblastoma. We know today only a handful of genes that are not
mutated and yet assume a very important function in cancer. An
example is NFkB transcription factor family, which is almost never
mutated in solid tumors.>® The existence of such genes, that are
somewhat protected from mutations in cancer, is indeed
surprising. The present data supports the notion that HDAC7
and STAT3 may assume very fundamental functions in the GBM
biology and that their mutation is potentially detrimental to the
cancer cell. If true, such mutation events are not evolutionary
selected, which would explain their absence in tumors. We show
here that silencing HDAC7 activates STAT3 that in turn rapidly
induces anti-angiogenic genes while suppressing the pro-
angiogenic ones. This imbalance of angiogenic factors inhibits
angiogenesis and tumor growth in vivo. Mechanistically, HDAC7
induces the expression of JAK1 that in turn phosphorylates STAT3.
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Figure 6. AKAP12 overexpression mediated by HDAC7-silencing induces STAT3 activation and angiogenesis inhibition in vivo. (a) (Upper
panel) western blot analysis of STAT3 expression and phosphorylation levels following HDAC7 and AKAP12 co-silencing in U87-MG cells.
Concomitant depletion of HDAC7 and AKAP12 diminishes STAT3 protein expression. (Lower panel) AKAP12-silencing reduces STAT3 gene
expression. (b) Representative macroscopic pictures of U87-MG CAM tumors on HDAC7 and/or AKAP12 silencing. Quantitative evaluation of
tumor volume showed a significant decrease in HDAC7-depleted tumors, which is abolished in absence of AKAP12. Results are expressed as
means of the tumor sizes. Error bars indicate s.e.m. (N=10; ***P < 0.001 and *P < 0.05). (c) Histological analysis of U87-MG-collected tumors
displayed a decreased vascular density in HDAC7-depleted tumors. From left to right: Hematoxylin—eosin (H&E) staining of paraffin embedded
tumors; Sambucus nigra agglutinin (SNA)-lectin staining of tumor-endothelial cells; overlay of SNA-staining with nuclei of U87 cells (red). For
H&E and IF the magnification used was: x 200 and x 400 for high-power view only.
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Figure 7. HDAC7-silencing inhibits GBM growth in vivo. (a) Bioluminescence signal of xenografted mice depleted (+IPTG) or not (- IPTG) of
HDAC7 accrued at 2 weeks post-treatment using Xenogen-IVIS system. Quantification of bioluminescent signal shows that HDAC7-induced
silencing decreases tumor growth in vivo. Western blot analysis shows efficient silencing (-60%) of HDAC7 in U87-shRNA-HDACT7i cells on
IPTG treatment. (b) Magnetic resonance imaging of GBM (in situ), coronal view and 3D reconstruction of tumor volume of U87-MG xenografts.
The computed tumor volume confirms that HDAC7? silencing significantly decreases GBM growth in vivo. (a and b) Results are expressed as
mean of the tumor size. Error bars indicate s.e.m. (N=6; **P < 0.01 and *P < 0.05). (c) Immunohistochemistry (IHC)-based evaluation of CD31
(tumor-associated vasculature/angiogenesis) and Ki67 expression (proliferation) in GBM from U87-shRNA-HDACTi cells. Inhibition of HDAC7
(+IPTG) provokes a significant reduction of tumor angiogenesis and proliferation in vivo. Results of IHC quantification are expressed as means
and error bars indicate s.e.m. (N=3; **P < 0.01 and *P < 0.05).
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Figure 8. Schematic overview of the STAT3/HDAC7 reprogramming
and function in glioma. In normal astrocytes, when PTEN is
functional, STAT3 assumes anti-tumor functions. In GBM PTEN is
frequently mutated and inactivated while EGFR is active and
particularly oncogenic. In these circumstances STAT3 is pro-
tumorigenic. Low activity of JAK1 and tumor suppressor AKAP12
as well as high expression of HDAC7 sustains the pro-tumor role of
STAT3. HDACY takes a central role in this process by suppressing the
expression of JAK1 and AKAP12. It also deacetylates STAT3. Thus,
HDAC?7 silencing can mediate efficient reprogramming of STAT3 to
tumor suppressor. On HDAC7 depletion JAK1 and AKAP12 are
overexpressed and STAT3 is acetylated. High levels of JAK1 are
responsible for phosphorylation of STAT3 on Y705 residue while
AKAP12 upregulates STAT3 mRNA and protein levels. In addition to
its role in reprogramming STAT3, AKAP12 is an omnipotent tumor
suppressor that probably exerts additional anti-tumor pressure.

HDAC7 depletion also leads to STAT3 acetylation. This is not
surprising because previous studies have shown that HDAC7,
together with acetyl-transferase Tip60, is physically interacting
with STAT3.?® The authors hypothesized about how this complex
may lead to a modulation of STAT3 acetylation levels, but failed to
provide final evidence. We demonstrated previously in endothelial
cells that HDAC?7 silencing results in STAT3 acetylation.>* Here we
show for the first time that HDAC7 depletion causes STAT3
acetylation on a specific lysine residue (K685) in human glioma
cells. This modification is known to be critical for the dimerization
of this transcription factor and hence its function.?”

A further important aspect of the observed anti-tumor
phenotype is the activation of tumor suppressor AKAP12. AKAP12
is a key gene ensuring proper angiogenesis during embryonic
development of the brain.3® AKAP12 protein functions mainly by
scaffolding PKC, PKA and SRC kinases to distinct sub-cellular
locations, thus fine-tuning their activity.>’?® In high-grade
glioma, AKAP12 is usually silenced by hyper-methylation of the
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promoter.3® We found in the current work that this silencing can
be reversed very efficiently on HDAC7 depletion. Overexpression
of AKAP12 is essential for sustained STAT3 expression both at
mRNA and protein level. At present, we are unable to explain how
AKAP12 regulates STAT3 mRNA expression and future studies
should clarify this link. Thus, silencing of AKAP12 following HDAC7
depletion leads to decrease of STAT3 levels and full regrowth of
the tumor in vivo. We were able to prove that inhibiting STAT3
activation (phosphorylation) results in partial rescue of tumor
growth. These results suggest that the tumor suppressive action of
AKAP12 depends at least in part on activated STAT3 (Figure 8). In
addition, STAT3-independent and AKAP12-mediated, mechanism
of tumor suppression cannot be excluded and should be
examined in further studies. Such investigations are warranted
by our findings, showing that the depletion of AKAP12 alone
resulted in a major decrease of STAT3 levels while having only a
minor effect on the tumor volume (-20%). This rather muted
inhibition of tumor growth could result from compensatory tumor
proliferation promoted by the removal of the oncogenic
suppressor AKAP12.

Overall, our study highlights HDAC7 as a promising target in a
subset of glioblastoma that overexpress this protein along with
STAT3. Animal studies conducted with orthotopically xenografted
tumors show that even after initial tumor development, the
induced inhibition of HDAC7 can rapidly (within 2 weeks) shrink
the tumor volume by threefold. Glioblastoma are addicted to
angiogenesis. Suppression of HDAC7 inhibits angiogenesis,
cutting off cancer cells from oxygen and nutrients. Unfortunately,
to date, no specific inhibitors exist for HDAC7, making its targeting
extremely difficult.*® Successful translation of these results would
therefore depend on the future development of novel targeted
therapies aiming at gene silencing or functionally inhibiting
intracellular proteins. Some examples of such technologies include
targeted delivery of shRNA by viral vectors or use of zinc-finger
nucleases for genome editing. Further studies are needed to
examine the feasibility of such targeting in the in vivo model of
human glioma.

MATERIALS AND METHODS
Patients

In the current study, the Ethics Committee of University Hospital Liege has
approved the use of human samples, which were obtained from
the institutional biobank (Protocol No.: 2009/69). Patients received the
information that the residual material could be used for research purpose
and that the consent is presumed as long as the patient does not oppose
(opting-out). All 22 patients were characterized histologically as astro-
cytoma grade IV according to the WHO (World Health Organization)
standards. A clinical 10-year follow-up was available for all cases. In
addition to the institutional cases, the current study also uses publicly
deposited data from 154 GBM cases collected by the TCGA network and
made available for analysis through the cBioPortal.>>*" No power analysis
was used to determine the size of the patient cohort. The patients were
selected based on material availability and clinical follow-up.

Cell culture

U251-MG and U87-MG human glioma cell lines were obtained from
American Type Cell Collection (ATCC) and cultured in Eagle's minimum
essential medium (EMEM) with 10% heat-inactivated fetal bovine serum
(Life Technologies, Carlsbad, CA, USA). The cells were authenticated
through DNA profiling of eight different and highly polymorphic short-
tandem repeat loci (DSMZ, Braunschweig, Germany) and were regularly
tested for mycoplasma contamination. U87-wtEGFR cells that overexpress
wild-type EGFR as well as the U87-AEGFR cells that express the mutated
and constitutively active EGFRv3 (deletion of exons 2-7 of the EGFR) were
both a kind gift from Dr Frank Furnari (Ludwig Institute for Cancer
Research, UCSD, San Diego, USA) and were generated as described
before.® The cells were maintained in EMEM with 10% fetal bovine serum.
The primary GBM cell cultures (0627 and 0913) were derived from tumor
biopsies and were a kind gift from Dr Angelo Vescovi (Universita degli
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Studi Bicocca-Millan, Italy). The full description of the primary GBM is
detailed elsewhere.*? The original GBM cells were cultured in Neurocult
NS-A medium (Stem Cell, Vancouver, BC, Canada) in the presence of EGF
(20 ng/ml) and b-FGF (10 ng/ml) and maintained at 37 °C in a humidified
incubator with an atmosphere of 5% CO,. For the purpose of present
experiments, the primary GBM cells were differentiated in EMEM with
15% of fetal bovine serum for 2 weeks. Following this, the primary GBM
cells were maintained for maximum five passages. HUVEC were isolated
from human umbilical cords as described previously.** The cells were used
at early passages (passages I|-IV) and grown on a plastic surface
coated with porcine gelatin (Sigma-Aldrich, St. Louis, MO, USA), in M199
medium (Life Technologies) supplemented with 20% fetal calf serum
(Life Technologies), EC growth factor (100 ug/ml; Sigma-Aldrich) and
porcine heparin (100 pg/ml; Sigma-Aldrich).

Antibodies and reagents

Anti-STAT3  (#9139), anti-phospho-STAT3 (Tyr-705; #9138), anti-acetyl-
STAT3 (lys-685; #2523), anti-SRC (#2108), anti-JAKT (#3344) and anti-JAK2
(#3230) antibodies were purchased from Cell Signaling (Carlsbad, CA, USA).
Anti-PTEN (#04-035) and anti-P53 (#05-224) antibodies were purchased
from Millipore (Bedford, MA, USA). Anti-HSC70 (sc-7298), anti-HDAC7
(sc-11421) and anti-EGFR (sc-03) antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-BrdU (B 8434) was
purchased from Sigma-Aldrich. Anti-AKAP12 (#A301-401 A) antibody was
purchased from Bethyl (Montgomery, TX, USA). Bromodeoxyuridine (BrdU)
and anti-PKCa (610107) was purchased from BD Bioscience (Erembode-
gem, Belgium). S3I-201, a selective STAT3 inhibitor (hereafter referred
as inhibitor 6 (STAT3-i6), was purchased from Santa Cruz Biotechnology
(sc-204304).

SiRNA transfection

Calcium phosphate-mediated transfections were performed using follow-
ing small interfering RNA (siRNA) synthesized by Eurogentec (Liege,
Belgium): HDAC7 ((#1) 5'-CCU-GAA-GCU-GCG-CUA-UAA-G-3/, (#2) 5'-GGA-
CAA-GAG-CAA-GCG-AAG-U-3" and (#3) 5'-GGC-UGG-AAA-CAG-AAA-CCC-A
-3’) and AKAP12 (5’-UCU-GCA-GAA-UCU-CCG-ACU-AUU-3’). The siRNA for
JAKT (SMART pool L-003145-00-0005), JAK2 (SMART pool L-003146-00-
0005), SRC (SMART pool L-003175-00-0005) and PKCa (SMART pool
L-003523-00-0005) were purchased from GE Healthcare (Buckinghamshire,
England, UK). All siRNA were used at a concentration of 40 nm and for 48 h
before cell lysis. GL3 luciferase siRNA (5’-CUU-ACG-CUG-AGU-ACU-UCG-A
-3’) was used as a negative control (siRNA Irr).

Construction of U87-MG with inducible shRNA HDAC7

U87-MG cells were first transformed using pLenti6-Luc plasmid that was
generated by cloning the luciferase gene into the plLenti6/V5-D-Topo
vector (K4955-10, Life Technologies). Following selection of the positive
clones, the U87-MG-luc* cells were further transformed using pLKO-
shHDACT7i plasmid that was generated by cloning the shRNA sequence in
the pLKO-puro-IPTG 3xLacO vector. The shRNA vector (sequence:
5'-CCGGGCTGATCTATGACTCG-GTCATCTCGAGATGACCGAGTCATAGATCAG
CTTTTT-3’) was purchased from Sigma (TRCN0000004847). The transforma-
tions were conducted using Lentiviral vectors. The vectors were generated
by co-transfecting the Lenti-X 293 T cells (Clontech, Mountain View, CA,
USA) with pLenti6-Luc or pLKO-shHDAC7i, pSPAX2 (a gift from Didier
Trono (Addgene plasmid # 12260)) and VSV-G-encoding plasmids.**
Lentiviral supernatants were collected 48, 72 and 96 h post transfection,
filtered and concentrated 100x by ultracentrifugation. The lentiviral
vectors were then titrated with gPCR Lentivirus Titration (Titer) Kit (LV900;
Applied Biological Materials, Richmond, BC, Canada) and used to transduce
U87-MG cells. Stably transduced U87-MG cells expressing luciferase were
isolated and maintained in medium supplemented with 10 pg/ml
of Blasticidin (ant-bl-1; Invivogen, San Diego, CA, USA)). Following this,
U87-MG-luc+ were transduced with shRNA-HDAC7i lentiviral vectors,
selected and maintained in medium supplemented with 10 pg/ml of
Puromycin (ant-pr-1; Invivogen) and 10 pg/ml of Blasticidin.

Western blot analysis

Crushed snap-frozen tissue powder (22 patients with GBM) or cells from
culture were lysed using SDS buffer (SDS 1%, Tris-HCl 40 mm (pH 7.5),
containing protease and phosphatase inhibitor mixture (Roche,
Basel, Switzerland)). Equal amounts of proteins were resolved by SDS-
polyacrylamide gel electrophoresis. Membranes were probed with primary
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antibodies (see antibodies and reagents), followed by horseradish
peroxidase-conjugated secondary antibodies, and developed by chemilu-
minescence detection. When necessary, relative density of the bands was
calculated using ImageJ software V1.48 (National Institutes of Health (NIH),
Bethesda, MA, USA).

Cytoplasmic and nuclear protein extraction

Cells were washed twice with phosphate-buffered saline (PBS), scraped
and centrifuged. The pellets were resuspended in 500 pl of cold hypotonic
buffer (Hepes-KOH 10 mm (pH 7.4), MgCl, 2 mm, EDTA 0.1 mm, KCI 10 mwm,
NP40 0.2% and protease inhibitor mixture Complete (Roche)), incubated
on ice for 30 s. The lysates were vortexed and centrifuged for 5 min, 4000 g
at 4 °C. The supernatants containing cytoplasmic proteins were stored at
—80 °C. Next, the pellets were resuspended in 100 pl of cold hypertonic
buffer (Hepes-KOH 20 mm (pH 7.4), MgCl2 1.5 mm, EDTA 0.2 mm, NaCl
630 mwm, glycerol 25%, dithiothreitol 5 mm and protease inhibitor mixture
Complete (Roche), incubated on ice for 45 min and centrifuged for 30 min
at 20,000 g at 4 °C.

Quantitative real-time PCR

Total mRNA was isolated from cells using NucleoSpin RNA (Macherey-
Nagel, Hoerdt, France) according to the manufacturer’s instructions. First-
strand complementary DNA was synthesized using 2 ug of total RNA in
20 pl of reverse transcription (RT) reaction mixture containing 0.2 ug of pd
(N)6 random hexamers (GE Healthcare), 2 mm of each deoxynucleotide
triphosphate (Eurogentec), 1x first-strand buffer (Tris-HCl 50 mm (pH 8.3),
KCl 75 mm, MgCl;, 3 mw, dithiothreitol 10 mm and SuperScriptTM Il RNase H
RT (Life Technologies; 100 units). The reverse transcriptase reaction was
performed at 42 °C for 50 min followed by a 15 min inactivation step at
70 °C. Quantitative real-time PCR was performed in triplicate using the ABI
Prism 7700 Sequence Detection System (Applied Biosystems, Foster City,
CA, USA) according to the manufacturer’s instructions. HDAC7 primers
(Frw: 5'-CTGCATTGGAGGAATGAAGCT-3’; Rev: 5'-CTGGCACAGCGGATGTT
TG-3’) and probe (5-TGTCAGTGTCCACCCCAACCCCA-3’) were purchased
from Eurogentec. STAT3 (Frw: 5-CCCTTGGATTGAGAGTCAAGA-3’; Rev: 5'-A
AGCGGCTATACTGCTGGTC-3'; UPL #14), IGFBP3 (Frw: 5'-AACGCTAGTGC
CGTCAGC-3’; Rev: 5'-CGGTCTTCCTCCGACTCAC-3’; UPL #1), IL8 (Frw: 5'-
GAGCACTCCATAAGGCACAAA-3’; Rev: 5-ATGGTTCCTTCCGGTGGT-3’; UPL
#72), TGFA (Frw: 5’-TTGCTGCCACTCAGAAACAG-3’; Rev: 5'-ATCTGCCACAG
TCCACCTG-3’; UPL #63) and FGFT (Frw: 5'-AGGAGCGACCAGCACAAC-3’;
Rev 5-TGCATGCTTCTTGGATATATAGGT-3’; UPL #19) human specific
primers were purchased from Integrated DNA Technology (Coralville, 1A,
USA) and UPL probes were purchased from Roche. Complementary DNA
samples (100 ng each) were mixed with 1x gene kit and TagMan
Universal PCR Master Mix (Roche) in a total volume of 20 pl. Real-time PCR
was conducted using the following parameters: 94 °C for 10 min, followed
by 40 cycles at 95°C for 15s and 60 °C for 1 min. Acquired data were
analyzed by Sequence Detector software version 1.9 (Applied Biosystems).

Enzyme-linked immunosorbent assay

After 48 h of transfection, media of U87-MG were collected, centrifuged at
1000 g to remove any cell material, and the supernatant was stored
at —20 °C. The conditioned media were analyzed for human TGFA using
commercially available enzyme-linked immunosorbent assay kit (R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions.

EC sprouting and wound repair assay

The conditioned media were obtained from the transfected/treated with
STAT3-i6 (80 um) or wild-type glioblastoma cell lines by starving them
(0% serum) for 72 h. The conditioned media were collected, filtered
(0.45 pm) and used in the subsequent experiments. For sprouting assay,
HUVEC cell spheroid aggregates were prepared in 20% methylcellulose
medium, embedded in fibrin gel and stimulated with 50% of conditioned
media from transfected glioblastoma cells in the presence of 5% fetal calf
serum. Formation of radially growing cell sprouts was observed during the
next 24 h, photographed at a x 200 magnification using an Axiovert 200 m
microscope and counted. For wound closure test, confluent HUVEC cells
were scraped with a 200-pl tip to obtain a 2-mm-thick denuded area and
cultured in the presence of 100% conditioned media from transfected or
wild-type glioblastoma cells in the presence of 3.5% fetal calf serum. After
24 h, wounded monolayers were photographed and the width of the
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wounds was measured in three-independent sites per group and the
percentage of repair was quantified with ImageJ software.

Immunofluorescence

U87-MG cells were grown on sterilized 12mm glass coverslips
(CBO0120RA1, Menzer Glaser, Braunschweig, Germany). The cells were
fixed and permeabilized in the ice-cold methanol/acetone mix. The
samples were then incubated overnight at 4 °C with primary antibodies
against STAT3 phospho-Y705 and JAK1 (same as used for western blot).
After incubation with the primary antibodies, the samples were incubated
for 1 h with Alexa Fluor 488 and 546 conjugated secondary antibodies
(A11029 & A11010, Life Technologies). The counterstaining was performed
using the nuclear stain ToPRO (T3605, Life Technologies). Coverslips were
mounted onto microscope slides with Fluorescent Mounting Medium
(S0323, Dako, Glostrup, Denmark). Images were obtained with a Nikon A1R
(Nikon Instruments, Melville, NY, USA) laser scanning confocal microscope.
False color attribution and contrast adjustments were done using Image)J
software.

Animal experiments

All the experimental procedures and protocols involving CAM and mouse
models were reviewed and approved by the Institutional Animal Care and
Ethics Committee of the University of Liége (Belgium; protocol no.. 1590
(CAM) and 1182 (mice)). The animal experimentation adhered to the ‘Guide
for the Care and Use of Laboratory Animals’ prepared by the Institute of
Laboratory Animal Resources, National Research Council, and published by
National Academy Press, as well as to European and local legislation. ARRIVE
ethical guidelines were followed.*> NOD-SCID mice were purchased from
Janvier Labs (Saint Berthevin Cedex, France) and housed in the animal facility
of the University of Liege under standard conditions (12 h light/dark cycle,
lights on at 7:00 a.m.). They were acclimated to the room 1 week before the
beginning of the experiment. Food and water were provided ad libitum. Five
animals for mice and 10 animals for CAM per replicate and condition were
estimated as sufficient to account for the biological variability. However,
considering the lethality during the experiments, 10 animals for mice and 15
animals for CAM were used (per replicate and condition). For the treatment,
no specific inclusion/exclusion criteria were used and the animals were
randomized based on simple randomization technique.*® The investigator
was not blinded during the study.

Chorioallantoic membrane assay

At day 3 post-fertilization, 8 ml of albumin was removed from the egg and a
window was cut in the eggshell exposing the CAM. Eggs were then sealed
with Durapore tape (3 m, Diagem, Belgium) and kept closed at 37 °C (80%
humidity) until implantation of the cells. U87 cells were transfected with
90 nm siRNA (HDAC7 siRNA#1 was used), subjected to medium change at
16 h post transfection and were implanted on CAM 4h later. All
implantations were conducted at day 11 post-fertilization. For this purpose,
5x%10° human U87-MG cells were suspended in 20 ul of EMEM. STAT3-i6
(dissolved in pure dimethyl sulfoxide) was diluted at a final concentration of
80 um in the cell suspension. For the control condition an equivalent volume
of dimethyl sulfoxide was used. This cells suspension was deposited within a
plastic ring placed on the CAM, after prior gentle laceration of the
membrane. Tumors were allowed to develop for an additional 7 days. At
day 18, the tumors were collected and tumor volume was estimated using
calipers. Tumor volume was calculated assuming an ellipsoid shape and
using the formula V=4/3m.(L.w.h))/8), where |, w, h are the length, width and
height of the tumor. Following volume measurement, the tumors were
collected and subjected to histology analysis as described below.

Orthotopic model of GBM in mouse

40,000 cells/pl suspended in PBS were injected in the right striatum
of 6-week-old male NOD-SCID mice. Two weeks following the tumor
engraftment, silencing of HDAC7 was induced by IPTG (Cat. no. 16758-5;
Sigma-Aldrich) that was diluted in drinking water at a concentration of
10 mwm. In addition, mice were treated with a daily intraperitoneal injection
of 200 pyl 20 mm IPTG solution. Tumor growth was monitored using
bioluminescence on an IVIS 200 imaging system (Xenogen-Caliper,
Hopkinton, MA, USA) after luciferine injection (Cat. no. E1605; Promega,
Fitchburg, WI, USA); Intraperitoneal injection of 50 pl of 0.1 mm luciferine
solution in PBS, signal acquisition at 12 min post injection. Magnetic
resonance imaging was performed on a 9.4T Biospec (Bruker, Ettlingen,
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Germany) using a volume coil (23 mm diameter). Animals were kept
anesthetized with 1-1.5% isoflurane delivered in oxygen (LA no. 1500589,
protocol no. CMMI-2011-07). Their respiratory rate was monitored during
the entire imaging session. T2-weighted TurboRARE (TR: 2500 ms, TE:
33 ms) and T1-weighted RARE (TR: 467.8 ms, TE: 8.5 ms) pre and 3 min
post-contrast agent injection were the sequences used to visualize the
brain on 20 slices (0.8 mm thickness). The contrast agent (Dotarem from
Guerbet, Aulnay-sous-Bois, France) was injected intravenously (0.1 mmol/
kg) to improve tumor conspicuity on T1-weighted acquisitions. Tumors
were manually contoured and the volumes were calculated with the ROI
tool of the Osirix software (version 5.6, Pixmeo, Bernex, Switzerland). Four
weeks post-xenografting, mice were killed and the brains containing GBM
were prepared for histology analysis as described below.

Histology analysis

Mice orthotopic model. euthanized mice were perfused first with saline
(0.9% NaCl) and then with 4% paraformaldehyde solution. Brains were
removed and further fixed in paraformaldehyde 4% for 2 h and then
embedded in paraffin. Paraffin tissue blocks were cut with the microtome
in 5-pm-thick sections and then subjected to xylene bath and rehydratation
steps in a series of graded methanol dilutions. The sections were washed in
PBS with 0.25% triton X-100 and boiled in citrate buffer (0.342 g citric acid
and 2.378 g sodium citrate in 1| distilled water, pH 6) using 95 °C water
bath for 40 min. The sections were blocked for 30 min in PBS-normal
goat serum solution (150 ul normal goat serum and 20 pyl Tween 20
(Sigma-Aldrich) in 10 ml PBS) and incubated with the primary antibodies at
4 °C overnight. Following antibodies were used: CD31 (clone JC70A; Dako)
and Ki67 (clone MIB-1; Dako). Following this, the slides were washed once
with the blocking solution and the sections were incubated in biotinylated
anti-rabbit 1gG (dilution 1:500) for 30 min. Subsequently, the sections were
washed in PBS and incubated in avidin-biotin complex kit (Vector Labs,
Peterborough, UK) for 30 min. Finally, the tissue sections were stained with
3,3’-diaminobenzidine (2 mg 3,3’-diaminobenzidine and 5 pl H,O, in 5 mL
PBS) and counter-stained in hematoxylin. Pictures of representative fields
were taken under a light microscope Leica DMRB (Leica, Diegem, Belgium).
The microscopy pictures of the stained sections (x100 magnification) were
automatically evaluated for staining extension (CD31) and percent-positive
nuclei (Ki67) using ImageJ software.

CAM model. The collected tumors were fixed in a 4% paraformaldehyde for
30 min and then embedded in paraffin. Paraffin tissue blocks were first cut in
5-um-thick sections and then subjected to xylene bath and rehydratation
steps in a series of graded methanol dilutions (100-95-70- and 50%).
Following this the samples were further incubated for 30 min in the dark with
0.05% Triton X-100 in PBS containing Sambucus nigra agglutinin (4 pg/ml).
The sections were washed with 0.05% Triton X-100 in PBS, counter-stained
with ToPRO (Molecular Probes) and visualized with fluorescence microscope
(EVOS, Thermo Fisher Scientificc Grand Island, NY, USA) or confocal
microscope (only high-power view; A1R, Nikon Instruments).

Statistical analysis

Unless otherwise indicated, statistical analysis was performed using a two-
sided, unpaired Student’s t-test, assuming equal variances using Graph-
PadPrism (GraphPad Software, Inc., La Jolla, CA, USA; version 5.01). The t-
test was used because data followed a normal distribution (Shapiro-Wilk
test, threshold 0.05). All results were reported as means with s.e.m. The
number of biological replicates is described in the figure legends. Pearson
correlation clustering of protein expression patterns in GBM patients was
conducted using the Multi Experiment Viewer software (version 4.8.1,
Dana-Farber Cancer Institute, Boston, MA, USA).47 For this purpose western
blot results for individual patients and proteins were quantified and
normalized against the HSC70.
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