Cell Tissue Res (2015) 362:45-60
DOI 10.1007/s00441-015-2197-5

REGULAR ARTICLE

Characterization of matrix metalloproteinase-2 and -9, ADAM-10
and N-cadherin expression in human glioblastoma multiforme

Giuseppe Musumeci' - Gaetano Magro? - Venera Cardile® - Marinella Coco” -

Rubina Marzagalli' - Paola Castrogiovanni' - Rosa Imbesi’ -

Adriana Carol Eleonora Graziano® - Fabio Barone* - Michelino Di Rosa® -

Sergio Castorina'® . Alessandro Castorina’

Received: 11 November 2014 / Accepted: 13 April 2015 /Published online: 7 May 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Glioblastoma multiforme (GBM) is the most com-
mon and aggressive malignant primary brain tumor in
humans, whose invasiveness and proliferation are associated
with poor prognosis. Matrix metalloproteinases (MMPs) and
the related family of “a disintegrin and metalloproteinase”
(ADAM) both contribute to increase cell invasion, and its
substrate N-cadherin is involved in proliferation and metasta-
tic capacities of tumor cells. However, these molecular deter-
minants of aggressiveness have not been adequately charac-
terized in GBM. In an attempt to better define these pathoge-
netic signatures, in the present study we evaluated the com-
parative expression of two main MMPs (MMP-2 and -9), as
well as of ADAM-10 and N-cadherin in surgical samples from
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patients diagnosed with WHO grade IV GBM (n=25) and in
cortical tissue specimens obtained from untreatable epileptic
patients (controls, n= &) through a series of histopathological,
immunohistochemical and biochemical tests. Our studies re-
vealed that both MMP-2 and -9 immunoreactivities (IRs) were
upregulated in 13 of 25 (52 %) and 19 of 25 (76 %) GBMs,
respectively, and the extent of the increase was highly signif-
icant with respect to controls (»p<0.001). ADAM-10 IR was
also found to be increased (p<0.001) in 16 of 25 GBM spec-
imens (64 %). Conversely, N-cadherin IR was remarkably
decreased (p<0.001) in almost the totality of tumor samples
(22 of 25, 88 %). A similar trend was also obtained at the
mRNA and protein level by gPCR and western blot analyses,
respectively. Collectively, the current study provides a com-
prehensive molecular portrayal of some of the major patho-
logical hallmarks of GBM aggressiveness, which could be
exploitable as potential targets for a new therapeutic approach.

Keywords Glioblastoma multiforme - Glial tumors - Matrix
metalloproteinase - N-cadherin - ADAM-10

Introduction

Glioblastoma multiforme (GBM) is the most common and
aggressive malignant primary brain tumor in humans, classi-
fied as grade IV in the World Health Organization (WHO)
classification of tumors of the central nervous system (CNS)
(Louis et al. 2007). The annual incidence is about 5 per 100,
000 population or 17,000 new diagnoses per year (Omuro and
DeAngelis 2013). These malignant tumors are highly inva-
sive, and easily infiltrate into the surrounding brain parenchy-
ma by taking advantage of the facilitating microenvironment
found in the close proximity of the tumor periphery (Payne
and Huang 2013). Because of the high invasiveness of these
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types of tumor, the current therapeutic approach for GBM
patients is very aggressive and consists of a combination of
surgery, radiotherapy and chemotherapy. Despite these efforts,
however, to date less than 5 % of diagnosed patients survive
more than 5 years after the initial diagnosis. One of the reasons
that contribute to such a high mortality rate of GBM patients is
that complete surgical resection of these infiltrative tumors is
virtually impossible, due to the delicate location of the tumor
and also because neoplastic cells can easily escape surgical
removal and are relatively resistant to the standard care regi-
men with radiation and chemotherapy (Drappatz et al. 2009;
Sturm et al. 2014). It is thus important to find alternative
strategies of intervention that can effectively arrest/prevent
tumor growth and increase patient life-span. Interestingly, a
large number of studies have identified that multiple media-
tors of tumor invasion are deregulated in GBM (Rich et al.
2005), suggesting that molecules involved in cell migration
may be attractive targets for treatment. Considering that part
of the process that regulates glioma cells’ infiltrative capaci-
ties in the surrounding brain tissue is dictated by proteolytic
enzymes, the timely and accurate characterization of these key
molecular determinants may provide the tools necessary to
develop more efficacious and less invasive approaches for
treatment.

Members of the matrix metalloproteinase (MMP) family
are known to be involved in the breakdown of extracellular
matrix (ECM) in normal physiological processes, such as em-
bryonic development, reproduction, and tissue remodeling, as
well as in several diseases (Nagase et al. 2006; Surgucheva
et al. 2010). In particular, MMP-2 and -9 act as important
oncogenes that improve invasiveness of cancer cells
(Giannelli et al. 1997; Egeblad and Werb 2002), thereby con-
ferring poor prognosis to tumors in which high expression
levels and activities are detected (Folgueras et al. 2004; Liu
et al. 2010b). In GBM, high levels of the active forms of both
MMP-2 and -9 have been associated with primary GBM sub-
type, but their relationship with prognosis remains to be partly
clarified, as are the molecular mechanisms that drive MMP
transcriptional regulation. In addition to MMPs, another relat-
ed family of proteinases known as “a disintegrin and
metalloproteinases” (ADAMs) is involved in ECM degrada-
tion, and in particular ADAM-10 is known to also regulate
other aspects of tumorigenesis, including cell proliferation,
adhesion, migration and metastasis, acting by initiating the
cleavage of cell surface proteins such as N-cadherin
(Huovila et al. 2005; Kohutek et al. 2009).

N-cadherin, a type I transmembrane glycoprotein that
forms adherent junctions between cells by interacting with
other cadherin molecules via its extracellular domain, is a
direct substrate of ADAM-10 (Kohutek et al. 2009). Upon
cleavage by ADAM-10, N-cadherin promotes cell migration
and metastasis (Cavallaro 2004; Qi et al. 2005). Interestingly,
in some studies, N-cadherin mRNA and protein levels have
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been directly correlated with glial tumor grade (Shinoura et al.
1995; Utsuki et al. 2002), findings corroborated by microarray
data (Asano et al. 2004). In other studies, however, investiga-
tors were not able to identify any differences in N-cadherin
protein levels between low- and high-grade gliomas or, con-
versely, their studies revealed an inverse relationship with gli-
oma grade (Asano et al. 2000). While this contrasting evi-
dence suggests the involvement of the glycoprotein in the
pathogenesis of GBM, they also imply that further studies to
better elucidate how N-cadherin expression is regulated are
still needed.

In the present study, we hypothesized that the expression
levels of two major MMPs, namely MMP-2 and -9, as well as
of ADAM-10 and of its substrate N-cadherin, could be differ-
entially expressed in GBMs in comparison to normal non-
tumoral brain tissue, and therefore we performed comparative
analyses on both tissues in an effort to provide a comprehen-
sive panel of biomarkers associated with aggressiveness that
are specifically altered in WHO grade IV GBMs. In addition,
we also assessed whether or not the mRNA expression pro-
files of other “indirect players™ associated with poor progno-
sis, including the cytokine interleukin-6 (IL-6) and the pro-
angiogenic factor vascular endothelial growth factor (VEGF),
were deregulated in GBM samples.

Materials and methods
Patients and tissue samples

Twenty-five samples of glioblastoma multiforme (GBM), di-
agnosed by magnetic resonance imaging (MRI), were collect-
ed from patients who had undergone surgery at two clinical
centers (Neurosurgery Unit, Fondazione GB Morgagni,
Catania, Italy, and Neurosurgery Unit, Cannizzaro Hospital,
Catania, Italy). All the patients underwent surgical resection
between June 2012 and May 2014. The median age of these
patients was 68 years (range 51-76). They had undergone
macroscopic total or near-total resection of tumors, as con-
firmed by postoperative MRI, and had a postoperative
Karnofsky Performance Scale (KPS) score >70. The patients
received conventional therapy consisting of maximal surgical
resection, followed by radiotherapy and/or chemotherapy. The
diagnosis of primary GBM was established on a strict mor-
phological criteria (grade IV), according to the classification
0f 2007 from the World Health Organization (WHO) (Louis
et al. 2007) with the relative code of the International
Classification of Diseases for Oncology (ICD-O 94440/3).
The glial nature of the tumors was also confirmed by immu-
nohistochemical analyses, showing a diffuse and strong cyto-
plasmic staining for GFAP (glial fibrillary acidic protein) in all
cases (data not shown). Non-tumor brain tissue samples (con-
trols, n= &) were represented by small portions of the anterior
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temporal cortex resected from another group of age-matched
patients who had undergone surgery for intractable epilepsy.
The reason why we chose brain tissue samples from epileptic
patients as “normal” controls rather than the peritumoral tis-
sues was based on preliminary evidence obtained in our lab-
oratories showing variability in the levels of MMP-9 and
stemness cell markers in tissues surrounding glioblastomas
(data not shown). Furthermore, different evidence suggested
the presence of tumor cells infiltrating the peritumoral tissue
or changes in the gene expression profile of cells surrounding
the tumor (Stevenson et al. 2008; Nowacki and Kojder 2001;
Lama et al. 2007; Sica et al. 2011) that are compatible with a
transition state defined as “precancerous state” or “quiescent
cancer cells”, which showed apparently normal morphology
(Mangiola et al. 2013). The investigation was performed fol-
lowing the approval of the institutional review board.
Informed consent was obtained from each patient, and the
research was approved by the Local Medical Ethical
Committee and conformed to the ethical guidelines of the
Declaration of Helsinki.

Histology

Samples were rinsed in phosphate-buffered saline (PBS) fixed
in 10 % buffered formalin as previously described (Martinez
et al. 2007; Castorina et al. 2013). After an overnight wash,
specimens were dehydrated in graded ethanol, cleared in xy-
lene, and paraffin-embedded, preserving their anatomical ori-
entation. Sections (4-5 um thick) were cut from paraffin
blocks using a microtome, mounted on sialinate-coated slides,
and stored at room temperature. The sections were then
stained with hematoxylin and eosin (H&E) and examined
using a Zeiss Axioplan light microscope (Carl Zeiss,
Oberkochen, Germany) for general morphological characteri-
zation and to highlight the presence or absence of structural
alterations. Finally, representative photomicrographs were
captured using a digital camera (AxioCam MRc5; Carl Zeiss).

Immunohistochemistry (IHC)

For immunohistochemical analyses, brain tissues were proc-
essed as previously described (Puzzo et al. 2014). Briefly,
slides were dewaxed in xylene, hydrated using graded etha-
nols, and incubated for 30 min in 0.3 % H,O,/methanol to
quench endogenous peroxidase activity before being rinsed
for 20 min with PBS (Bio-Optica, Milan, Italy). The sections
were heated (5 min x 3) in capped polypropylene slide-
holders in citrate buffer (10 mM citric acid, 0.05 % Tween
20, pH 6.0; Bio-Optica), using a microwave oven (750 W)
to unmask antigenic sites as previously described (Loreto
et al. 2013). The blocking step was performed before applica-
tion of the primary antibody with 5 % bovine serum albumin
(BSA; Sigma, Milan, Italy) in PBS for 1 h in a moist chamber.

BSA was used as a blocking agent to prevent non-specific
binding of the antibody to the tissue sections. Following
blocking, the sections were incubated overnight at 4 °C with
a mouse monoclonal anti-MMP-2 antibody (ab86607;
Abcam, Cambridge, UK) diluted 1:200 in PBS (Sigma), a
mouse polyclonal anti-MMP-9 antibody (ab38898; Abcam)
diluted 1:100 in PBS, a mouse monoclonal anti-N-cadherin
antibody clone 13A9 (05-915; EMD Millipore, Billerica, MA,
USA) diluted 1:400 in PBS, and a rabbit polyclonal anti-
ADAMI0 antibody (ab1997; Abcam) diluted 1:200 in PBS.
Immune complexes were then treated with a biotinylated link
antibody (HRP-conjugated anti-mouse and anti-rabbit were
used as secondary antibody) and then detected with
peroxidase-labelled streptavidin, both incubated for 10 min
at room temperature (LSAB+ System-HRP, K0690; Dako,
Glostrup, Denmark). Immunoreactivity was visualized by in-
cubating the sections for 2 min in a 0.1 % 3,3’-diaminobenzi-
dine and 0.02 % hydrogen peroxide solution (DAB substrate
Chromogen System; Dako). The sections were faintly coun-
terstained with Mayer’s hematoxylin (Histolab Products,
Goteborg, Sweden) mounted in GVA (Zymed Laboratories,
San Francisco, CA, USA) and observed under an Axioplan
Zeiss light microscope (Carl Zeiss) and then photographed
with a digital camera (AxioCam MRc5; Carl Zeiss).

Evaluation of immunohistochemistry

MMP-2, MMP-9, N-cadherin and ADAM10 staining was de-
fined as either negative or positive. Immunohistochemical
positive staining was determined by the presence of a brown
chromogen on the edge of the H&E-stained cell nucleus, dis-
tributed along the cytoplasm or in the cell membrane via eval-
uation by light microscopy as previously described
(Musumeci et al. 2013a). Intensity of staining (IS) and the
proportion of immunopositive cells (defined here as extent
score, ES) was also assessed by light microscopy. IS was
ranked on a scale ranging from 0 to 4, according to the
following criteria: no detectable staining (0); weak staining
(1); moderate staining (2); strong staining (3); and very
strong staining (4). The percentage of MMP-2, MMP-9,
N-cadherin and ADAM-10 immunopositive cells (ES)
was independently evaluated by 3 investigators (2
anatomists/morphologists and one surgical pathologist)
and was scored empirically as the mean percentage of
stained cells over 100 cells, according to the following
classification: no staining (0); 1-5 % (+); 5-50 % (++);
51-75 % (+++); and >75 % (++++). Counting was per-
formed at X200 magnification. Sections treated with PBS
without the primary antibodies served as negative controls.
Throughout our analyses, no IRs were observed in any of
the negative controls (ES=0; IS=0) that were treated with
PBS in place of the primary antibody (data not shown).
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Computerized morphometric measurements and image
analysis

Fifteen fields, randomly selected from each section, were an-
alyzed and the percentage of area stained with MMP-2, MMP-
9, N-cadherin and ADAM-10 antibodies was calculated using
an image analysis software (AxioVision Release 4.8.2, SP2
Software; Carl Zeiss Microscopy, Jena, Germany), which al-
lows the creation of macros to reliably quantify the levels of
staining intensity of immunopositive areas in a fixed field, as
described previously (Musumeci et al. 2013a). Digital photo-
micrographs were taken using the Zeiss Axioplan light micro-
scope (Carl Zeiss), using objective lens of magnification x20
(i.e. final magnification x400) equipped with a digital camera
(AxioCam MRc5; Carl Zeiss). Parameters for acquisition, in-
cluding the threshold levels to detect stained areas, were kept
constant throughout the experiments to reduce technical
biases. The formula employed to calculate the percentage of
stained area was the following: percentage of area with posi-
tive staining = (mean of above-threshold stained area per field
/ total area per field) % 100.

Quantitative real time polymerase chain reaction

Total RNA extracts obtained from non-tumor brain samples
(brain tissue specimens from patients with untreatable epilep-
sy; n=4) and resected GBM tissue samples (n=8) were isolat-
ed using 1 ml TRIzol reagent (Invitrogen) and 0.2 ml chloro-
form and precipitated with 0.5 ml isopropanol. Pellets were
then washed with 75 % ethanol and air-dried. cDNAs were
synthesized by incubating total RNA (5 pg) with SuperScript
III RNase H-reverse transcriptase (200 U/ul) (Invitrogen,
Carlsbad, CA, USA); Oligo-(dT),o primer (100 nM)
(Invitrogen); 1 mM dNTP mix (Invitrogen), dithiothreitol
(DTT, 0.1 M), recombinant RNase-inhibitor (40 U/ul) at
42 °C for 1 h in a final volume of 20 pl. The reaction was
terminated by incubation of samples at 70 °C for 10 min.
Aliquots of cDNA (100 ng) from non-tumor and GBM tumor
samples and external standards at known amounts (purified
PCR products, ranging from 10* to 10 copies) were amplified
in parallel reactions, using primer pairs indicated in Table 1.
mRNA levels of the reference gene, the S18 ribosomal protein
subunit, were measured in each amplification. Each PCR re-
action contained 0.5 uM primers, 1.6 mM MgCI>*, 1x Light
Cycler-FastStart DNA Master SYBR Green I (Roche
Diagnostic). Amplifications were performed using the Light
Cycler 1.5 instrument (Roche Diagnostic) with the following
program setting: (1) cDNA denaturation (1 cycle: 95 °C for
10 min); (2) quantification (45 cycles: 95 °C for 10 s, 60 °C for
30, 72 °C for 7 s); (3) melting curve analysis (1 cycle: 95 °C
for 0's, 65 °C for 15's, 95 °C for 0 s); and (4) cooling (1 cycle:
40 °C for 30 s). Quantification was obtained by comparing the
fluorescence emitted by PCR products at unknown
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concentration with the fluorescence emitted by external stan-
dards at known concentration. For this analysis, fluorescence
values, measured in the log-linear phase of amplification,
were estimated with the second derivative maximum method
using Light Cycler Data Analysis software. PCR product
specificity was evaluated by melting curve analysis.

To assess the different expression levels, we analyzed the
mean fold change values of each sample, calculated using the
AACt method as previously described (Castorina et al. 2011).
The Ct represents the number of cycles needed to detect a
fluorescence above a specific threshold level and is inversely
correlated to the amount of nucleic acids in the reaction. The
ACt was calculated by normalizing the mean Ct of each sam-
ple to the mean Ct of the reference gene measured in the same
experimental condition. For the quantification of each gene,
we considered the cDNA from non-tumor samples as the pos-
itive sample (calibrator sample). The AACt of each sample
was then calculated by subtracting calibrator ACt to target
sample (GBM) ACt. The formula 224" was used to calcu-
late fold changes. Baseline measurements for each calibrator
sample were set to 1.

Protein extraction procedure

Protein lysates from non-tumoral (control) and GBM tissue
samples were obtained as described previously (Castorina
et al. 2014; Giunta et al. 2014). Briefly, tissues were homog-
enized in ice-cold RIPA buffer containing 20 mM Tris (pH
7.4),2 mM EDTA, 0.5 mM EGTA; 50 mM mercaptoethanol,
0.32 mM sucrose, a protease inhibitor cocktail (Roche
Diagnostics) and a phosphatase inhibitor (PhosSTOP; Roche
Diagnostic) using a Teflon-glass homogenizer and then soni-
cated twice for 20 s using an ultrasonic probe, followed by
centrifugation at 10,000g for 10 min at 4 °C. Protein concen-
trations were determined using the Quant-iT Protein Assay Kit
(Invitrogen) and then stored at —80 °C until further analyses.

Western blot analysis

Western blot analysis was performed according to a well-
established procedure in our laboratories (Castorina et al.
2012). Briefly, solubilized proteins (40 png) were diluted in
2x Laemmli buffer (Invitrogen), heated at 70 °C for 10 min
and then separated on a Biorad Criterion XT 4-15 % Bis-tris
gel (Invitrogen) by gel electrophoresis. Thereafter, proteins
were transferred to a nitrocellulose membrane (Invitrogen).
Blots were then blocked using the Odyssey Blocking Buffer
(Li-Cor Biosciences). Effective transfer was monitored using
a prestained protein molecular weight marker (BioRad
Laboratories). Immunoblot analyses for MMP-2, MMP-9,
N-cadherin and ADAM-10 were performed employing the
same antibodies used for immunohistochemical studies, but
diluted as follows: anti-MMP-2 (1:1000), anti-MMP-9
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Table 1

Forward and reverse primers were selected from the 5" and 3’ region of each gene mRNA

Gene (ref. seq.) Primers Location Tm (°C)  Length (bp)
of primers
Homo sapiens interleukin 6 (IL6) (NM_000600.3) 5'-CCCCTGACCCAACCACAAAT-3' 613 60.18 139
3-ATTTGCCGAAGAGCCCTCAG-5' 751 60.39
Homo sapiens vascular endothelial growth factor (VEGF)  5-CTGGAGCGTGTACGTTGGT-3’ 1524 60.01 149
(NM_001025366.2) 3'-GCGAGTCTGTGTTTTTGCAGG-5' 1672 60.60
Homo sapiens matrix metallopeptidase 9 (MMP-9) 5-CCTGGGCAGATTCCAAACCT-3' 328 59.96 116
(NM_004994.2) 3-CAAAGGCGTCGTCAATCACC-5' 443 59.83
Homo sapiens matrix metallopeptidase 2 (MMP-2) 5'-CCGTCGCCCATCATCAAGTT-3’ 402 60.74 114
(NM_004530.5) 3-AAACAGGTTGCAGCTCTCCT-5' 515 59.52
Homo sapiens cadherin 2, type 1, N-cadherin 5-ATGTGCCGGATAGCGGGA-3' 460 60.84 147
(NM_001792.3) 3-CACATCCTTCGATAAGACTGCAC-5" 606 59.45
Homo sapiens ADAM metallopeptidase domain 10 5'-ATGTGCCGGATAGCGGGA-3' 1218 59.45 100
(ADAM10) (NM_001110.3) 3-CACATCCTTCGATAAGACTGCAC-5" 1317 60.03
Homo sapiens ribosomal protein subunit 18 (S18) 5'-GAGGATGAGGTGGAACGTGT-3' 226 59.97 115
(NM_022551.2) 3-GGACCTGGCTGTATTTTCCA-5' 340 59.93

The expected length of each PCR amplification product is indicated in the right column

(1:500), N-cadherin (1:2000) and ADAM-10 (1:1000). A rab-
bit anti-3-tubulin antibody (H-235, cat. no. sc-9104, 1:500;
Santa Cruz Biotechnologies) was used as loading control. To
detect phosphorylated forms of JAK2 and STAT3, we used a
rabbit anti-phospho JAK?2 antibody (Tyr1007/1008 residue)
(cat. no. #3771, 1:1000; Cell Signaling) and a rabbit anti-
phospho STAT3 antibody (Tyr705 residue) (D3A7 XP", cat
no. 4093, 1:2000; Cell Signaling), respectively. Related total
unphosphorylated proteins were detected using: a rabbit anti-
total JAK2 (ab108596, 1:1000; Abcam) and anti-total STAT3
antibody (ab119352, 1:3000; Abcam), respectively.

Secondary antibodies were used at a dilution of 1:20,000
and 1:30,000: the goat anti-rabbit IRDye 800CW, (cat. no.
926-32211; Li-Cor Biosciences) and the goat anti-mouse
IRDye 680CW (cat. no. 926-68020D; Li-Cor Biosciences),
respectively. Blots were scanned using an Li-Cor Odyssey
Infrared Imaging System (Li-Cor Biosciences).
Densitometric analyses of bands were performed at non-
saturating exposures using ImageJ software (NIH, Bethesda,
MD, USA; available at http://rsb.info.nih.gov/ij/index.html).
Values of non-phosphorylated proteins were normalized to f3-
tubulin, which served as loading control, whereas values from
phosphorylated proteins were normalized to their respective
total protein levels.

Zymography of matrix metalloproteinase-9 (MMP-9)
activity

Control and GBM ECM/tissue from healthy and diseased pa-
tients (n=4 x group) were collected with 1 % Triton X-100 in
PBS buffer. The activity of matrix metalloproteinase-9
(MMP-9) was then determined by zymographic analysis using
a procedure recently established in our laboratories (Castorina

et al. 2015). Equal amounts of protein were loaded onto 12 %
polyacrylamide gel containing 1 mg/ml gelatin. After electro-
phoresis, enzyme reaction was initiated by incubating the gel
in 0.1 M glycine-NaOH (pH 8.3) at 37 °C for 18 h, and lytic
areas were identified after staining of the gel with a solution
containing 30 % methanol, 10 % glacial acetic acid, and 0.5 %
Coomassie blue G250. Gels were then destained in the same
solution in the absence of the dye and scanned with a Li-Cor
Odyssey Imaging system. Images were assessed semiquanti-
tatively using ImageJ software. Gels that did not contain gel-
atin were also run and failed to produce lytic areas correspond-
ing to pro- and active MMP-9 (data not shown). Bands were
identified based on their relative molecular weight. In parallel
experiments, equal amounts of the same proteins (40 pg) were
separated under denaturing conditions and blotted against a [3-
tubulin antibody, which was used to determine even sample
loading.

Statistical analysis

Statistical analyses were performed using SPSS software
(SPSS® release 16.0; Chicago, IL, USA). The Pearson corre-
lation matrix and linear regression analyses were computed
using GraphPad Prism v.5.03 for Windows; GraphPad
Software, San Diego, CA, USA, www.graphpad.com.
Datasets were tested for normal distribution with the
Kolmogorov—Smirnov test. All variables were normally
distributed. Comparisons between Control and GBM group
means were performed using the upaired two-tailed
Student’s ¢ test. P values of less than 0.05 were considered
statistically significant. All data are presented as the mean +
SEM. Cohen’s kappa was applied to measure the agreement
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between the three observers and averaged to evaluate overall
agreement as previously described (Musumeci et al. 2013b).

Results
Histological findings

Histological examination (H&E staining) revealed no patho-
logical changes in brain tissue samples from intractable epi-
leptic patients (here used as controls) (Fig. 1a).

Conversely, GBMs were composed of highly atypical glial
cells, variable in size and shape (from polygonal to spindle-
shaped cells), set in a fine fibrillary background (Fig. 1b).
Notably numerous mitoses, including atypical mitoses, were
observed. Characteristically, in some tumor areas, neoplastic
cells tended to aggregate around necrotic foci, with configu-
ration of the so-called “palisading necrosis” (Fig. 1b). In ad-
dition, a diffuse neoangiogenesis, mainly in the form of
glomeruloid microvascular hyperplasia, was identified.
Based on these histopathological features, diagnosis of

Fig. 1 Histological findings. a Representative hematoxylin & eosin
(H&E)-stained tissue section showing normal morphology in brain tissue
biopsies obtained from intractable epileptic patients (Control).
Magnification x40; scale bar 50 um. b Representative H&E-stained tissue
section (viewed at lower magnification) showing the characteristic histo-
logical features of glioblastoma multiforme (GBM): malignant cells with
high nuclear grade pleomorphism are seen around necrotic foci (palisading
necrosis). Magnification x10; scale bar 200 um
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GBM, World Health Organization (WHO) grade IV, was ren-
dered. As mentioned in “Materials and Methods™, the glial
nature of each tumor was immunohistochemically confirmed
by immunostaining of neoplastic cells with GFAP antibodies.

Immunohistochemical analyses

To assess whether a differential expression of MMP-2, MMP-9,
N-cadherin and ADAM-10 immunoreactivities (IR) does exist
between non-tumoral brain tissues (controls) and GBM tumors,
immunohistochemical analyses, using specific antibodies
followed by computer-aided image quantifications, were car-
ried out. In this regard, we were able to detect significant dif-
ferences in terms of staining extension and intensity between
healthy (control) and GBM tissues. Specifically, no MMP-2
staining (IS=0; ES=0) was found in control specimens
(Fig. 2a, a”), whereas a strong and diffuse (>75 % of neoplastic
cells) MMP-2 IR (IS=4; ES = ++++) was observed in GBM
specimens (Fig. 2b, b”). Image quantification confirmed such
significant increase in the percentage of area with MMP-2 IR in
GBM (77.42+7.50 %) with respect to controls (0.82+0.41 %)
(t3=10.19; ***p<0.001 vs. control; unpaired Student’s # test).

MMP-9 IR was focally and weakly detected in both isolat-
ed neurons and glial cells (IS=1; ES = +) in control specimens
(Fig. 2c, ¢’), while it was strongly and diffusely obtained in
GBM specimens (IS=4; ES = ++++) (Fig. 2d, d’). Inter-
observer agreement, measured as Kappa coefficient for both
MMP-2 and -9, was 0.96 (almost perfect). The percentage of
area with MMP-9 IR was 4.394+1.47 % in controls versus
80.21+£7.01 % in GBM samples (g=10.58; ***p<0.001 vs.
control), consistent with the observational appraisals.

Regarding the expression of N-cadherin, weak to moderate
staining was observed in the control specimens analyzed,
where glial positive cells appeared homogenously distributed
(IS=2; ES =++) (Fig. 3a, a’). This finding, in line with results
obtained by image quantification, showed that the percentage
of area N-cadherin™ was about 48.45+3.84 %, indicative of
constitutive expression. By contrast, focal weak or absent N-
cadherin staining (IS=1; ES = +) was seen in GBM speci-
mens, where apparently none or only a few cells seemed
immunopositive (Fig. 3b, b’). Consistently, quantification
demonstrated that only 4.65+1.91 % of the area was positive
for N-cadherin in GBM, being significantly reduced in com-
parison to controls (£5=10.21; ***p<0.001 vs. control). The
difference between ADAM-10 staining scores in controls
(IS=1; ES = +) and GBM specimens (IS=4; ES = ++++)
was found to be the most remarkable (Fig. 3c, c¢’, d, d’).
Indeed, unpaired two-tailed Student’s ¢ test revealed a highly
significant difference when comparing the two tissue types
(control vs. tumoral; 7g=14.68; ***p<0.001), with a % of
ADAM-10" area of 3.70+0.87 % in control tissues and
85.38+5.39 % in GBM samples, suggesting that ADAM-10
expression is dramatically induced in GBM.



Cell Tissue Res (2015) 362:45-60

51

7R
.« Control |z !
o

i hpl .

STk 3
2 W)
A )cf o

4 3?%
B

Fig. 2 Immunohistochemical analyses showing the differential
expression of MMP-2 and MMP-9 in Control vs. GBM tissue samples.
a Representative photomicrograph showing the absence of MMP-2 stain-
ing (IS=0; ES=0) in control specimens, where no cells appeared to be
immunostained. b Representative photomicrograph showing very strong
MMP-2 staining (IS=4; ES = ++++) in GBM tissue. a’, b> Insets of (a, b)
showing stained control and GBM tissue at higher magnification. ¢ Rep-
resentative photomicrograph showing focal and weak MMP-9 staining
(IS=0; ES=0) in control specimens. d Representative photomicrograph
showing very strong MMP-9 staining (IS=4; ES = ++++) in GBM tissue.
¢’, d’ Insets of (¢, d) showing stained control and GBM tissue at higher
magnification. Magnification x20; scale bar 100 pm. Magnification in

Tissues incubated with PBS in place of the primary anti-
body were used as negative controls (data not shown) and
thoroughly failed to produce immunoreactivity signals (ES=
0; IS=0). Inter-observer agreement for N-cadherin and
ADAM-10 scorings, measured as Kappa coefficient, was
0.92 (almost perfect).

Correlation among MMP-2, MMP-9, N-cadherin
and ADAM-10 immunoreactivities in GBM tissues

Having established that the immunoreactivities of these
potential markers of aggressiveness were significantly al-
tered in GBM versus control tissues, we opted to further
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MMP-9 positive staining

GBM
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insets x100; scale bar 30 um. b”, d” Representative bar graphs showing
the mean (%) of MMP-2 (b”) and MMP-9 (d”) stained areas over the
mean total field area + SEM in control and GBM tissue samples, mea-
sured using an image analysis software (AxioVision Release 4.8.2, SP2
Software; Carl Zeiss Microscopy, Jena, Germany) according to the pro-
cedures detailed in “Materials and Methods”. Each data point was calcu-
lated by analyzing the % of stained area in three randomly selected fields
from the same tissue section. Afterwards, the same procedure was repeat-
ed in four other sections taken from distinct biological samples in controls
and GBM (n=5 per group) to produce the reported mean values.
**%p<0.001 vs. Control, as determined using the unpaired two-tailed
Student’s 7 test

investigate whether and the extent at which each of these
molecules correlated with each other. To this aim, the
percentage of staining for MMP-2, MMP-9, N-cadherin
and ADAM-10 from each GBM sample (n=25) was ana-
lyzed using GraphPad Prism software, which was used to
compute a Pearson correlation matrix. Through these
analyses, we identified three positive and three negative
correlations, although none of the latter reached statistical
significance (please refer to the supplementary Table S1).
To highlight results from each direct comparison, pairwise
IHC values are depicted in scatter plots showing the cor-
relation line (Fig. 4a—f). We found that MMP-2 and
MMP-9 were highly correlated with each other in GBM
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Fig. 3 Immunohistochemical analyses showing the differential
expression of N-cadherin and ADAM-10 in Control vs. GBM tissue
samples. a Representative photomicrograph showing moderate N-
cadherin staining (IS=2; ES = ++) in control specimens, mostly in glial
cells. b Representative photomicrograph showing a notable reduction of
N-cadherin staining (IS=1; ES = +) in GBM tissue samples. a’, b> Insets
of (a, b) showing stained control and GBM tissue at higher magnification.
¢ Representative photomicrograph showing focal and very weak ADAM-
10 staining (IS=1; ES = +) in control specimens with respect to the very
strong MMP-9 staining (IS=4; ES = ++++) observed in GBM tissue

samples (Fig. 4a; r=0.843, p<0.0001). Unexpectedly, we
also detected a good correlation level between both MMP-
2 and ADAM-10 and MMP-9 with ADAM-10 (Fig. 4b, c,
r=0.633 and 0.587, p<0.0007 and p<0.002, respective-
ly), suggesting that, despite these proteolytic enzymes in-
volved in ECM degradation belonging to different fami-
lies, a positive association among these molecules could
also relate to the degree of invasiveness in GBMs. An
inverse correlation was found between MMP-9 and N-
cadherin, but the association was weak and not statistical-
ly relevant (Fig. 4d, r=—0.368, p=0.07). Finally, two fur-
ther weak associations were identified: ADAM-10 and N-
cadherin (Fig. 4e, r=—0.334, p=0.1022) and MMP2 and
N-cadherin (Fig. 4f, =—0.233, p=0.2618), none of which
were statistically significant.
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samples (d). ¢’, d’ Insets of (¢, d) showing stained control and GBM
tissue at higher magnification. Magnification x20; scale bar 100 pm.
Magnification in insets x100; scale bar 30 um. b”, d” Representative
bar graphs showing the mean (%) of N-cadherin (b”) and ADAM-10
(d”) stained areas over the mean total field area = SEM in control and
GBM tissue samples, measured using image analysis software (AxioVi-
sion Release 4.8.2) according to the procedures detailed in “Materials and
Methods”. Each data point and mean values were obtained as described
in caption to Fig. 2. ¥***p<0.001 vs. control, as determined using the
unpaired two-tailed Student’s ¢ test

Interleukin-6 (IL-6), vascular endothelial growth factor
(VEGF), MMP-2, MMP-9, N-cadherin and ADAM-10
transcript levels in GBM tissues

In order to investigate whether or not transcript levels of the
previously detected pathological markers were also differen-
tially regulated in GBM compared to healthy tissues, we per-
formed a series of real-time quantitative PCR analyses using
cDNA templates obtained from controls (n=4) and GBMs
(n=8). Additionally, we tested whether the constitutive
mRNA expression of IL-6, a cytokine involved in glioblasto-
ma tumor growth and survival (Liu et al. 2010a), and of
VEGF, a growth factor known to take part in tumor angiogen-
esis whose expression has been correlated with MMP levels
(Munaut et al. 2003; Edwards et al. 2008), were also affected.
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Fig. 4 Correlation among MMP-2, MMP-9, N-cadherin and ADAM-10
immunoreactivities in GBM tissues. Scatter plots and correlation lines of
IHC results were computed to show the correlation level among the
indicated biomarkers of GBM aggressiveness. The percentage of staining

Our data showed that IL-6 mRNA levels were about 2.80-fold
that of controls in GBM tissues (#,=3.233; *p<0.05 vs. con-
trol; Unpaired two-tailed Student’s ¢ test) (Fig. 5a). The extent
of the increase was even higher when comparing the relative
mRNA expression of VEGF between controls and GBM —
13.43-fold (#4,=6.228; **p<0.01 vs. control) (Fig. 5b). In line
with IHC data, MMP-2 transcript levels were also upregulated
in GBM (12.18-fold; #,=4.838; **p<0.01 vs. control), and so

(%) of ADAM-10 staining

(%) of ADAM-10 staining

for MMP-2, MMP-9, N-cadherin and ADAM-10 from each GBM sample
(n=25) was analyzed using GraphPad Prism software, which was used to
compute a Pearson correlation matrix (shown in Table S1), followed by
pairwise correlation comparisons (a—f)

was MMP-9, although to a greater extent (14.64-fold;t,=
4.839; **p<0.01 vs. control) (Fig. 5c, d). Surprisingly, N-
cadherin mRNA expression did not show significant changes
between control and GBM tissues (#,=0.434; p>0.05, not
significant) (Fig. 5e), signifying that altered protein expression
may be the result of post-transcriptional processing rather than
the consequence of a deregulated transcription. As expected,
ADAM-10 mRNA levels were strikingly increased in GBM
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Fig. 5 Interleukin-6 (IL-6), vascular endothelial growth factor (VEGF),
MMP-2, MMP-9, N-cadherin and ADAM-10 mRNA expression in Con-
trol vs. GBM tissue samples. Differential expression of transcripts
encoding for the indicated genes in non-tumor brain tissue biopsies (Con-
trol, n=4) and in GBM tissue samples (n=8) was determined by quanti-
tative real time PCR analyses (a—f). Amplifications were performed using
selected primers optimized for qPCR analyses (<150 bp length) and rec-
ognizing fragments within the coding sequence of the gene of interest (for

details, refer to Table 1). Results are presented as mean fold changes with
respect to Control + SEM. Fold changes of each gene were obtained after
normalization to the endogenous ribosomal protein S18 (reference gene)
and then calculated using the comparative AACt method. Baseline ex-
pression levels of the control groups (Control) were set to 1. Bar graphs
show the mean results from at least three independent determinations. 7.s.
= not significant. *p<0.05, **p<0.01, ***p<0.001 vs. Control, as deter-
mined using the unpaired two-tailed Student’s ¢ test
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samples, reaching levels about 5.31-fold higher than in
healthy brain tissues (#4=11.64; ***p<0.001 vs. control)

(Fig. 5%).

MMP-2, MMP-9, N-cadherin and ADAM-10 protein
expression in GBM tissues

To further complement results obtained by IHC and
mRNA studies, we performed additional western blot ex-
periments using specific primary antibodies on three dis-
tinct biological samples per group from either controls or
GBM (n=3). Representative blots are shown in Fig. 6a.
As depicted in the different bar graphs (Fig. 6b—e), den-
sitometric analyses of bands showed high correspondence
with results obtained through mRNA and IHC studies. In
more detail, the overall MMP-2 protein expression was
significantly increased in GBM tissues as compared to
controls (#4,=5.091, **p<0.01 vs. Control, unpaired
Student’s ¢ test) (Fig. 6b). Similarly, MMP-9 expression
was also significantly increased in tumor specimens (#4=
4.853, **p<0.01 vs. Control) (Fig. 6¢). N-cadherin levels
were found to be substantially downregulated in GBM

samples (z,=2.864, *p<0.05 vs. Control) (Fig. 6d), al-
though not to the same extent as obtained by IHC studies
(***p<0.001; Fig. 3a, b). Immunoblots using an ADAM-
10 antibody identified two distinct bands, one with a mo-
lecular weight corresponding to the precursor of ADAM-
10 (namely proADAM-10, 80-85 kDa) and the other cor-
responding to the mature form (namely mADAM-10, 65—
70 kDa). Since both the pro- and mADAM-10 forms
seemed to be regulated in a similar manner between con-
trol and GBM tissues, densitometry was calculated con-
sidering both bands as a whole. The differences observed
in ADAM-10 expression between non-neoplastic and
GBM samples clearly showed a significant increase in
tumor tissue samples (#,=4.752, **p<0.01 vs. Control)
(Fig. 6¢).

Identification of a persistently activated JAK2/STAT3
signaling pathway in GBM tissue samples

Signal transducer and activator of transcription 3 (STAT3)
represents a point of convergence for multiple oncogenic
signaling cascades, since it acts as a potent regulator of

Fig. 6 MMP-2, MMP-9, N- a
cadherin and ADAM-10 protein Control GBM
expression in Control vs. GBM , A | f A \
tissue samples. Representative KDa 2 3 a 5 6
immunoblots (a) and densitomet-
ric analyses (b—e) showing the 75 - . MMP-2
differential protein expression of - - . - .
MMP-2, MMP-9, N-cadherin and
ADAM-10 between non-tumoral
and GBM samples. Protein ex- 90 —_. - - .. . MMP-9
tracts (40 pg) obtained from three
separate controls and three GBM
samples (n=3 per group) were .
separ;ated by SI]))S—%’AGI;E and 130- —_—-— L ' N-cadherin
transferred to nitrocellulose
membranes. Thereafter, mem- 244 € proADAM10
branes were incubated using ap- 65 - 8 ' = - - < mADAM10
propriate antibodies (listed in
“Materials and Methods”) and
blots were scanned with Odyssey
Infrared Imaging System. Densi- 50 m B-tubulin
tometric analyses were then per-
formed using the ImagelJ software
and values obtained were nor-
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gliomagenesis, able to trigger angiogenesis, host immuno-
suppression, and tumor invasion (recently reviewed by
Kim et al. 2014). A major upstream activator of STAT3 is

known to be the Janus kinase 2 (JAK2), which phosphor-
ylates specific residues on STAT3 to trigger its transcrip-

tional activity (Iwamaru et al. 2007). Therefore, in the light

of current advances showing that STAT3 directly up-
regulates the expression of several matrix metalloprotein-
ases, including MMP-2 and MMP-9 (Huang 2007), we
thought it was of interest to also investigate the constitutive
activity/phosphorylation state of the JAK2/STAT3 axis.
Activation state was measured as the amount of phosphor-
ylated substrate over its total non-phosphorylated protein
levels. Western blot analyses (Fig. 7a, b) followed by den-
sitometric measurements (Fig. 7a’ b’) revealed a persistent-
ly heightened expression of both phospho-JAK2™"1007
(24=5.945, **p<0.01 vs. Control, unpaired Student’s ¢ test)
and phospho-STAT3 ™% (£,=3.87, *p<0.05 vs. Control)
in GBM samples, identifying a potential mechanism re-
sponsible for the transcriptional regulation of metallopro-
teinase expression.
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Fig. 7 Persistent activation/phosphorylation of JAK2™"'%7 and
STAT3™7% in GBM tissue samples. Representative immunoblots (a,
b) and densitometric analyses (a’, b’) showing the phosphorylation/
activation state of the upstream kinase JAK2 and of its main target, the
transcription factor STAT3, in Control (n=3) and GBM samples (n=3),
using protein lysates (40 pg) obtained as described in “Materials and
Methods”. Persistent activation of the JAK2/STAT3 axis was established
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MMP-9 activity is constitutively heightened in tissue
samples from primary GBM

Primary and secondary GBMs have distinct clinical and mo-
lecular features. Indeed, primary GBMs are de novo high
grade tumors that exhibit aberrant activation of growth factor
signalling (Smith et al. 2001), whereas secondary GBMs are
usually defined so when they arise as the result of malignant
progression of lower grade gliomas (Watanabe et al. 1996). In
agreement with previous studies, which have identified MMP-
9 activation and not the merely increased expression as a sig-
nature to distinguish these two types of GBM (Choe et al.
2002), we strived to provide a direct molecular evidence of
the primary nature of the tested tumors beside the histological
appraisal reported above. Using gelatin zymography as a
means to assess MMP-9 proteolytic activity, we found two
distinct lytic bands of different molecular weight in both con-
trol and GBM tissues (Fig. 8a), which were subsequently
identified as the proteolytically inactive (pro-MMP-9, higher
MW, about 97 kDa) and active forms (lower MW, 88—
90 kDa). Densitometric analyses of the zymograms showed
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by measuring the relative band intensities of phosphorylated proteins at
the indicated phospho-sites, which were then normalized to the corre-
sponding densitometric values from unphosphorylated/total protein,
which also served as loading controls. Each plotted result represents the
mean + SEM from three separate experiments. *p<0.05, **p<0.01 vs.
Control, as assessed using the unpaired two-tailed Student z-test
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Fig. 8 Zymographic assessment of MMP-9 activity in Control vs.
GBM tissue samples. Representative zymogram (a) and related den-
sitometric analyses showing the relative levels of the proteolytically
inactive (b) and active form of MMP-9 (¢) in non-tumor (Control, n=
2) and glioblastoma multiforme (GBM, n=2) samples. MMP-9 ac-
tivity was determined by zymography as detailed in “Materials and
Methods”. The representative picture shows two distinct lytic areas
(white bands) on a Coomassie-stained gel (blue background) that
correspond to the predicted molecular weight for the inactive precur-
sor of MMP-9 (pro-MMP-9, ~97 kDa) and the active enzyme (active-
MMP-9, 88-90 kDa). To ensure even protein loading in zymograms,
equal amounts of the corresponding denatured protein samples were
incubated with 3-tubulin and blotted by western blot (a, lower blot).
The resulting band densities were measured and used to normalize
lytic band intensities in zymograms. The whisker plots indicate the
relative amount of pro-MMP9 in each tissue (b) as well as the activity
state of MMP-9 (c¢), indicated as the normalized mean values + SEM
obtained from at least three separate determinations, measured using
the ImagelJ software. **p<0.01 vs. Control; unpaired two-tailed Stu-
dent’s # test

a remarkable increase in the intensity of both the pro-MMP-9
lytic bands (£4,=6.673, **p<0.01 vs. Control, unpaired
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Student’s ¢ test; Fig. 8b) and the active MMP-9 bands in
GBM tissues when compared to controls (£,=6.002,
**p<0.01 vs. Control; Fig. 8c), in line with Choe and co-
workers studies and our histopathological determinations. In
these experiments, even protein loading in zymograms was
established by blotting equal amounts of the corresponding
denatured samples with (3-tubulin by western blot (Fig. 8a,
lower blot) and then by normalizing lytic band intensities over
[3-tubulin values in the corresponding tissue types.

Discussion

One of the main reasons why, especially in the last decade,
continuous efforts have been made to identify new therapeutic
strategies to defeat GBM relies on the fact that these types of
tumors are resistant to currently available treatment options
and their growth causes devastating effects to affected pa-
tients. It should be considered that, despite the efforts, median
life expectancy has been estimated to be around 14—15 months
after the initial diagnosis of GBM (Stupp et al. 2006; Signore
etal. 2014). Therefore, there is a real need to find a valid cure.
However, a step ahead in this process is the timely and accu-
rate characterization of potential molecular targets that are
aberrantly regulated in these glial-derived cancers as well as
the ability to establish whether the tumor is of primary origin
or whether it arises from a previously unidentified lower grade
glioma (secondary GBM), especially important for the choice
of the appropriate therapeutical approach.

The present study was devoted to offer a contribution
in both directions by providing a portrayal of several dis-
tinct molecular targets that have been previously associat-
ed with aggressiveness, invasiveness, tumor growth and
vascularization as well as metastatic properties of GBM.
For the purpose, we carried out comparative histological
and biochemical analyses on 25 GBM tissue samples and
in 8 brain biopsies from patients with untreatable epilepsy,
which were used as non-tumoral controls. After establish-
ing the histological diagnosis of GBM, we performed a
battery of biochemical evaluations to establish whether
the distribution pattern, mRNA and protein expression
of MMP-2, MMP-9, ADAM-10 and N-cadherin, but also
of IL-6 and VEGF (at the transcript level) were effectively
altered in GBM tissues in comparison to non-tumor con-
trols. Lastly, we strived to identify the predominant cell
types that characterize these malignant tumors.
Immunohistochemical (IHC) analyses, in strict conver-
gence with mRNA and protein expression experiments,
reported that both MMP-2 and MMP-9 transcripts and
proteins were strikingly augmented in GBM versus con-
trols (Figs. 2, 4, 5). Such evidence led us to further inves-
tigate MMP-9 proteolytic activity, since it has been cor-
related with primary GBM subtype derivation (Choe et al.
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Table 2  Gene expression data of MMP-9, MMP-2, N-cadherin and ADAM-10 in GBM and other metastatic tumors

Gene Expression levels References

MMP-9 T (1), 1(12), 1(17) Liu et al. 2010a; Munaut et al. 2003; Nagase et al. 2006

MMP-2 1(6), 1(7), 1(8), 1(9), 1(12), =(17), 1(19) Rahme and Israel 2014; Mayes et al. 2006; Huang et al. 2014; Munaut et al.
2003; Nagase et al. 2006; Giannelli et al. 1997

N-cadherin (D), =(2), 1(3), L(4), L(5), 1(13), [(10), 1(14), Asano et al. 2004; Cavallaro 2004; Jiang et al. 2007; Velpula et al. 2012;

1(15), 1(20) Péglion and Etienne-Manneville 2012; Kohutek et al. 2009; Qi et al. 2005;

Shinoura et al. 1995; Utsuki et al. 2002; Hazan et al. 2000

ADAM-10 1(10), =(16), 1(18) Kohutek et al. 2009; Omuro and DeAngelis 2013; Huovila et al. 2005

Literature research was carried out using Pubmed to retrieve gene expression data concerning the indicated markers
in GBM tumors, high-grade gliomas and other neoplastic formations endowed with metastatic properties

2002). Indeed, in that study, Choe and coworkers defined
a neat difference between primary and secondary GBM, in
that the former is a de novo neoplastic formation whereas
the latter arises from the malignant progression of a lower
grade glioma. Further, the authors indicate a high occur-
rence of epidermal growth factor (EGF) receptor amplifi-
cation, which may lead to increased MMP-9 activation.
Interestingly, similar data have been reported previously
by Watanabe et al. (1996), where the researchers also
identified p53 mutations as a potential signature of sec-
ondary GBM origin, hence supporting the idea that over-
expression of the EGF receptor and mutations of the p53
tumor suppressor gene are mutually exclusive events de-
fining two different genetic pathways in the evolution of
glioblastoma as the common phenotypic endpoint. Our
zymographic analyses confirmed that metalloproteinase
activity, in agreement with expression levels, was also
significantly higher in GBM in comparison to control bi-
opsies (Fig. 8). However, it should be mentioned, as ele-
gantly reviewed by Urbanska et al. (2014), that the mere
genetic typing of tumors may not be sufficient to establish
GBM tumor origin. In fact, more subtypes of glioblasto-
mas may exist with intermediate clinical and genetic pro-
files, a factor that has been exemplified by the giant-cell
glioblastoma, that clinically and genetically occupies a
hybrid position between primary (de novo) and secondary
glioblastomas. In previous reports, inhibition of the JAK?2/
STAT3 signaling pathway has been reported to drive re-
duced invasive potential of glioblastoma cells (Senft et al.
2011), proposing it as a key transduction mechanism to
control cancer cell motility in GBM. In the light of these
data, we tried to perform more in depth investigations by
also assessing whether or not the heightened MMP-2 and
-9 levels were, at least in part, due to a deregulated up-
stream JAK2/STAT3 signaling. We found that GBM tis-
sue displayed persistent activation of this signaling cas-
cade, as indicated by the heightened phosphorylation state
of both the kinase JAK2 and the transcription factor
STAT3 (Fig. 7), which might be responsible for the

increased proteolytic activity of the tumor. However, con-
sidering the existence of other possible factors that could
contribute to the activation of STAT3, we also analyzed
the mRNA levels of another known upstream activator of
STAT3, namely the cytokine interleukin-6 (IL-6)
(Goswami et al. 1998; Liu et al. 2010a), and of a substrate
directly regulated by STAT3 transcriptional activity,
VEGF, a pro-angiogenic factor also known to directly
correlate with MMP activities in human glioblastomas
(Munaut et al. 2003). Interestingly, we found that tran-
script levels for both molecules were substantially in-
creased in GBM specimens versus controls (Fig. 5), im-
plying that multiple factors besides JAK2 might contrib-
ute to determine persistent STAT3 activation and, in turn,
cause abnormal downstream signaling events to drive,
among others, tumor angiogenesis through the increased
VEGEF expression.

Although MMPs are notoriously known for their potential
to increase tumor invasiveness, other emerging targets
endowed with similar properties in GBM are still arising.
Among these, members of the “a disintegrin and
metalloproteinase” have been demonstrated to be critical in
increasing GBM infiltrative capacities, especially ADAM-10,
that acts as a cleaving enzyme on the cell-adhesion molecule
N-cadherin to favour tumor cells mobility (Kohutek et al.
2009). With this in mind, we sought to examine ADAM-10
and N-cadherin expression in our GBM biopsies samples and
compared the expression to that of controls. Results showed
that ADAM-10 protein expression was up-regulated whereas
N-cadherin expression was down-regulated in tumor samples
(Fig. 3, 6). However, at the mRNA level, N-cadherin tran-
scripts were only marginally decreased, and never reached
statistical significance (Fig. 5e). Such a discrepancy between
transcript and protein levels could not be explained in terms of
transcriptional activity, but suggested that post-transcriptional
or most likely post-translational modifications might occur
during GBM tumorigenesis. This idea was further corroborat-
ed by the study conducted by Kohutek et al. (2009), showing
that, upon cleavage by ADAM-10, a sizeable pool of N-
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cadherin forms protein products that may or may not be rec-
ognized by commonly available antibodies, while the intact
uncleaved portion is easily detectable and quantifiable.
Therefore, in our opinion, the reason why in our study we
obtained decreased protein but not mRNA levels suggests that
the antibody employed recognizes the intact protein and not
the cleaved fragment/s, implicitly suggesting that transcript
measurements are the most reliable assessment of N-
cadherin in this study. Therefore, the current findings, in
agreement with Koutek’s evidence, identify a limit in the im-
munoblot procedure as a mean to efficaciously assess the ex-
pression of this adhesion protein, hence suggesting the use of
a panel of selected antibodies recognizing several different
epitopes to properly assess how the protein is functionally
regulated in GBM and/or in other tumor types.

Although the sample population used in this study was
limited because of the difficulties associated with the retrieval
of biopsy samples (two distinct centers were involved), we
still succeeded in providing a comprehensive histological
and molecular portrayal of important markers of glioblastoma
aggressiveness through comparative assessments between hu-
man GBM versus control brain tissue samples. Our findings
appear to be consistent with literature data, although the in-
volvement of N-cadherin in GBM tumor invasion has still not
reached unanimous consensus (Table 2). In addition, unifying
studies addressing how MMP-2, MMP-9, N-cadherin and
ADAM-10 are regulated in such a high-grade malignancy
are currently missing. In light of the continuous scientific
commitment to further the current knowledge of the pathoge-
netic mechanisms lying behind this devastating disease, the
present study offers a further support by indicating potential
targets that could be used to aid in the development of new
therapies against GBM.
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