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The molecular pathways involved in neovascularization of
regenerating tissues and tumor angiogenesis resemble
each other. However, the regulatory mechanisms of neo-
vascularization under neoplastic circumstances are un-
balanced leading to abnormal protein expression patterns
resulting in the formation of defective and often abortive
tumor vessels. Because gliomas are among the most vas-
cularized tumors, we compared the protein expression
profiles of proliferating vessels in glioblastoma with those
in tissues in which physiological angiogenesis takes
place. By using a combination of laser microdissection
and LTQ Orbitrap mass spectrometry comparisons of
protein profiles were made. The approach yielded 29 and
12 differentially expressed proteins for glioblastoma and
endometrium blood vessels, respectively. The aberrant
expression of five proteins, i.e. periostin, tenascin-C, TGF-
beta induced protein, integrin alpha-V, and laminin sub-
unit beta-2 were validated by immunohistochemistry. In
addition, pathway analysis of the differentially expressed
proteins was performed and significant differences in the
usage of angiogenic pathways were found. We conclude
that there are essential differences in protein expres-
sion profiles between tumor and normal physiological
angiogenesis. Molecular & Cellular Proteomics 11:
10.1074/mcp.M111.008466, 1–9, 2012.

Neovascularization is a complex process taking place un-
der physiological and pathological circumstances. There is
large overlap in the cellular components, regulatory factors,
and signaling mechanisms acting in the angiogenic process of
regeneration, embryonic development, and tumor vascular-
ization (1). In both physiological and pathological neovascu-
larization signaling mechanisms, growth factors and their
receptors, cell adhesion molecules and their specific extra-
cellular matrix ligands take part (2). Angiocrine molecules like
basic fibroblast growth factor and vascular endothelial growth
factor and their receptors have been identified in the context

of physiological and tumor angiogenesis (3). It is believed that
the angiogenic switch is always triggered by hypoxia, starting
with the up-regulation of vascular endothelial growth factor.
The process of neovascularization consists not only of sprout-
ing angiogenesis, but also of activation of endothelial precur-
sor cells with the capacity to form de novo blood vessels
(vasculogenesis). Vasculogenesis is also part of tumor vascu-
larization but there is dispute about its relative importance (4,
5). Despite the similarities there are obvious differences be-
tween physiological vascularization and angiogenesis in tu-
mors. Under physiological conditions, the regulatory mecha-
nisms are well-coordinated and balanced and endothelial
cell functions are tightly orchestrated by both pro- and
anti-angiogenic factors. In tumor angiogenesis however,
there is an excess of pro-angiogenic factors leading to
uncoordinated proliferation and tubulogenesis of endothe-
lial cells and migration of mural cells like pericytes (6). It is
likely that the molecular differences between physiological
angiogenesis and neovascularization in tumors are mainly at
the level of regulation of pathways and overexpression of
particular proteins.

In order to identify proteins that are specifically expressed
in tumor angiogenesis, comparisons with protein profiles of
blood vessels in which active normal angiogenesis take place
are necessary. Physiological angiogenesis occurs in adults
during the menstrual cycle and in repair or regeneration of
tissue during wound healing (7). Therefore, we included blood
vessels from proliferating endometrium (representing physio-
logical angiogenesis) in the present analysis. A better model
for tumor angiogenesis than that taking place in glial neo-
plasms is hardly imaginable and therefore, we implicated the
blood vessels of glioblastomas in this study. Of all tumors,
gliomas are among the most vascularized ones. Most glial
tumors develop from low-grade, relatively benign neoplasms
into high-grade tumors. Glioblastomas (or glioblastoma mul-
tiforme; GBM1) are gliomas of the highest malignancy grade.
These tumors are the most frequently encountered primary
brain tumors in humans. GBMs are highly infiltrative tumors
that show rapid clinical progression. Most patients succumb
in less than a year after the diagnosis is made. In contrast to
their low-grade counterparts, GBMs show high proliferation
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and cell density, and notorious microvascular proliferation
and necrosis (as a sequel of the bad quality of the blood
vessels) (8). It is believed that angiogenesis, the formation of
new blood vessels from pre-existing vasculature, not de novo
vasculogenesis from individual cells, is the dominant mecha-
nism in the development of tumor vasculature (9, 10).

The aim of the present investigation was to elucidate dif-
ferences between regenerative (physiological) angiogenesis
and angiogenesis in neoplasms at the protein level. The iden-
tification of differences in protein expression patterns are of
paramount clinical importance: in some situations the forma-
tion of new blood vessels should be stimulated, whereas in
others the main goal is to repress neovascularization. To this
end, we microdissected the blood vessels from GBM and
proliferating endometrium by using laser capture microdis-
section. The microdissected blood vessel subsets were ana-
lyzed by nano liquid chromatography LTQ Orbitrap mass
spectrometry. Differentially expressed proteins detected in
either group were characterized and linked to molecular path-
ways. In addition, a selection of differentially expressed pro-
teins was validated by immunohistochemistry.

MATERIALS AND METHODS

Patient Samples—Ten fresh-frozen surgical samples of GBM lo-
cated in the cerebral hemispheres were taken from the files of the
Department of Pathology, Erasmus MC, Rotterdam, The Netherlands.
Five patients were male. The ages ranged between 41 and 86 years
(median 67.5 years). In addition, 10 fresh-frozen endometrium sam-
ples were collected at the Department of Gynecology, Erasmus Med-
ical Center, Rotterdam, The Netherlands. The samples were collected
from premenopausal women who had undergone hysterectomies for
diseases not involving the endometrium. Their ages ranged between
39 and 46 years (median of 43 years). Sections of 5 �m from each
sample were counterstained and examined by a pathologist (JMK) to
verify the presence of blood vessels (Fig. 1).

The use of all samples was approved by the Medical Ethical Com-
mittee of the Erasmus Medical Center Rotterdam, The Netherlands.

Laser Capture Microdissection—The procedure was as previously
described (12). Briefly, cryosections of 10 �m were made from each
sample and mounted on polyethylene naphthalate covered glass
slides (P.A.L.M. Microlaser Technologies AG, Bernried, Germany).
The slides were fixed in 70% ice-cold ethanol for a maximum of 2 h.
Before laser microdissection, the slides were stained with hematox-
ylin and dehydrated in a series of ethanol solutions and left to air-dry

for 5 min. The P.A.L.M. laser microdissector and pressure catapulting
device, type P-MB, was used with PalmRobo version 2.2 software at
40 � magnification. An area of 200,000 �m2 was microdissected from
each sample, resulting in �2000 cells/sample (estimated cell volume:
10 � 10 � 10 �m). Altogether, four groups of samples were laser
microdissected: glioma blood vessels, glioma tissue surrounding the
blood vessels, endometrium blood vessels, and endometrium tissue
surrounding the blood vessels. In addition, a corresponding sized
area of the polyethylene naphthalate membrane was laser microdis-
sected and used as a negative control. As internal quality control,
three sections of a glioma sample without microdissection were col-
lected. The preparation and analysis of the internal quality controls
was similar to that of the test samples.

Sample Preparation—The procedure for sample preparation was
as previously published (12). For laser microdissection, 7 �l of 0.1%
RapiGest (Waters, Milford, MA) in 50 mM NH4HCO3 pH 8.0 was used
to collect the laser microdissected tissue areas. Protein LoBind,
0.5-ml Eppendorf tubes (Eppendorf, Hamburg, Germany) containing
the samples were stored at �80 °C until the time of preparation. After
thawing the samples, 15 �l of RapiGest solution were added to each
tube to bring the final volume of each sample to 22 �l. The cells were
disrupted by external sonication for 1 min at 70% amplitude at a
maximum temperature of 25 °C (Branson Ultrasonics, Danbury, CT).
For protein solubilization and denaturation, the samples were incu-
bated at 37 and 100 °C for 5 and 15 min, respectively. To each
sample, 1.5 �l of 100 ng/�l gold grade trypsin (Promega, Madison,
WI) in 3 mM Tris-HCl diluted 1:10 in 50 mM NH4HCO3 was added and
incubated overnight at 37 °C. To inactivate trypsin and to degrade the
RapiGest, 3 �l of 25% trifluoroacetic acid were added and samples
were incubated for 30 min at 37 °C. Samples were centrifuged at
maximum speed for 15 min at 4 °C and the supernatant was trans-
ferred to LC-vials (Waters, Milford, MA) and measured by nanoLC
Orbitrap mass spectrometry. The internal quality control sample was
diluted at 1:400 using LC-MS grade water in order to obtain a com-
parable peptide concentration to that of the laser microdissected
blood vessel samples. The internal control sample was prepared with
the other samples and measured at regular intervals (every five sam-
ples) over the measurement period of about 30 days.

LTQ Orbitrap Measurements—Nano LC-MS measurements were
carried out on an Ultimate 3000 nano LC system (Dionex, Germering,
Germany) online coupled to a hybrid linear ion trap/Orbitrap MS (LTQ
Orbitrap XL; Thermo Fisher Scientific, Bremen, Germany). The total
volumes of the digested samples (�20 �l) were loaded onto a C18
trap column (C18 PepMap, 300 �m ID � 5 mm, 5 �m particle size,
100 Å pore size; Dionex, Amsterdam, The Netherlands) and washed
for 10 min using a flow rate of 25 �l/min of 0.1% trifluoroacetic acid.
The trap column was switched in-line with the analytical column
(PepMap C18, 75 �m ID � 150 mm, 3 �m particle and 100 Å pore

FIG. 1. Proliferating blood vessels in a glioblastoma (A) and endometrium (B) sample (H&E, magnification 400�).
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size; Dionex, Amsterdam, The Netherlands) and peptides were eluted
with the following binary (A and B) gradient: 0–25% solvent B in 120
min; 25–50% solvent B from 120–180 min; solvent A consists of 2%
acetonitrile and 0.1% formic in water and solvent B consists of 80%
acetonitrile and 0.08% formic acid in water. The column flow rate was
set to 300 nL/min. For MS detection a data dependent acquisition
method was used: a high resolution survey scan from 400–1800 Da
was obtained in the Orbitrap (value of target of automatic gain control
106, resolution 30,000 at 400 m/z; lock mass was set to 445.120025
u (protonated (Si(CH3)2O)6)1. Based on this survey scan the five most
intensive ions were consecutively isolated (automatic gain control
target set to 104 ions) and fragmented by collision activated dissoci-
ation applying 35% normalized collision energy in the linear ion trap.
After precursors were selected for MS/MS, they were excluded for 3
min from fragmentation. Samples were prepared and measured in a
randomized way. We measured the internal quality control sample
once in every five measurements.

Protein Identification—From raw mass spectrometer data files,
tandem MS (MS/MS) spectra were extracted by Mascot Deamon
(Matrix Science, London, UK) version 2.2.2 using the Xcalibur extract
msn tool (version 2.07) into mgf files. All mgf files were analyzed using
Mascot. The set-up was designed to search the UniProt (release 15.6)
database. The Mascot search engine was used with fragment ion
mass tolerance of 0.5 Da and a parent ion tolerance of 10 ppm.
Oxidation of methionine was specified in Mascot as a variable mod-
ification. A minimum ion score of 25 was required for identification.
Scaffold software (Version, 2_05_01), [www.proteomesoftware.com]
(Portland, OR), was used to summarize and filter MS/MS based
peptides and protein identifications. Peptide identifications were ac-
cepted if they exceeded a peptide probability of 95.0%. Protein
identifications were accepted if protein probability exceeded 99.0%
and at least two peptides were identified. Proteins that contained
similar peptides and could not be differentiated based on MS/MS
analysis alone were grouped.

Label-Free Quantitation—Scaffold was used to generate a data file
of the identified proteins including the number of sequenced peptides
(spectral counts) that were found in each sample. On this data file we
performed a Significance Analysis of Microarrays (SAM, Stanford
University) version 3.1 and performed a multiclass comparison with
false discovery rate of 5%. In the SAM analysis the relative frequency
of occurrence of each protein in the four groups of samples was
calculated. The relative frequency of occurrence indicates the mean
differences between the protein measurements in each class, versus
the mean of all measurements for the particular protein. Therefore, the
positive values mean that the protein was measured in that class
more than the average measurements of that protein in all the other
classes. The negative values mean that the protein was measured in

that class less than the average measurement of the same protein in
other classes. The proteins that were significantly expressed in either
one of the blood vessel groups as compared with the other three
groups were taken as differentially expressed.

In addition the data was analyzed using the Progenesis LC-MS
Software package (Version, 2.5), Non Linear Dynamics, New Castle
UK. We aligned all blood vessel samples of glioma and endometrium
using one of the glioma blood vessel samples as reference. Identifi-
cation was added to the Progenesis result file by performing a Mascot
database search with above described parameters. The statistical
analyses of the data was performed using Progenesis and Partek®
Genomics Suite™ version 6.09.0129 software [http://www.partek.
com/]. The zero values in the data matrix obtained by Progenesis
were removed and the distribution of the normalized abundance
values was log2-transformed and subsequently an ANOVA analysis
was performed in Partek® Genomics Suite™.

Pathway Analysis—The lists of differentially expressed proteins in
glioma blood vessels derived from the data analysis were combined
and uploaded into the Ingenuity IPA system version, 7.1 [www.
ingenuity.com] to generate biological networks relating to glioma
angiogenesis. In addition, we uploaded the lists of differentially ex-
pressed proteins from the endometrium blood vessels into the Inge-
nuity IPA system to generate biological networks relating to physio-
logical angiogenesis. Subsequently, we compared the biological
networks of the two groups in order to search for differences in the
regulation of proteins in the pathways.

Validation by Immunohistochemistry—Eight proteins were vali-
dated by immunohistochemistry on formalin-fixed, paraffin-embed-
ded tissue sections; basement membrane-specific heparan sulfate
proteoglycan core protein (P98160), integrin alpha-V (P06756),
laminin subunit beta-2 (Q6PCB0), collagen alpha-1 (XVIII) chain
(P39060), integrin-linked protein kinase (Q13418), tenascin C
(P24821), transforming growth factor-beta-induced protein ig-h3
(Q15582), and periostin (Q15063) (Table I). To investigate expres-
sional variation between the two investigated vessel groups in inde-
pendent tissue samples, ten additional samples from each group of
glioma, endometrium, and normal brain were immunostained. Fur-
ther, in order to determine the specificity of the above mentioned
proteins to glioma angiogenesis, a series of other gliomas, carcino-
mas, vascular malformations, reactive conditions in which angiogen-
esis takes place, normal brain samples and placentas were tested for
the presence of these proteins. More details about these samples are
available in Table II. Immunohistochemical staining was performed
following the manufacturer’s procedures (alkaline phosphate tech-
nique) on 5-�m paraffin sections. We followed the same procedure as
previously described (15).

TABLE I
Antibodies used for immunohistochemical validation

Antibody Company Treatment
dilution

(Ab:buffer)

Basement membrane-specific heparan sulfate
proteoglycan core protein

Abcam, Cambridge, UK Microwave 50

Collagen alpha-1 (XVIII) chain Atlas antibodies, Stockholm, Sweden Microwave 100
Laminin subunit beta-2 Dako, Glostrup, Denmark Pronase incubation

(10 minutes)
10

Periostin Atlas antibodies, Stockholm, Sweden Microwave 100
Tenascin C Abcam, Cambridge, UK Microwave 100
Transforming growth factor-beta-induced

protein ig-h3
Sigma (Atlas antibodies), Stockholm, Sweden Microwave 400

Integrin alpha-V Santa Cruz Biotechnology, Heidelberg, Germany Microwave 50
Integrin-linked protein kinase Bioworld Technology, inc, Suffolk, UK Microwave 50
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RESULTS

The internal quality control was measured seven times at
equal intervals during the measurement period of the com-
plete sample set. The average CV of the spectral counts of the
identified proteins in the sample was 20.8% and the average
number of the identified proteins was 206 with a standard
deviation of 16. No significant changes in the number of
identified proteins were observed over the period of time in
which measurements were repeated for internal quality con-
trol samples indicating that both the experimental set-up and
the protein digests were stable over the measurement period
of 30 days. The number of identified proteins did not change
significantly during the measurement period of 30 days.

In total 694 proteins were identified in the four sample
groups. The spectral counts of all identified proteins as ob-
served in the Scaffold software were used in SAM analysis
with a false discovery rate of 5% resulting in 152 differentially
expressed proteins. We categorized these 152 differentially
expressed proteins based on their relative frequency of oc-
currence (SAM analysis) in the sample groups. We considered
a protein to be specific for a particular sample group if its
occurrence was at least twice the occurrence encountered in
any of the other groups. Out of the 152 differentially ex-
pressed proteins 29 were found in the GBM blood vessel
group (Table IIIA) whereas 12 were found in the endometrium
blood vessel group (Table IIIB).

The raw spectral counts as obtained via Scaffold were also
compared with Progenesis. Successful alignment of the data
derived from the blood vessels from the endometrium and
GBM was achieved. By using the Progenesis results, 18 out of
the 41 proteins appeared to be differentially expressed
(ANOVA; p � 0.05) between the sample groups. (3-B � Table
IIIB), The significant proteins in the ANOVA analyses are indi-
cated in 3-B � Table IIIB.

Pathway Analysis—The list of 29 proteins, which were sig-
nificantly up-regulated in GBM blood vessels, was uploaded
in IPA and mapped against the database. IPA could map all
proteins in three different networks. The first matched net-
work designated as “tissue development and cell-to-cell sig-
naling” had a score of 50 and contained 20 of the identified

proteins. Ten of the 20 proteins were associated with a function
designated as “cardiovascular system development and func-
tion” and five proteins, namely: collagen alpha-1(XVIII) chain,
laminin subunit alpha-5, laminin subunit gamma-1, fibronectin,
and integrin alpha-V appeared to be related to angiogenesis. In
addition, the 12 differentially expressed proteins identified in the
endometrium blood vessels were uploaded in IPA and were
mapped to four different networks. The first matched network
called “tissue development, embryonic development” con-
tained 11 proteins. Nine proteins showed a direct relation with
the function called “Cardiovascular System Development and
function” and three proteins (caveolin-1, myosin-Ic, and protein
kinase C delta-binding protein) appeared to be related with
proliferation of endothelial cells. At the level of molecular and
cellular functions, the differentially expressed proteins that were
identified in the glioma blood vessels were associated with
cell-to-cell signaling, cellular movements, and cell morphology.
In contrast, the differentially expressed proteins in the endome-
trium blood vessels were associated with molecular transport
and excretion of proteins.

Immunohistochemistry—Eight proteins were selected for
immunohistochemical validation based on the availability of
antibodies (Table 3A). Six of these proteins had been signifi-
cantly emerged from both the SAM and the ANOVA analysis.
Integrin-alpha V and integrin-linked protein kinase were se-
lected based on their relation to angiogenesis (12, 13) (Sup-
plemental file S1 and S2).

The overexpression of five out of eight proteins in glioma
blood vessels compared with endometrium vessels was con-
firmed by immunohistochemistry. The proliferated blood ves-
sels of GBM samples were immunopositive for periostin,
TGF-� induced protein ig-h3, integrin-alpha V, tenascin C,
and laminin (Fig. 2). The other three proteins, e.g. basement
membrane-specific heparan sulfate proteoglycan core pro-
tein, proteins collagen alpha-1 (XVIII) chain, and integrin-
linked protein kinase, were not present in the GBM blood
vessels only, but also found in the endometrium blood vessels
by immunohistochemistry.

The results of the immunostaining of various glioma types
showed some variation in expression of the above mentioned

TABLE II
Overview of patients samples used for validation by immunohistochemistry

Tissue type # of females Age range of females (years) # of males Age range of males (years)

Glioblastoma 1 30 9 32–57
Normal brain samples 5 39–76 5 28–62
Pilocytic astrocytoma 3 17–56 3 7–15
Ependymoma 0 – 3 7–21
Anaplastic oligodendroglioma 0 – 4 44–61
Renal cell carcinoma 2 57–74 5 24–67
Arteriovenous malformation (AVM) 1 18 5 35–59
Cavernous hemangioma 4 4–50 4 6–75
Ischemic infarction of brain 0 – 2 54–57
Placenta 3 28–44 0 –
Endometrium 13 23–81 0 –
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TABLE III
A: Differentially expressed proteins in glioma angiogenesis based on the spectral counts of each protein after performing SAM analyses. p values �
ANOVA of peptide abundances in Progenesis of GV and EV, ¥ indicates the proteins that were selected for IHC validation, *** represents a significant
p value (p � 0.05), ND � Not detected in the Progenesis analyses. GV � glioma blood vessels, GT � glial tumor tissue, EV � endometrium blood
vessels, ET � endometrial glands and stroma, RFO � the relative frequency of occurrence, the values rank each protein in each class. The RFO
indicates the mean differences between the protein measurements in each class, versus the mean of all measurements for the particular protein.
Therefore, the positive values � the protein was measured in that class more than the average measurements of that protein in all the other classes.
The negative values � the protein was measured in that class less than the average measurement of the same protein in other classes. The color
grade represents the frequency of occurrence (SAM analysis), dark green is the highest, dark red is the lowest and the different grade of

yellow/orange indicates all the in between values

Protein p value Gene Accession # GV RFO EV RFO GT RFO ET RFO

Laminin subunit gamma-1 *** LAMC1 P11047 2.33 �0.07 �1.46 �0.65
Basement membrane-specific heparan sulfate

proteoglycan core protein ¥
*** HSPG2 P98160 2.27 �0.36 �1.15 �0.64

Agrin *** AGRN O00468 2.02 �0.51 �0.66 �0.78
Plastin-3 PLS3 P13797 1.98 �0.46 �0.73 �0.73
Integrin alpha-V ¥ ITGAV P06756 1.95 �0.89 �0.15 �0.89
Laminin subunit alpha-5 *** LAMA5 O15230 1.90 �0.08 �0.93 �0.79
von Willebrand factor A domain-containing protein 1 VWA1 Q6PCB0 1.81 �0.72 �0.34 �0.72
Laminin subunit beta-2 ¥ *** LAMB2 P55268 1.78 �0.76 �0.44 �0.53
Collagen alpha-1(XVIII) chain ¥ *** COL18A1 P39060 1.77 �0.38 �0.63 �0.69
40S ribosomal protein S16 RPS16 P62249 1.58 �0.83 0.08 �0.83
Band 3 anion transport protein *** SLC4A1 P02730 1.56 �0.44 �0.46 �0.61
Integrin-linked protein kinase ¥ ND ILK Q13418 1.54 �0.37 �1.01 �0.05
Adenylyl cyclase-associated protein 1 CAP1 Q01518 1.52 �0.95 �0.05 �0.51
Nestin NES P48681 1.46 �1.06 0.64 �1.11
Fibronectin *** FN1 P02751 1.46 �0.43 �0.47 �0.51
T-complex protein 1 subunit beta CCT2 P78371 1.44 �0.44 �0.04 �0.96
Laminin subunit beta-1 *** LAMB1 P07942 1.43 �0.31 �0.53 �0.53
Glutamate dehydrogenase 1, mitochondrial GLUD1 P00367 1.43 �0.74 �0.12 �0.56
T-complex protein 1 subunit epsilon CCT5 P48643 1.43 �0.51 �0.37 �0.51
Tenascin-C ¥ *** TNC P24821 1.43 �0.68 �0.10 �0.64
Chloride intracellular channel protein 1 ND CLIC1 O00299 1.41 �0.44 �0.14 �0.81
Nidogen-1 *** NID1 P14543 1.30 �0.15 �0.68 �0.40
Nidogen-2 *** NID2 Q14112 1.28 �0.48 �0.49 �0.26
Fermitin family homolog 3 FERMT3 Q86UX7 1.28 �0.66 �0.31 �0.27
Transforming growth factor-beta-induced protein ig-h3 ¥ *** TGFBI Q15582 1.20 �0.40 �0.68 �0.05
Elongation factor 2 *** EEF2 P13639 1.15 �0.62 �0.22 �0.29
Coactosin-like protein COTL1 Q14019 1.09 �0.57 0.04 �0.57
CD99 antigen ND CD99 P14209 1.07 �0.49 �0.32 �0.23
Periostin ¥ *** POSTN Q15063 1.06 �0.48 �0.10 �0.48

B: Differentially expressed proteins in endometrium angiogenesis on the spectral counts of each protein after performing SAM analyses. p
values � ANOVA of peptide abundances in Progenesis of GV and EV, *** represents a significant p value (p � 0.05), ND � Not detected in the
Progenesis analyses. GV � glioma blood vessels, GT � glial tumor tissue, EV � endometrium blood vessels, ET � endometrial glands and stroma,
RFO � the relative frequency of occurrence, the values are the means to rank each protein in each class. The RFO indicates the mean differences
between the protein measurements in each class, versus the mean of all measurements for the particular protein. Therefore, the positive values �
the protein was measured in that class more than the average measurements of that protein in all the other classes. The negative values � the protein
was measured in that class less than the average measurement of the same protein in other classes. The color grade represents the frequency of
occurrence (SAM analysis), dark green is the highest, dark red is the lowest and the different grade of yellow/orange indicates all the in between
values.

Protein p value Gene Accession # EV RFO GV RFO GT RFO ET RFO

Myosin-Ic *** MYO1C O00159 2.39 �1.16 �1.78 0.72
Prolargin ND PRELP P51888 1.93 �0.20 �1.61 0.04
Polymerase I and transcript release factor *** PTRF Q6NZI2 1.75 �0.72 �1.17 0.26
Caveolin-1 CAV1 Q03135 1.53 �0.36 �1.31 0.27
Poly(rC)-binding protein 1 PCBP1 Q15365 1.51 �0.71 �0.89 0.18
Cadherin-13 *** CDH13 P55290 1.46 �1.05 �0.72 0.38
Protein kinase C delta-binding protein PRKCDBP Q969G5 1.39 �0.67 �0.67 0.02
Keratin, type II cytoskeletal 1b KRT77 Q7Z794 1.27 �0.59 �0.11 �0.56
Actin, aortic smooth muscle ACTA2 P62736 1.24 �0.24 �1.56 0.72
Complement factor B CFB P00751 1.24 �0.72 �0.42 �0.06
Proliferation-associated protein 2G4 ND PA2G4 Q9UQ80 1.09 �0.35 �0.35 �0.35
Myoferlin ND FER1L3 Q9NZM1 0.98 �0.30 �0.35 �0.30
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proteins in the blood vessels, depending on the stage of
proliferation; high expression in young sprouts, low in scle-
rotic, abortive vessels. The expression of each protein was
constant among the ten different samples that were tested in
each group. For comparison of the results of immunohisto-
chemistry, we included other nonglial tumors and reactive
conditions. The results of immunostaining of carcinomas,
vascular malformations, reactive conditions, angiogenesis in
placentas, and normal blood vessels in normal brains varied
and are summarized in Table IV and Fig. 3.

DISCUSSION

Although significant progress has been made in the field of
proteomics over the last two decades, the identification and
quantification of the entire proteome of tissue samples is not
possible. The analysis of complex protein mixtures is currently
one of the most challenging subjects in the area of proteo-
mics. The normal biological variation in protein expression

among cells of identical lineage is around 15% to 30% (15).
Under situations of stress or in tumors, an even higher varia-
tion of protein expression is expected (15, 16). A major source
of this expressional variation is caused by differences in the
structure and function of different cell populations present in
individual samples. The complexity of human biopsy samples
is still a considerable obstacle in proteomics analyses (17).
Reduction of the complexity of protein mixtures can be
reached at various levels. First, at the level of the tissue,
methods of sample purification applied prior to analysis may
well improve the accuracy of detection and increase the
chance to identify low abundant proteins (18). By laser cap-
ture microdissection particular microscopic structures (like
blood vessels) can be targeted and isolated and therefore
reducing the chance of averaging out proteins of interest.
Further, there are methods of enhancing the detection of
proteins in the proteomics technology using very low numbers
of cells. In several studies, it was proven that the use of
advanced methods of fractionation prior to measuring the
peptide digests in any of the mass spectrometers increases
the number of identified proteins (12, 18, 19–20, 21). In order
to reduce the complexity of the samples in the present study
and enrich for blood vessels in our glioblastoma and endo-
metrium blood vessel samples, laser microdissection was
applied to separate the blood vessels from the surrounding
tissue. Additionally, the samples were fractionated in a solvent
gradient using nano liquid chromatographic separation on-
line coupled with a mass spectrometer. The rapid scan rate,
high mass accuracy and sensitivity of the LTQ Orbitrap as-
sisted in the identification of relatively large numbers of pro-
teins from small numbers of cells of no more than 2000 cells

FIG. 2. Expression pattern of tenascin C in glioblastoma and
endometrium blood vessels. Overexpression of tenascin-C in blood
vessels of GBM, whereas no immunostaining in the endometrial blood
vessels is observed (arrows). The stars represent the endometrial
glands (magnification 200�).

TABLE IV
Samples used for extra validation by immunohistochemistry. From each tissue type different numbers of sample were used, the information is
indicated in Table II. Positive: the protein was expressed in all samples we tested from a tissue type and in all blood vessels but not in the
surrounding tissue. Negative: the protein was not expressed in any of the blood vessels tested in a certain tissue type. Variably positive: the

protein was expressed in some of the blood vessels and all samples from a tissue type showed comparable expression

Tissue Type
Periostin
(Q15063)

TGF�-ig-h3
(Q15582)

Integrin alpha-V
(P06756)

Tenascin-C
(P24821)

Laminin�-2
(P55268)

Glioma
Glioblastoma Positive Positive Positive Positive Positive
Normal brain samples Negative Negative Positive Negative Positive
Pilocytic astrocytoma Positive Positive Positive Negative Slightly Positive
Ependymoma Variably � Positive Positive Positive Positive
Anaplastic oligodendroglioma Variably � Positive Positive Negative Positive
Renal cell carcinoma Positive Negative Positive Negative Positive

Vascular malformation
Arteriovenous malformation (AVM) Positive Variably � Positive Negative Positive

Cavernous hemangioma Positive Positive Positive Variably � Arteries �
Veins –

Reactive condition
Ischemic infarction of brain Positive Positive Positive Positive Positive

Tissues with physiological angiogenesis
Placenta Vessels – Vessels – Positive Negative Vessels –

Stroma � Stroma � Basal lamina �
Endometrium Negative Negative Negative Negative Positive
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(�270 ng total protein, estimating that one cell has �135 pg
total protein). Because of the relatively large differences be-
tween the tissue types used in this study, alignment of all data
was not possible and label-free comparison for Progenesis
analysis was only possible for the groups of microdissected
blood vessels. The spectral counts of all 694 identified pro-
teins were taken into consideration for SAM analysis in which

comparisons of the four groups were made. Proteins that
were relatively up-regulated in either glioblastoma blood ves-
sels or endometrium blood vessels were identified. The com-
bination of both approaches resulted in a list of reliably dif-
ferentially expressed proteins. A portion of the proteins that
emerged from both analytic strategies was successfully vali-
dated by immunohistochemistry. The results of immunohisto-

FIG. 3. Immunohistochemical vali-
dation of part of the differentially ex-
pressed proteins in various tissue
sections (see also Table VI). The over-
expression of periostatin, TGF-beta, in-
tegrin alpha V, tenascin C, and laminin in
the vasculature of GBM and also in pilo-
cytic astrocytoma, ependymoma, and
anaplastic oligodendroglioma row 1,
3–5. The sample set was extended with
a nonglial tumor (renal cell carcinoma) of
which the vasculature was variably im-
munopositive for the various proteins
(sixth row). The nonneoplastic arterio-
venous malformation (AVM) and cavern-
ous hemangioma (CH) stained positive
for all proteins tested, except for immu-
nonegativity for laminin of the AVM. Re-
markably, the blood vessels in ischemic
brain tissue were immunopositive for all
proteins found in the glioma vessels.
These results were constant among all
the samples that were used in each type
of tissue.
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chemical validation proved that the combination of laser
capture microdissection and subsequent nano-LC Orbitrap
mass spectrometry is a powerful approach to find tissue
specific proteins. Nevertheless, some identified proteins were
immunohistochemically detected in glioblastoma as well as
endometrium blood vessels. It may well be that the differ-
ences detected by the LTQ Orbitrap mass spectrometry did
not always match the discriminative power of immunohisto-
chemistry. Further, there may be issues of the specificity of
particular antibodies.

The blood vessels in GBM display phenotypical changes
ranging from incipient proliferation of endothelium to sarcom-
atous vascular structures and these changes can all be en-
countered in the vasculature of the same tumor. The endo-
thelial, pericytic and smooth muscle cells take various spatial
positions within the vascular walls depending on the size of
the proliferated vessel (22). The endothelial cells show in-
creased numbers of caveolae and fenestrations, prominent
pinocytotic vesicles, diminished numbers of tight junctions,
leading to leakage and disruption of the blood-brain barrier
functions (4). In a previous study, we identified several pro-
teins that were specifically up-regulated in glioma vasculature
although not in resting blood vessels of normal brain (12, 23).
In the present study we did not compare the glioma blood
vessels with the resting vessels of normal brain, but with
vessels taken from tissue in which active angiogenesis takes
place, i.e., endometrium vessels instead. We found specific
up-regulation of 29 proteins in the GBM. All proteins are
known to take part in angiogenic pathways. Because these
proteins are expressed at significantly lower levels in the
endometrium samples, we consider them as characteristic of
angiogenesis in neoplasia. Fourteen of the 29 proteins appear
to be structural proteins; two are integrins and five are en-
zymes. Periostin is an extracellular matrix protein that is in-
volved in cell adhesion (24). It regulates cell function and
cell-matrix interaction but is not a component of the basal
lamina itself. Periostin was found in the blood vessels of
nonsmall cell lung cancers and plays a critical role in cardiac
remodeling (25, 26). Recently, Kii et al. proved that periostin
promotes the incorporation of tenascin-C into the ECM and
mediates the formation of the meshwork architecture of the
ECM (27). Tenacin-C was also found overexpressed in the
GBM blood vessels in the present study. Tenascin-C is an
extracellular matrix protein that participates in normal fetal
development and wound healing (28). In GBM its presence
correlates well with microvascular density (28). Tenascin-C
mediates vascular endothelial growth factor expression
(VEGF) (29), which is up-regulated and induced by hypoxia
inducible factor (HIF-1) under hypoxic conditions (30). The
finding of the specific expression of integrin alpha V in glioma
angiogenesis in this study is also of interest because this
protein serves as a receptor for the extracellular matrix. The
relation of integrin alpha V and angiogenesis has been de-
scribed in several types of cancer among which cervical can-

cers (31), ovarian carcinoma (32), breast cancer (33), and
melanoma (34). We also found overexpression of transforming
growth factor-beta-induced protein ig-h3 in the GBM blood
vessels (35). TGF� regulates the expression of various pro-
teins TGF� induced protein ig-h3, periostin, integrin alpha V,
tenascin-C, fibronectin, colligin 2, caldesmon, acidic cal-
ponin, and basement membrane-specific heparan sulfate
proteoglycan core protein (35, 36). Further investigations of
the interrelationships between these proteins may reveal their
relative importance and whether they should be considered
potential targets for therapeutic anti-angiogenic interventions.
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