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Abstract Peritumoral infiltration is characteristic of astrocy-
tomas even in low-grade tumors. Tumor cells migrate to
neighbouring tissue and cause recurrence. The extracellular
matrix (ECM) plays a role in tumor invasion; expression
levels of its components’ have been linked to tumor invasion.
This study determines themRNA and protein expression of 20
invasion-related ECM components by examining non-tumor
brain; grade I-II-III astrocytoma and glioblastoma samples.
Expression levels were measured by QRT-PCR and mass-
spectroscopy. The connection between the expression pattern
and tumor grade is statistically analyzed. During the analysis
of data, key molecules (brevican, cadherin-12, fibronectin and
integrin-β1) correlating the most with tumor grade were se-
lected. While the mRNA level of brevican, ErbB2, fibronec-
tin, integrin-β1 and versican discriminates low-grade from
high-grade gliomas, of proteins RHAMM, integrin-α1 and
MMP2 seems important. The expression pattern was found
to be distinctive for tumor grade, as statistical classifiers are

capable of identifying an unknown sample’s grade using
them. Furthermore, normal brain and glioma expression pat-
terns, along with low-grade astrocytoma and glioblastoma
samples, differ the most. Determining the invasion-related
molecules’ expression profile provides extra information re-
garding the tumor’s clinical behavior. Additionally, identify-
ing molecules playing a key role in glioma invasion could
uncover potential therapeutic targets in the future.
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Introduction

Gliomas are the most common primary malignant brain tu-
mors and originate from glial cells. They comprise approxi-
mately 80% of all malignant brain tumors [1]. Of all gliomas,
75% are astrocytomas, making them the most common type
[2]. Current glioma classification, which defines treatment, is
based on the level of malignancy and the cytological features
seen on routinely stained hematoxylin and eosin histological
slides [3]. An astrocytoma’s clinical behavior and evaluation,
however, is not necessarily identical to its histopathological
classification used for the WHO classification [3]. Even
thoughWHO grade II astrocytomas are histologically benign,
their clinical behavior may show somemalignant traits. This is
mainly due to the invasion of tumor cells into the brain’s
neighboring parenchyma, a trait of both low- and high-grade
astrocytomas, making radical resection of high grade gliomas
practically impossible [4, 5]. These infiltrative tumor cells
almost inevitably originate local recurrence; hence, complex
oncotherapy is required after surgical treatment [4].

The interaction of tumor cells and neighboring extracellular
matrix (ECM) is necessary for tumor invasion. Previous
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research shows that peritumoral ECM in gliomas differs from
ECM present in healthy brain tissue and that ECM has a direct
role in the development of high-grade gliomas’ invasiveness
[6–8]. Also, interconnectedness among ECMmacromolecules
enables the migration of tumor cells to healthy brain paren-
chyma [9–11]. These explain the extensive research toward
the development of novel anti-invasive agents which can be
used for glioblastoma treatment.

One of the goals of this research is to study the connection
between the expression levels of invasion-related ECM com-
ponents and the grade of astrocytomas. The other goal is to
identify the key molecules that are responsible for invasive
behavior. Furthermore, the relation of the expression spectrum
of ECM components in astrocytomas to the grade of tumor
was also tested. Examinations are not only performed on tu-
mor samples; the difference of low-grade glioma and normal
brain tissue is also analyzed, a rarity in the literature.

Methods

Tissue Samples

Samples were taken from patients who were routinely operat-
ed on due to neurosurgical illnesses. An informed consent
form was signed by each patient and the research was permit-
ted by the National Research Ethics Committee. Normal sam-
ples were brain tissues that was removed during functional
neurosurgical procedures. Samples were frozen intraopera-
tively on the surface of liquid nitrogen, and then stored at
−80 °C until further use. Each sample was evaluated and clas-
sified by an experienced neuropathologist into one of the fol-
lowing categories: normal brain; astrocytoma grade I, grade II,
or grade III; and glioblastoma based upon the WHO classifi-
cation criteria. (See Table 1)

The mRNA and protein expression levels were measured
to ascertain the presence of 20 invasion-related molecules
which were selected after extensive literature review and
based upon previous findings of our research group. The mea-
sured ECM components include cell-ECM and cell-cell adhe-
sion molecules expressed on the surface of the cells, ECM

ligands of these receptors and enzymes (See Table 2) [9,
12–15]. To confirm glial origin of tumors, GFAP expression
was measured, and to prove that the sample used for the anal-
ysis consists malignant cells, Ki-67 expression was tested.

mRNA Expression Measurements

The mRNA expression level of these molecules was deter-
mined through real-time quantitative reverse transcriptase–po-
lymerase chain reaction (QRT–PCR) in the samples. Freshly
frozen tissue samples were first pulverized, and then homog-
enized using TriReagent® (Invitrogen, USA). Total RNAwas
isolated from TriReagent lysates according to the manufac-
t u r e r ’s i n s t r u c t i o n s . A NanoDrop® ND-1000
Spectrophotometer (NanoDrop Technologies, USA) was used
to measure the quantity and purity of RNA. In the next step,
reverse transcription was performed converting total RNA to
single-stranded cDNA with the help of a High-Capacity
cDNA Archive Kit with RNasin (Applied Biosystems,
USA). The cDNA was then loaded onto a microfluidic card
(cDNA from 100 ng of total RNA per port). An Applied
Biosystems’ 7900HT real-time PCR system with Micro
Fluidic Card upgrade (Applied Biosystems, USA) was used
to perform TaqMan LowDensity Array (TLDA) experiments.
The Micro Fluidic Cards were analyzed with SDS 2.1 soft-
ware as relative quantification studies, and the Ct (Cycle
threshold) values were exported for further analysis. β-actin
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
housekeeping genes exhibited the least variation among the
samples. GAPDH was chosen as reference genes to calculate
the dCt (deltaCt) value for each gene. Expression values were
calculated using the comparative CT method, as described
previously [16].

Table 1 Number of investigated samples for mRNA and protein
expression analysis

Histological diagnosis No. of samples
for mRNA analyis

No. of samples
for protein analyis

non-tumor brain 18 36

astrocytoma, grade I 14 12

astrocytoma, grade II 14 12

astrocytoma, grade III 14 -

glioblastoma 16 12

Table 2 Molecules selected to the invasion panel (that are in
connection to ECM components and peritumoral invasion in
astrocytoma)

Molecule

brevican laminin α4

cadherin-N2 laminin β1

EGFR (ErbB1) matrix metalloproteinase 2 (MMP2)

ErbB2 (HER2/neu) matrix metalloproteinase 9 (MMP9)

fibronectin neurocan

integrin α1 RHAMM (CD168, HMMR)

integrin α3 syndecan-1

integrin α7 tenascin-C

integrin β1 tenascin-R

collagen III, α1 chain versican
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Protein Expression Measurements

After determining mRNA levels, concentrations of the
transcribed proteins were measured with a mass spec-
trometer to uncover changes in the protein fingerprint
of the samples. Tissue homogenization for protein anal-
ysis was performed as described in the case of RNA
purification; however, a lysis buffer containing 50 mM
Tris, 1 mM EDTA, 17 mM beta-mercaptoethanol and
0.5% Triton-X100™ was used in this case for tissue
lysis. The protein content was measured using the
Bradford method, and equal amounts of proteins were
used for in-solution trypsin digestion [17]. The selected
reaction monitoring (SRM)-based targeted proteomic
method was developed for relative protein amount de-
termination, using bovine serum albumin (BSA) as ref-
erence protein [18–21]. For protein concentration esti-
mation, the area under the curve of the acquired spectra
was calculated; SRM spectra were used for AUC calcu-
lations where the intensity of the signal exceeded 500
cps. Data integration was done with the help of Analyst
1.4.2 software based on the curve shape determined
from pilot analyses.

Statistical Analysis

Linear discriminant analysis (LDA) was used to identify the
key molecules playing a crucial role in the invasion of astro-
cytomas and separate grades from one another. Furthermore,
with LDA of the typical expression pattern of each histopath-
ological group, the invasion spectrum could be also
established. To confirm the connection between the invasion
spectrum and the grade, the grade of the unknown samples
was identified using a closest neighbor search and LDA.

Results

LDA of mRNA Expression Data Separates Various
Grades of Glioma and Selects Key Molecules of Glioma
Invasion

Using LDA allowed the separation of grades based up-
on the expression level of the measured molecules in
the samples while certain key molecules in the differen-
tiation of grades were also identified. The expression
levels of these molecules distinguished the samples’
grades from each another. Fig. 1 shows the results of
LDA performed with all groups (i.e., normal brain,
grade I-II-III astrocytoma and glioblastoma). The graph
shows how various grades break down based upon their
expression profile. LDA found the following key

molecules during the joint analysis of the groups:
brevican, cadherin 12, fibronectin and integrin β1.

LDA performed with two groups only showed a better
separation of the groups. Figures 2a-d show the graphic results
of the analysis, Table 3 contains key molecules identified with
these LDAs. Table 3 contains the key molecules identified by
LDA of low-grade and high-grade gliomas.

LDA of Protein Expression Data Confirms Separation
of Grades Based upon the Levels of Invasion Related
Molecule in Tumor Samples

LDA performed with the protein expression data identi-
fied the key molecules that can be found in Table 4.
Figure 3 shows the graphic results of the LDAs of pro-
tein expression data. The graph shows the separation of
normal brain from grade I astrocytoma, together with
the distinct expression profiles of grade I and grade II
astrocytomas. (Fig. 3a-b) Low-grade astrocytoma and
glioblastoma samples have been compared as well. The
expression profile of low-grade astrocytomas differs
from that of glioblastoma (Fig. 3c). Three proteins were
selected by the analysis as key molecules: RHAMM
(CD168), integrin α1 and MMP2. (Table 4)

The Expression Profile of Invasion-Related Molecules
Creates the Invasion Spectrum which Is Characteristic
of each Grade

The connection between tumor grade and the expression pat-
tern was also tested by determining the grade of an unknown
sample using the expression values of invasion-related mole-
cules. Table 5 shows the percentage of correctly identified
instances from LDA and nearest neighbor search (IB1) fol-
lowing cross-validation. The results of the classifiers using
protein expression data showed better results than the ones
of mRNA expression. Statistical classifiers managed to iden-
tify the grade of unknown samples by using the mRNA and
protein expression profile of normal brain tissue and various
grades of astrocytoma, therefore, it can be stated that each
grade can be characterized by a special expression pattern of
invasion molecules. This expression pattern can serve as a
characteristic invasion spectrum for different grades of astro-
cytomas. Identifying a clear distinction in the invasion spec-
trum of non-tumor brain tissue and grade I astrocytoma, as
well as the clear distinction between low-grade and high-grade
astrocytomas is of upmost importance (also see Fig. 3C and
Fig. 4). The set of key molecules selected by LDA gives extra
credence to this finding, indicating that certain ECM compo-
nents influence the invasiveness and tumor grade more than
others (see Tables 3, 4 and 5).
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Discussion

Astrocytoma is the most common malignant intracranial neo-
plasm [1]. The WHO classification separates subgroups of
astrocytoma based upon histopathological classification into
four grades, glioblastoma being grade IV [1]. Clinical diagno-
sis and treatment protocols depend definitely of this classifi-
cation system therefore accurate pathological diagnosis is ex-
tremely important. Histopathological diagnosis and WHO
classification are mainly based upon morphological features
of the tissue sample and known molecular alterations typical
in astrocytomas are not automatically considered in this clas-
sification – despite their importance in choosing targeted and
effective anti-invasive therapy [1, 3].

Previous research confirms the different composition of
extracellular matrix in normal brain tissue and astrocytoma
[7, 8, 11]. It is known that many compounds of ECM play
an important role in extensive peritumoral infiltration and that
this process is important to tumor recurrence [5, 6, 13]. Our
results not only confirm but also supplement data available in
the literature. Similar findings are hardly available in litera-
ture, especially considering data from non-tumor brain sam-
ples. Linear discriminant analysis of the expression data of
invasion-related ECM components has selected a set of mol-
ecules that play a key role in glioma invasion and show a

strong relationship to the grade of astrocytoma, however the
grade is, of course, not solely dependent on the level of these
molecules (see Tables 2 and 3). It can be easily understood
why a single molecule alone does not affect tumor grade to a
significant degree, however, with joint assessment of the ex-
pression of these molecules using various statistical methods
(nearest neighbor search or LDA) it is possible to identify the
grade of samples using the invasion spectrum with great ac-
curacy (Table 5, Fig. 1, Fig. 3C and Fig. 4).

Key ECM Components Selected by LDA and their Role
in Glioma Invasion

Integrins These cell connecting αβ heterodimer ECM com-
ponents bind to a wide range of substrates including laminin,
fibronectin, tenascin and collagens [22]. It was found that
glioma cell lines overexpressing β1 integrin are more infiltra-
tive compared to glioma cell lines without increased expres-
sion [7, 11, 22]. Our research identifies α3 and β1 integrins as
key molecules of tumor invasion. The two types of integrin
are often simultaneously overexpressed, and the α3β1 hetero-
dimer plays a central role in the migration of glioma cells [8,
11, 23]. Protein expression of β1 integrin was much higher in
glioma samples than non-tumor samples. Interginα1 protein’s
expression is higher in gliomas than in non-tumor samples.

Fig. 1 The scattered plot graphs show how various grades of
astrocytoma and normal brain tissue are separated in the graphic results
of linear discriminant analysis (LDA) of the expression levels of invasion-
related molecule mRNAs in each group. Dots represent the canonical
discriminant function value of each sample which is calculated from the
mRNA expression of the key molecules identified by the LDA of the five

groups. Figure 1a shows all the cases while 1B shows correctly identified
cases only. Misclassified samples came from patients whose prognosis
did not follow the expected prognosis of the WHO grade, suggesting the
importance of expressional analysis. Centroids show the average of each
group, dotted trend lines represent the polynomial trend lines of the
expression levels in each grade
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Fibronectin This important integrin substrate for glioma mi-
gration was also identified as a key molecule in our research.
Levels of fibronectin mRNAwere found to be inversely pro-
portional to tumor grade in our samples, which seems logical
as fibronectin plays a role in cellular adhesion. However, it is
also known that the expression of fibronectin is increased in
the perivascular stoma of tumors and in the migrating edge of
the tumor mass (gliomesenchymal junction); specific inhibi-
tion of fibronectin-binding integrins diminishes migration of
tumor cells [6, 24, 25].

Laminins These giant molecules contribute to cellular adhe-
sion and motility; they are typically expressed around blood
vessels. It is postulated that the overexpression of α4 laminin
is a sign of neovascularisation in cancer. Furthermore, it may
play a role in tumor invasion and the development of recur-
rence [26, 27]. Levels of laminin α4 mRNA increased in our
samples from high-grade gliomas compared to low-grade gli-
omas and the expression of laminin α4 was strikingly high in
GBM samples, suggesting its role in the development of in-
vasive potential. As GBM is known to be an extensively
vascularized type of tumor, we also confirm the role of

Table 3 Key molecules identified by linear discriminant analysis
(LDA) of the expression levels of invasion-related molecule mRNAs in
normal brain tissue and various grades of astrocytoma

non-tumor
vs. A I

A I
vs. A II

A II vs.
A III

A III vs. GBM low grade
vs. high grade

integrin β1 integrin α3 cadherin 12 brevican brevican

laminin α4 integrin α7 ErbB2 cadherin 12 ErbB2

tenascin C integrin β1 neurocan fibronektin fibronektin

tenascin R laminin α4 syndecan 1 laminin β1 ingerin β1

MMP2 versican neurocan versican

tenascin R tenascin

versican

non-tumor normal brain tissue, A I astrocytoma grade I, A II astrocytoma
grade II, A III astrocytoma grade III, GBM glioblastoma

Table 4 Key proteins identified with linear discriminant analysis
(LDA) of the expression levels of invasion panel molecules in normal
brain tissue and various grades of astrocytoma. Laminin α4 and intergrin
β1 were selected as key molecule during the analysis of mRNA data in
the respective groups

non-tumor vs. A I A I vs. A II low grade vs. GBM

RHAMM (CD168) RHAMM (CD168) RHAMM (CD168)

integrin α1 collagen 3 α1 integrin α1

laminin α4 integrin β1 MMP2

laminin β1 laminin β1

MMP2

non-tumor normal brain tissue, A I astrocytoma grade I, A II astrocytoma
grade II, GBM glioblastoma

Fig 2 a-d Separation of two grades after LDA ofmRNA expression data.
Dots represent the canonical discriminant function value of each sample
that is calculated from the mRNA expression of each sample. The LDA
separates samples based upon their canonical discriminant function

values. Dotted lines represent the polynomial trend lines of the values.
(Fig. 2a: normal brain vs. grade I astrocytoma, 2B: grade I vs. grade II
astrocytomas, 2C: grade II vs. grade III astrocytomas, 2D: grade III
astrocytoma vs. glioblastoma)
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laminin α4 in the formation of new blood vessels in tumors.
As a novel finding, non-tumor samples expressed lower levels
of laminin β1 protein compared to astrocytoma samples.

Tenascin-C and -R In adults, tenascins, out of which
tenascin-R isoform is CNS specific, are present during patho-
logical processes in which tissue remodeling is of great im-
portance, such as wound healing and tumor stroma; where
they play a role in increased motility and cancer progression
[28, 29]. The level of tenascin-R increased with grade, was

especially high in GBM. Tenascin-C did not show a gradual
change in expression, but the difference was noticable be-
tween non-tumor and grade I, as well as grade III and GBM
samples.

Syndecans The transmembrane receptor syndecans, with 3–5
heparan-sulfate arms, participate in many processes like cell-
cell and cell-ECM connections, cell division, cellular adhe-
sion, and cellular migration [30]. Syndecan-1 was selected
as a key molecule in the separation of grade II and grade III

Fig 3 Separation of grades after LDA of protein expression data. Dots
represent the canonical discriminant function value of each sample that is
based upon the protein expression. Dotted lines represent the polynomial

trend lines of the values. (Fig. 3a: normal brain vs. astrocytoma grade I,
3B: astrocytoma grade I vs. astrocytoma grade II, 3C: low grade
astrocytomas vs. glioblastoma)

Table 5 Percentage of correctly identified instances of statistical
classifiers using the invasion spectrum (mRNA and protein expression
profile of invasion-related molecules) following cross validation. Cross

validation was done by rebuilding the classifier model without using the
expression data of the sample in question

Level of differentiation RNA expression data Protein expression data

Correctly identified instances (%) No. of key molecules Correctly identified instances (%) No. of key proteins

IB 1 LDA IB 1 LDA

non-tumor vs. AI 90.62 96.0 4 genes 97.92 95.8 5 proteins

AI vs. AII 78.57 89.3 7 genes 100.00 100.00 4 proteins

AII vs. AIII 85.71 82.6 5 genes NA NA NA

AIII vs. GBM 80.00 82.6 6 genes NA NA NA

low grade vs. high grade 77.58 78.9 5 genes 94.45 86.10 3 proteins

of all grade and normal 51.30 50.8 4 genes 87.50 79.20 10 proteins

non-tumor normal brain tissue, A I astrocytoma grade I, A II astrocytoma grade II, A III astrocytoma grade III, GBM glioblastoma, IB1 nearest neighbor
search, LDA linear discriminant analysis, NA not applicable
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tumors, when the invasiveness of gliomas change expressly,
further confirming the role of syndecan-1 in tumor invasive-
ness and glioma progression [31].

Brevican, Neurocan, andVersican These proteoglycans of
the lectican family bind to the main ECM component
hyaluronan. CNS specific brevican should be highlight-
ed from the group; while expression of brevican in a
healthy brain is barely detectable, it is remarkably
overexpressed in glial tumors [32]. These chondroitin-
sulfate proteoglycans promote tumor motility and pro-
gression via a yet unknown mechanism [33, 34]. The
expression of brevican increased with tumor grade in
our samples. High-grade gliomas expressed noticably
more neurocan and versican than did low-grade gliomas
and normal brain tissue.

Matrix Metalloproteinase 2 (MMP) Members of the MMP
protease family participate in the remodeling and degrading of
the ECM, many isoforms have been described to be
overexpressed in gliomas [35, 36]. We could further confirm
the role of MMP 2 in glioma invasion, as we also found that
glioma cells synthetize high amount of MMP2 themselves.

Cadherin 12 (N-Cadherin 2) The cellular adhesion glyco-
protein family of cadherins has a role in tumor invasion, as
previously confirmed [37, 38]. Cadherin-12 was found to be a
key molecule in the development of glioma invasion since its

expression abruptly increases in GBM samples compared to
grade III ones, but a bigger increase is also seen in grade I
astrocytoma compared to non-tumor samples. The role of
cadherin 12 was described in other cancers but not yet in
gliomas [39].

ErbB2 A well-known oncogene member of the human
epidermal growth factor receptor family (Her2/neu), the
role of ErbB2 in tumor biology is common knowledge.
Its increased expression in gliomas has been described
already, and ErbB2 possibly contributes to radio-
sensitivity and peritumoral infiltration of gliomas as its
signal transduction pathways promote MMP2 expression
[40, 41]. The expression of ErbB2 protein in tumor
samples was found to be increased compared to non-
tumor samples.

RHAMM (HMMR, Cd 168) As its name suggests, the re-
ceptor for hyaluronan-modulated motility (RHAMM) is an
extracellular receptor that interacts with the widespread
ECM component hyaluronan. The complicated signaling
pathways of RHAMM stimulate the expression of factors that
promote cellular motility [42]. RHAMM expression is in-
creased in gliomas compared to normal brain tissue; its quan-
tity increases with tumor grade [43]. The results from our
research match with literature data suggesting that the expres-
sion of CD168 protein in gliomas is increased compared to
normal brain tissue, the highest in GBM.

Fig. 4 Separation of low-grade and high-grade tumors based on protein expression data. Dots represent the canonical discriminant function value of
each sample that is based upon the protein expression. Dotted lines represent the polynomial trend lines of the values
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Conclusions

In this study the expression pattern of invasion-related ECM
molecules (invasion spectrum) in astrocytoma samples was
determined and a set of ECM molecules have been identified
as key molecules in glioma invasion. Furthermore, our re-
search verifies the relation between invasion spectrum and
the tumor grade of astrocytomas. It is possible to identify the
grade of unknown astrocytoma samples at a high level of
confidence by testing the invasion spectrum.

The aim of performing molecular analysis and determining
the invasion spectrum is not to replace pathohistological grad-
ing but to access extra information that can be used to aid the
neuropathologists in the grading process. The invasion spec-
trum can be also used to gain knowledge of the molecular
changes (e.g. overexpression of specific molecules) in the tu-
mor in order to correctly assess clinical prognosis and choose
the right targeted treatment regimen (e.g. specific inhibitor of
the overexpressed molecule). It was previously proven that
using appropriately chosen novel molecular chemotherapy
can contribute to better surgical outcome and can also increase
resecability [5]. Determining the invasion spectrum, therefore,
could be helpful when selecting the right anti-invasive regi-
men to improve surgical effectiveness in the future.
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